Development and Manipulation of the Piglet Intestinal

Microbiota

Tanya Louise Nowland

BSc. Honours (The University of Adelaide)

A thesis by publication submitted to The University of Adelaide in fulfilment of the requirements for the

degree of Doctor of Philosophy (PhD)

THE UNIVERSITY

o ADELAIDE

School of Animal and Veterinary Sciences
Roseworthy Campus

The University of Adelaide

March 2021



Table of Contents

LisSt Of tADIES .....ccecriirriririri s s 7
List Of fIQUIES......cociirricct i ———— 9
List of publications included in this thesis...........ccouirrrnnnnn e ———— 14
Awards and publications written during candidature..............cooinnnin———— 15
Conference abstracts written during candidature ... ——— 16
ADSEIACT ... 18
DECIArAtioN .......cccccirrrririri s 20
ACKNOWIEAGMENTS.....coieccisricss i ——— 21
Chapter 1.1: INtrodUCION.........cccoc s 23
General DACKGIOUNG. .........o. it bbb 24
TRESIS FOMMAL ...ttt 25
PPOJECT @IMS ... 28
Chapter 1.2: Review of the literature: Development and function of the intestinal microbiome and
potential implications for pig Production............cnnn s ————— 29
Statement of AUINOISNIP ..o s 30
SIMPIE SUMMAIY ...t 32
Y0 o TS 32
(T [V o o TR 32

2. Acquisition of the MICTODIOME ..o 33
2.1. Pre-partum microbial aCQUISITION ... s 33

2.2. Post-partum microbial aCQUISITION............cooiriiieceeireee s 34

2.2.7. COlOSIIUM ..ottt ettt en s 34

2.2.2. ENVIFONMENT ...ttt en 35

3. Impact of different factors on the MiCrobiOME ..o 35
Y011 ] (0TS 36

S (=1 TSR T 36

3.3 AGE ANA QIBL. ... 37

4. Impact of the microbiome 0N health .............cceuriire e 38
4.1, IMMUNE SYSTBIM ..ttt 38

5. How can we manipulate the microbiome to improve health? ..o 39
9.1, Prebiotics and ProbiotiCS..........crururururirirrirrirrrse et 39

5.2. Faecal microbiome transplantation ... 40

B. CONCIUSIONS. ...ttt ettt e e ee st ne e e e st et st eeen 41
AULhOT CONEIIDULIONS ...t 41
FUNGING .t 41
CONFlICES OF INTEIESE.......eeee ettt en 41
RETEIEINCES ...ttt a et s ettt e e e e nenis 41
Chapter 2: Faecal microbiota transplantation: is it the future for pig production?...........cccceuevu.e. 47
Statement of AUINOISNIP ... s 48
Y0 o TS 49



CONlICtS OF INTEIEST.......ceieeeccce et 51

ACKNOWIBAGMENTS ...t 51

RETEIBNCES ...ttt b b e st b b et aen e en 51

BIOGIAPNIES ... 52

Chapter 3: Characterisation of early microbial colonisers within the spiral colon of pre- and post-

Natal PIGIELS.......cvviiiir s ————————————— 53

Statement of AUINOISNIP ..o s o4

ADSEFACE ...ttt a ettt b e ee st et b et e s nerenas 96

1. BACKGIOUNG ... 56

2. Materials and MEthOGS.........c.cururrreee e 57

2.1. Animals and experimental ProCEAUIES ..........ceurururrurrrirrrrrre e o7

2.2. Extraction of DNA and 16S rRNA amplicon SEQUENCING ........ccovvvrirereeecirineeeseieeeseseseeeene 58

2.3, SAtiStICaAl @NAIYSIS ......vveeecieiricci e 58

B RESUILS ...ttt bttt et st et renens 99

4, DISCUSSION.....evivirititetetetese et e bt s et st et et e s s e e e e et e b e b e se e s s e s et e s ese e s s st e b e se e et e bt e s e s e se e st et esenens 64

0. CONCIUSIONS.... ..ttt ettt et s et a st s e e st e b e s e ettt b e b e se s st ser s 66

Supplementary MALEHal ..ot 67

FUNGING .t 67

ACKNOWIBAGMENTS ...t 67

AULhOr CONETIDULIONS ... ennas 67

Ethics approval and consent t0 PartiCipate ..........ccereeeerrrrrrrrreeeeeee e 67

Availability of data and material .............coiii e 67

COoNlICtS OF INTEIESES.....cviieececece e 67

RETEIBNCES ...ttt b b e st b b et aen e en 67

SUPPIEMENTATY fIGUIE ...t 70
Chapter 4: Exposure to maternal faeces in lactation influences piglet enteric microbiota, growth

and SUrvival Pre-Weaning ... ———— 4

Statement of AUINOISHIP ..o s 72

THHE DAY -t 74

ADSEFACE ...ttt b e ettt b ettt ber e e netenas 75

List Of @DDrEVIAtIONS .......cecveiiiiec e 75

1 INEFOAUCTION ..t e bbb s e n e renas 76

2. Materials and MEthOGS.........c.oururee e 77

2.1. Animals and experimental ProCEAUIES ...........cvrururrirrrrrrrrre e 77

2.2. Donor sample preparation and administration.............cccevvrrnnnniecee e 78

2.3. DNA extraction and 16S rRNA amplicon @nalysis ...........ccocveerniennniesncesnceisenenns 79

2.4, SEAtSHCAl @NAIYSIS .....covvececieicie s 80

3. RESUILS ...t a et b ettt ettt renens 81

3.1 PEIOMMANCE ...ttt 81

3.2. The effect of parity on the sow’s faecal miCrobiota.............ccevrirnnciincne 81



3.3. Treatment related effects on the piglet’s faecal microbiota ..., 82

B.3.1. DY M0 ottt 82
3.3.2. DY 18 ...ttt 84
ST F Lt o) o TSRS 84
0. CONCIUSION <.ttt e et s et e e e sttt s e e 86
Conflict of Interest StateMENt..........c.o s 87
FUNGING -ttt 87
ACKNOWIBAGMENTS ...t 87
(ST 10 =71 TSRS 88
FIGUIES ..t 91
L= ] ST 96
Chapter 5: Maternal supplementation with phytogenic additives influenced the faecal microbiota
and reproductive potential in SOWS ... —————— 102
Statement of AUINOISNIP ..o s 103
THHE DAY ..t 105
Y0 o ST 106
KBY POINES .t 107
1 INEFOAUCTION <.ttt 108
2. Materials and MEtNOAS...........ccuiiiiririiii e 109
2.1. Sow housing and feeding ManagEMENL ...........coeurrrriirrreer s 109
DT = N (10 o [T TSR 110
2.3. DNA extraction and 16S rRNA amplicon @nalysis ... 11
2.4, StatistiCal METNOGAS. ......cveeeeeeeieee et 112

B RESUIES ...ttt 112
3.1. Sow and litter PErfOrMANCE ..o 112
3.2. Impact of gestation diet on sow faecal miCrobiota............coccvrricrniiiic, 113
3.3. Maternal influence on the core piglet microbiota at different ages .........c.cocoeovvrivnnicnnen. 114
3.4. Impact of sow diet on piglet faecal MICrobiota............ccoverrrrerrerrre e 114
3.4.1.1n 21-0@Y-0ld PIGIELS .....veieeceree e 114
3.4.2.1n 35-0@Y-0ld PIGIELS ..o 115
ST Tt o) o TSR 115
4.1. Sow gestation PrforManCE ...........cour s 115
4.2. Sow lactation PErfOrMAaNCE ..........coriririicece et 117
4.3. Piglet PErfOrMAaNnCE.........couiuiiriicieiiiceies e 118

ST 730 1] ST 120
ACKNOWIBAGMENTS ... 121
AULhOrS” CONIDULIONS........ceeececececieie ettt 121
FUNGING -t 121
Data availability STAtEMENT ..o 121
COAE AVAADIITY ... 121
DECIAMALIONS ...ttt ettt s ettt ne e e e nnenas 121
ELNICS @PPIOVAL......ceeeeec et 121
Conflicts of interest/competing INTEIESES .........c.cviirrerre s 122



CoNSENE 10 PAMICIPALE ...ttt 122

Consent fOr PUDIICATION ...t 122
RETEIEINCES ...ttt n e nenas 123
FIQUIE CAPHIONS. ...ttt 127
L= ] TSR R 129
FIGUIES .t 131
Supplementary taDIE 1 ... s 138
Chapter 6: Faecal microbiota analysis of piglets during lactation...........c.ccocvninnnnsinniisinnenns 139
Statement of AUINOISNIP ..o s 140
Y0 o ST 142
(0 (T [V o o TSP 142
2. Materials and MEthOGS.........c.cururureree e 143
2.1. Experimental design and sample COlIECHON. .......c.cururururrrrrerreeee e 143
2.2. DNA extraction and 16S rRNA amplicon SEQUENCING..........cvreririrerereeercieieesieeseseseseseneene 144
2.3, SAiSHCAl @NAIYSIS .......cvviiicereicieie s 144

B RESUIES ...ttt 145
3.1, BOGY WEIGNT ... 145
3.2. Treatment effects on diversity MEIrCS ........ccooerrieiic e 145
3.3. Age effects on diVErsity MEtrCS ........ccviirrccrrcee e 145
3.4. Age-related taxonomic composition of bacterial communities..........c.cccovvvrnriccicncennne 147

4. DISCUSSION .......ceieieeeeieieieiete ettt e e s st s e st a et et e s e s e e e e e et e e e sesese s e s e s e b e s et es et eses s s s e 150
ST )30 1] 4 TS 152
Supplementary MAEHAIS ...t 152
AULhOT CONEFIDULIONS ...t 152
FUNGING -t 152
ACKNOWIBAGMENTS ... 152
CONFlICES OF INTEIEST....... et 152
RETEIEINCES ...ttt n e 153
SUPPIEMENTAY tADIE ... s 155
Chapter 7: A single faecal microbiota transplantation altered the microbiota of weaned pigs... 158
Statement of AUINOISNIP ..o s 159
ADSTTACE ...ttt R ettt s e 161
(0 (T [V o o TP 161
2. Materials and MEthOGS.........c.cuirerre e 162
2.1. Experimental design and sample COlECHON. .......c.cururururrerrrrrrreeeee e 162
2.2. DNA extraction and 16S rRNA amplicon SEQUENCING...........cvrriririrereeecieieeseeeeseeeseseneene 163
2.3. StatistiCal METNOGAS. ......cueeeeeeeeee e 163

B RESUIES ...ttt 164
3.1. Production CharacteriStiCs..........ceurururururrrerrerres e 164
3.2. Age related EffECES..........ciuiicrce 164
3.3. Donor sample COMPOSITION .......cucvreriririeieirirririsrereee e eeen 166
3.4. Treatment by 8ge EffECtS .........cvuiiciic 166



4 DISCUSSION ... et ettt e e et e e et e et eeeeeeeeee e eaeeseeeateeaeeeaeesaneneeeneeneesaneseeeaneeeesnneeneenenenneeeneennens 172

. CONCIUSIONS. ...ttt s et s s s e e st e e s s tenen 174
AULhOT CONEFIDULIONS ...ttt 174
FUNGING -t 174
ACKNOWIBAGMENTS ...t 174
CONFlICES OF INTEIEST.......e ettt 174
RETEIEINCES ...ttt n e 174
Chapter 8: DISCUSSION........cccocis s 178
GENEIAl QISCUSSION. ...ttt ettt ettt s e st e e e e e e s sene st e sesesen 179
FUMNEI FESEAICN. ...ttt enenenas 186
07030 1] 4 TS 187
Collated refEreNCeS ... s 188



List of tables

Chapter 3: Characterisation of early microbial colonisers within the spiral colon of pre- and post-
natal piglets
Table 1:  Taxa contributing significantly (average dissimilarity/standard deviation > 1) to the 63
dissimilarity between born-alive and stillborn piglets as determined by SIMPER
analysis at the genus level.
Table 2:  Taxa contributing significantly (average dissimilarity/standard deviation > 1) to the 63
dissimilarity between piglets that had sucked and those that were stillborn as

determined by SIMPER analysis at the genus level.

Chapter 4: Exposure to maternal faeces in lactation influences piglet enteric microbiota, growth
and survival pre-weaning
Table 1:  Genera contributing to the top 60% of dissimilarity of bacteria between Donor and 96
MP-Con treated 10-day old piglets as determined by SIMPER. Overall, average
dissimilarity between treatments was 34%.
Table 2:  Genera contributing to the top 60% of dissimilarity between Donor and P1-FT treated 98
18-day old piglets as determined by SIMPER. Overall, average dissimilarity between
treatments was 31%.
Table 3:  Genera contributing to the top 60% of dissimilarity between MP-Con and P1-FT 100
treated 18-day old piglets as determined by SIMPER. Overall, average dissimilarity

between treatments was 32%.

Chapter 5: Maternal supplementation with phytogenic additives influenced the faecal microbiota
and reproductive potential in sows
Table 1:  Reproductive performance of sows fed a control diet (CTR) or the control diet 129

supplemented with a PA during the gestation period.



Table 2:  Weight, P2 backfat change in lactation, and wean to service interval of sows fed 130
different dietary treatments (CTR, CTR-PA and PA).

Supple-  Gestation and lactation base diet specifications 138

mentary

Table 1:

Chapter 6: Faecal microbiota analysis of piglets during lactation
Table 1:  Family contributing to the top 70% of significant dissimilarity of bacteria between 7 149
and 18 day old piglets as determined by SIMPER. Overall, average dissimilarity
between ages is 36%.
Table Genus contributing to the top 70% of significant dissimilarity of bacteria between day 155
St 7 and 18 age groups as determined by SIMPER. Overall average dissimilarity

between ages is 51%.

Chapter 7: A single faecal microbiota transplantation altered the microbiota of weaned pigs
Table 1:  Genus contributing to the top 60% of significant dissimilarity of bacteria between FMT 168
and CON at 24 days of age as determined by similarity percentages (SIMPER).
Overall average dissimilarity between treatments is 27%.
Table 2:  Genus contributing to the top 60% of significant dissimilarity of bacteria between FMT 170
and CON at 35 days of age as determined by SIMPER. Overall average dissimilarity

between treatments is 22%.



List of figures

Chapter 2: Faecal microbiota transplantation: is it the future for pig production?

Figure 1:

Figure 2:

Oral administration of faecal microbiome transplantation via a gastric tube to a
20-day-old piglet.

Schematic of faecal microbiota transplantation (FMT) in pigs.

50

50

Chapter 3: Characterisation of early microbial colonisers within the spiral colon of pre- and post-

natal piglets

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Boxplots demonstrating the change at genus level in (A) the number of taxa, (B)
Pielou’s evenness, and (C) Shannon’s Diversity for piglets that were stillborn,
born-alive or had sucked. When subscripts differ they denote a significant
difference between treatments (P < 0.001).

nMDS ordination showing the relationship of colonic bacterial genera from piglets
that were stillborn (square), born-alive (inverted triangle) or had sucked (triangle),
calculated using Bray-Curtis distances. Points on the ordination represent
individual piglet samples which are positioned based on their similarity to all other
samples in a two-dimensional space. The closer the samples are together in the
ordination space, the more similar are their gut microbial communities based on
taxa composition and abundance.

Abundance of microbial phyla present in the spiral colon of piglets that were
stillborn, born-alive or those that had sucked. The bacterial phyla within the legend
are arranged in the same order as they appear on the bar chart.

Abundance of the top 90% of microbial families present in the spiral colon of
piglets that were stillborn, born-alive or those that have sucked. The bacterial
families within the legend are arranged in the same order as they appear on the

bar chart.

60

60

61

62



Supplementary

Figure 1:

Species accumulation curves and richness indices of the bacterial communities

in the spiral colon of piglets in the stillborn, born-alive and sucked groups.

70

Chapter 4: Exposure to maternal faeces in lactation influences piglet enteric microbiota, growth

and survival pre-weaning

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

The effect of treatment (Donor, MP-Con, P1-Con and P1-FT) on average piglet
weight (kg £ SEM) at 1, 3, 10 and 18 days of age. Within age, means with differing
letters are significantly different (P < 0.05).

nMDS ordination showing the differences in relatedness of faecal bacterial genera
from multiparous (MP) (triangle) or primiparous (P1) (inverted triangle) sows,
calculated using Bray-Curtis distances. Points on the ordination represent
individual sow faecal samples which are positioned based on their similarity to other
communities in a two-dimensional space. Points more closely clustered represent
microbial communities more closely related to one another based on taxa
composition and abundance.

Average abundance of bacterial genera contributing significantly (average
dissimilarity/standard deviation > 1) to the top 60% of dissimilarity between MP and
P1 sows 3 days post-partum. Genera above the broken line were more abundant
in P1 sows and all genera below the broken line were more abundant in MP sows.
Average abundance of the phyla present within the faeces of 10 day old piglets in
the Donor, MP-Con, P1-Con and P1-FT treatments.

Boxplots demonstrating the differences between bacterial genera for piglets in
treatments Donor, MP-Con, P1-Con and P1-FT for (A) Shannon’s Diversity, (B)
Pielou’s Evenness and (C) number of taxa. Subscripts without a common letter

denote a significant difference between treatments (P < 0.05).

91

92

93

94

95

10



Chapter 5: Maternal supplementation with phytogenic additives influenced the faecal microbiota

and reproductive potential in sows

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Classified genera significantly altered (P < 0.01) in the faeces of sows fed two
different diets: a control diet (CTR), and a control diet supplemented with a PA
during gestation.

Venn diagram of core microbiota at the genus level between sows and piglets at 21
and 35 days of age.

Discriminant analysis of principal components (DAPC) showing the relationship
among 21-day old piglets reared on sows fed different dietary treatments (CTR,
CTR-PA and PA). Each dot represents the microbiota profile from one piglet, while
each ellipse represents the groups. Discriminant analysis (DA) eigenvalues of the
analysis are displayed inset.

Genera significantly altered (P < 0.05) in the faeces of 21-day old piglets reared on
sows fed different dietary treatments (CTR, CTR-PA and PA). Subscripts that differ
denote a significant difference.

Boxplots demonstrating the change at genus level in (A) Chao1, (B) Richness and
(C) Shannon’s Diversity for 35-day old piglets that were reared on sows fed different
dietary treatments (CTR, CTR-PA and PA). Subscripts that differ denote a
significant difference.

Discriminant analysis of principal components (DAPC) showing the relationships
among 35-day old piglets reared on sows fed different dietary treatments (CTR,
CTR-PA and PA). Each dot represents the microbiota profile from one piglet, while
each ellipse represents the groups. Discriminant analysis (DA) eigenvalues of the
analysis are displayed inset.

Genera significantly altered (P < 0.05) in the faeces of 35-day old piglets reared on
sows fed different dietary treatments (CTR, CTR-PA and PA). Subscripts that differ

denote a significant difference.

131

132

133

134

135

136

137

11



Chapter 6: Faecal microbiota analysis of piglets during lactation

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Chapter 7: A single faecal microbiota transplantation altered the microbiota of weaned pigs

Figure 1:

Non-metric multidimensional scaling (nMDS) ordination of faecal bacterial genera
from piglets at 7 (inverted triangle), 13 (circle), and 18 (square) days of age along
with donor piglets (diamond). All nMDS ordinations attempt to place all samples in
an arbitrary two-dimensional space such that their relative distances apart match
the corresponding pairwise similarities. Hence, the closer the two samples are in
the ordination, the more similar their overall bacterial communities. “Stress” values
(Kruskal’s formula 1) reflect the difficulty involved in compressing the sample
relationship into the two-dimensional ordination.

Comparison of bacterial Pielou’s Evenness (A), number of taxa (B) and Shannon
Diversity (C) between piglets at age 7, 13, and 18 days at genus level. Subscripts
of differing letters are significantly different from one another (P < 0.05).

Pie charts of faecal bacteria phyla present at 7 (A), 13 (B), and 18 (C) days of age.
Principal coordinate analysis (PCO) ordination of faecal bacterial families from
piglets at 7 (inverted triangle), 13 (circle), and 18 (square) days of age. Overlaid
onto the PCO are vectors of the subset of 24 taxa identified by the BVSTEP
procedure (Rho =0.951, P = 0.001) to best represent the overall community pattern
from the full set of 81 identified families. Vectors indicate the association of the

families with a particular diet. * Uncharacterised family.

Schematic of the experimental timeline. Piglets were divided into two groups at
weaning, control animals (CON; n = 21) or faecal microbiota transplantation (FMT;
n = 21), the FMT procedure is described in the materials and methods section. On

day 3, 18, 20, 24 and 35, all piglets were weighed. Faecal samples, scratch scores

146

147

148

149

163

12



Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

and diarrhoea incidence were collected from day 18 onwards as stated in the figure
above.

nMDS ordination of faecal bacterial genera from piglets at 18 (triangle), 20 (inverted
triangle), 24 (square) and 35 (diamond) days of age. nMDS ordinations attempt to
place all samples in an arbitrary two-dimensional space such that their relative
distances apart match the corresponding pairwise similarities. Hence, the closer
the two samples are in the ordination, the more similar their overall bacterial
communities. “Stress” values (Kruskal’s formula 1) reflect the difficulty involved in
compressing the sample relationship into the two-dimensional ordination.
Comparison of Shannon Diversity (a), Pielou’s evenness (b), and number of taxa
(c) between piglets at age 18, 20, 24 and 35 days at the genus level. Means with
different superscripts (a, b, ¢) are significantly different (p < 0.05).

Abundance (%) of bacterial phyla present in the faeces of pigs at 18, 20, 24 and 35
days of age. The bacterial phlya within the legend are arranged in the same order
as they appear in the bar chart.

nMDS ordination of faecal bacterial genera from control (square) and FMT (circle)
piglets at (A) 24 days of age and (B) 35 days of age.

Comparison of Shannon Diversity (a), Pielou’s evenness (b), and number of taxa
(c) between piglets in treatments CON and FMT at 24 and 35 days of age at the
genus level. Means with different superscripts (a, b, c) are significantly different (p

<0.05).

Chapter 8: Discussion

Figure 1:

Major outputs from this study and their potential applications.

165

165

166

167

167

181

13



List of publications included in this thesis

Chapter 1

Nowland TL, Plush KJ, Barton M and Kirkwood RN 2019. Development and function of the intestinal

microbiome and potential implications for pig production. Animals 9, 76. Doi: 10.3390/ani9030076.

Chapter 2

Nowland TL and Kirkwood RN 2020. Faecal microbiota transplantation: is it the future for pig production?

Microbiology Australia 41, 91-94. Doi: 10.1071/MA20023.

Chapter 3
Nowland TL, Kirkwood RN, Torok VA, Plush KJ and Barton MD 2021. Characterisation of early microbial

colonisers within the spiral colon of pre- and post-natal piglets. Life 11, 312. Doi: 10.3390/life11040312.

Chapter 4
Nowland TL, Kirkwood RN, Plush KJ, Barton MD and Torok VA 2021. Exposure to maternal faeces in

lactation influences piglet enteric microbiota, growth and survival pre-weaning. Journal of Animal Science.

Doi: 10.1093/jas/skab170.

Chapter 6
Nowland TL, Torok VA, Low WY, Barton MD, Plush KJ and Kirkwood RN 2020. Faecal microbiota

analysis of piglets during lactation. Animals 10, 762. Doi: 0.3390/ani10050762.

Chapter 7
Nowland TL, Torok VA, Low WY, Plush KJ, Barton MD and Kirkwood RN 2020. A single faecal microbiota

transplantation altered the microbiota of weaned pigs. Life 10, 203. Doi: 10.3390/life10090203.

14



Awards and publications written during candidature

Nowland TL, van Wettere WHEJ and Plush KJ 2019. Allowing sows to farrow unconfined has positive
implications for sow and piglet welfare. Applied Animal Behaviour Science 221, 1-9. Doi:

10.1016/j.applanim.2019.104872.

Nowland TL, Kind K, Hebart ML and van Wettere WHEJ 2019. Caffeine supplementation at birth, but not
8 to 12 h post-birth, increased 24 h pre-weaning mortality in piglets. Animal 14, 1529-1535. Doi:

10.1017/5175173111900301X.

Plush KJ, McKenny LA, Nowland TL and van Wettere WHEJ 2021. The effect of hessian and straw as

nesting materials on sow behaviour and piglet survival and growth to weaning. Animal 15, 1-8. Doi:

10.1016/j.animal.2021.100273.

2018 — Science and Innovation Award for Young People in Agriculture, Fisheries and Forestry:

Recognises innovative scientific projects that will contribute to the ongoing success and sustainability of

Australia’s agriculture industries.

2019 - BIOMIN Young B.R.A.L.N. Award: Supports young and highly motivated scientists.

15



Conference abstracts written during candidature

Postgraduate Conference 2018

Nowland TL, Low WY, Torok VA, Barton MD, Plush KJ and Kirkwood RN 2018. The effect of antibiotics
on gut microbiota during lactation in pigs.

- Presented outcomes as a poster

Australasian Pig Science Association 2019

Nowland TL, Low WY, Torok VA, Barton MD, Plush KJ and Kirkwood RN 2019. Faecal microbiota
transplantation during lactation had no effect on piglets to weaning. Advances in Animal Biosciences 10,
s28.

- Presented outcomes as an oral presentation

McKenny LA, Plush KJ, Nowland TL and van Wettere WHEJ 2019. Hessian stimulates nest building
behaviour in sows and the provision of straw improves traits important for piglet survival. Advances in
Animal Biosciences 10, s94.

- Presented outcomes as a poster

McKenny LA, Plush KJ, Nowland TL and van Wettere WHEJ 2019. The provision of straw within a
farrowing crate improves piglet survival. Advances in Animal Biosciences 10, s95.

- Presented outcomes as a poster

Terry R, Nowland TL and Plush KJ 2019. Use of synthetic olfactory agonist in the farrowing house.

Advances in Animal Biosciences 10, s97.

- Presented outcomes as a poster

16



Asia Nutrition Forum 2019

Nowland TL, Torok VA, Barton MD, Plush KJ and Kirkwood RN 2019. Piglet management and the
development of the intestinal microbiota.

- Invited speaker

17



Abstract

Piglet pre-weaning mortality is a major industry issue and one area that has not been explored is the role
of the gastrointestinal tract (GIT) microbiota. The first microbial colonisers are the greatest determinants
of health. However, little is known about the initial colonisers and the degree to which external factors
influence GIT microbiota development within the piglet. Research reported in this thesis outlines GIT
microbiota development and evaluates different methods for influencing the GIT microbiota and its effect
on piglet growth and survival. Chapter 1.2 and 2 provide literature reviews in pigs, outlining the gap in
knowledge surrounding the pre-weaning period and the use of faecal microbiota transplantation (FMT).
Chapter 3 identified the presence of bacteria within the spiral colon of stillborn piglets demonstrating
colonisation prior to birth and outlined the first colonisers in piglets that had or had not sucked. This study
provides evidence surrounding the importance of the immediate post-natal environment. Chapter 4
focussed on the impact of pen environment and sow parity on microbial colonisation. Sow parity was
assessed due to the differences between multiparous and primiparous sow progeny. This experiment
found that the removal of faeces from the pen for the first 10 days of life increased piglet growth and
survival to weaning, while the addition of multiparous sow faeces to a primiparous sow pen had no effect
on the piglets. Chapter 5 assessed the effect of feeding a phytogenic additive (PA) to sows and found
that the PA was successful in altering the microbiota of sows and this change influenced the piglets reared
and persisted to at least two weeks post weaning. Sows fed PAs throughout gestation gave birth to more
piglet’'s; however, this did not translate to more piglets born alive. Additionally, these sows tended to have
a reduced wean to service interval. Currently no therapeutic alternatives to antibiotics exist for piglets,
therefore, the evaluation of an alternative was assessed in Chapters 6 and 7. FMT has demonstrated
success in the treatment of Clostridium difficile infections in humans, however there is limited research
assessing its use in pigs in an industry appropriate manner. Chapter 6 was a proof-of-concept study that
evaluated the use of a single FMT in 7-day-old antibiotic treated piglets. FMT at a young age was
ineffective, however, requirements for optimisation in young pigs were gained and the key bacterial
communities associated with age throughout lactation were identified. Chapter 7 evaluated the use of

FMT post weaning and is the first study to demonstrate that a single FMT dose can elicit a change within
18



piglets. Collectively, the findings of this thesis present a comprehensive evaluation of microbial
colonisation within the piglet prior to weaning, methods for altering piglet microbial colonisation via the
sow and environment, and information surrounding the potential application of FMT on farm. This
research has enabled the identification of possible industry applicable practices and interventions to
enable optimal microbial colonisation within sows and piglets for the improvement of pig health and

productivity.
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General background

A microbiome is defined as all microorganisms, including their genomes and extra-chromosomal
elements, present in and on the host (Dominguez-Bello et al., 2019). These microorganisms include
bacteria, archaea, fungi and viruses (Grice and Segre, 2011, Abeles and Pride, 2014, Hallen-Adams and
Suhr, 2017). The initial microbiome is the result of an interaction of multiple factors including host genetics,
the mode of delivery of the offspring (vaginal vs caesarean), feeding type (maternal vs formula), birth and
living environment, maternal weight gain, stress and pre- and peri-natal antibiotic use (Arrieta et al., 2015,
Murphy et al., 2015, Gomez-Gallego et al., 2016). Microbiomes colonise all body surfaces and the
communities they form are involved in host metabolism and gastrointestinal tract (GIT), immune and
neural systems development (Arrieta et al., 2014, Gensollen et al., 2016). It is widely recognized that the
microbiome is involved in a myriad of functions involving the production of antimicrobial compounds,
nutrient metabolism, degradation of xenobiotics including hormones, as well as the competitive exclusion
of potential pathogens (Bauer et al., 2006, Rea MC, 2010, Schachtschneider et al., 2013, Le Doare et al.,
2018). Research surrounding the GIT microbiota specifically has received a large amount of attention in
recent years, with studies in humans demonstrating links with GIT microbiota dysbiosis and irritable bowel
disease, necrotizing enterocolitis, eczema, obesity, autoimmunity, asthma and even autism (Kuitunen et
al., 2009, Cahenzli et al., 2013, Wang et al., 2016, Tang et al., 2017, Carlson et al., 2018). While studies
in production animals are less common, research within the pork industry has expanded recently with
studies demonstrating that the GIT microbiota is associated with the immune system (Bauer et al., 2006),

behaviour (Rabhi et al., 2020), growth and feed efficiency (Mach et al., 2015, Gaukroger et al., 2020a).

Piglet pre-weaning mortality is a major industry issue with approximately 15% of all piglets born alive
dying prior to weaning annually (Mota-Rojas et al., 2012, Daigle, 2018, Nuntapaitoon et al., 2018). As a
result of this, much research investigating ways of reducing this mortality has been conducted, however,
the issue persists. Additionally, as the industry continues to push towards greater sow prolificacy, piglet
survival becomes an even larger issue, and so novel research investigating ways for improving piglet

survival is warranted. One area that has not been extensively explored is the role the GIT microbiota has
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in piglet health and survival. To date, research into the pig GIT microbiota is limited, with the majority of
research assessing the microbiota of piglet's post weaning. Although this research has been beneficial,
previous studies have demonstrated the importance of optimal colonisation during early life as disruptions
during this time can have negative health consequences (Bauer et al., 2006, Patil et al., 2020). Although
interest in this area has increased in recent times, research outlining the basics surrounding GIT
microbiota colonisation and development, and potential management strategies for ensuring optimal

colonisation in piglets for the improvement of health and survival is limited.

This thesis tested the unifying hypothesis that microbiota acquisition and development within the piglet
occurs in late gestation and during the immediate post-natal period, allowing for the piglet’s GIT microbiota
to be influenced via the addition of a treatment either through the environment or the sow. This was
explored through the investigation of microbial colonisation of piglets at different life stages, through the
use of differing environments, sow dietary changes and through direct manipulation of the piglets GIT
microbiota. Further information surrounding what was known in regard to microbial colonisation and
development within the piglet at the beginning of my candidature is represented in a literature review in

Chapter 1.2.

Thesis format

Chapter 1 covers the basic background and a general introduction into the topic of development and
manipulation of the piglet intestinal microbiota and outlines the thesis format and overall aims of the thesis.
It also includes a published literature review entitled “Development and function of the intestinal
microbiome and potential implications for pig production” which discusses the development of the
microbiota within piglets and also identifies key gaps within the literature that are then investigated within

the experimental chapters.

Chapter 2 entitled “Faecal microbiota transplantation: is it the future for pig production?” is a second,

shorter published review outlining the literature specifically surrounding the use of faecal microbiota
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transplantation (FMT) as a tool for altering the gastrointestinal microbiota in pigs. This chapter identifies

key gaps within the literature and areas to explore for later chapters within the thesis, Chapters 6 and 7.

Chapter 3 entitled “Characterisation of early microbial colonisers within the spiral colon of pre- and post-
natal piglets” is the beginning of the experimental chapters and sets the scene for understanding how and
when initial colonisation in the piglet occurs and what the first microbial colonisers are. The findings of
this study demonstrated that microbial colonisation of the piglet likely occurs immediately prior to
parturiion and that the immediate post-natal environment largely influences the microorganisms
colonising, while colostrum consumption further contributes to microbial community enrichment. The
findings of Chapter 3 pose the question; how can the environment be altered in order to generate optimal
microbiota development in the piglet during lactation? Therefore, given the natural differences already
observed and well documented between primiparous and multiparous sows, Chapter 4 went on to
investigate the effect of altering the pen environment by moving faeces from a multiparous sow to a

primiparous sow’s pen.

Chapter 4 entitled “Exposure to maternal faeces in lactation influences piglet enteric microbiota, growth
and survival pre-weaning” determined that the inclusion of multiparous sow faeces into the pen of a
primiparous sow had no effect on the piglets. It was the removal of faeces from the pen that positively
influenced piglet faecal microbiota characteristics, growth and survival at weaning. The findings of
Chapters 3 and 4 demonstrate that the sow’s GIT microbiota seeds the piglet's GIT microbiota during
gestation and during lactation via maternal faeces. Therefore, the ability to manipulate the piglet’s

microbiota through a dietary intervention given to the sow was tested.

This led to the development of Chapter 5 entitled “Maternal supplementation with phytogenic feed
additives influenced the intestinal microbiota and reproductive potential in sows” which demonstrated that
phytogenic feed additives have the potential to increase the number of piglets born per sow. Furthermore,

sow gestation supplementation altered the microbiota of the sow and this change influenced their piglets.
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This study also demonstrated that the change in piglet GIT microbiota generated by the sow persists
beyond weaning, that is, even if the stimulus from the sow was no longer present. After identifying the
possibility of changing the piglet GIT microbiota via dietary interventions through the sow and the
environment as reported in previous chapters, we investigated the use of FMT as a means to alter the

piglet’'s microbiota directly.

Chapter 6 entitled “Faecal microbiota analysis of piglets during lactation” determined that the faecal
microbiota of piglets developed and stabilised with age and that the implementation of FMT at a young
age was ineffective. This may have been because of the rapidly changing microbiota of young animals
and therefore, a need for a greater number of doses for these piglets. Although no treatment effect was
observed in this study, valuable information regarding microbial membership in the pre-weaning period

was gained. As a result, Chapter 7 assessed the use of FMT in piglets post weaning.

Chapter 7 entitled “A single faecal microbiota transplantation altered the microbiota of weaned pigs”
determined that a single FMT dose post weaning was effective in altering the microbiota of weaned pigs.
This is the first study to demonstrate that a single FMT may be effective if given at the appropriate time.

Chapter 7 concluded the experimental chapters.

Chapter 8 is the general discussion, integrating the five experimental chapters and exploring the

outcomes and implications of the research.

This thesis is presented in a thesis-by-publication format. Each research chapter represents a distinct
study that has either been published or is undergoing peer review. Manuscripts are formatted according
to the journal requirements. Consequently, reference format and English spelling differ throughout this
thesis. Additionally, each chapter that is either published or submitted for publication contains its own
reference list and the collated reference list at the end of the thesis contains all references cited in the

introduction and general discussion. The status of each chapter at the time of thesis submission is
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indicated in the ‘statement of authorship’ form present at the beginning of each chapter. On this basis,

there is some repetition of content between chapters.

Project aims

The overall hypothesis for this thesis was that enteric microbiota acquisition in piglets is initiated in late

gestation and evolves rapidly during the immediate post-natal period from seeding by the sow. This, then,

would allow for the piglet's GIT microbiota to be influenced via the addition of a treatment either through

the environment or the sow. This information will assist in generating a collection of easy to implement

industry applicable practices that enable the optimal development of the GIT microbiota. With the ultimate

goal of improving piglet health and survival.

The individual experiments within this thesis aimed to:

1.

Determine gastrointestinal tract colonisation before and immediately after birth in piglets that were
stillborn or had or had not sucked.

Characterise the microbiota of primiparous and multiparous sows and determine whether contact
with faeces from a multiparous sow can improve growth and survival of piglets born and reared
on primiparous sows and if so, whether these differences are associated with the microbiota.
Determine whether the provision of a gestation and/or lactation diet containing phytogenic feed
additives would alter the GIT microbiota of sows, and thus that of their piglets and so improve
performance.

Provide a proof of concept for the application of FMT to control pre- and post weaning enteric
disease in pigs.

Determine whether a dysbiosis caused by weaning could be corrected via FMT from healthy

piglets from a previous weaning.
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Chapter 1.2: Review of the literature:
Development and function of the intestinal microbiome and potential implications for pig

production
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Simple Summary: Piglet preweaning mortality is a major economic loss and welfare concern for the
global pork industry, with the industry average sitting at approximately 15%. As such, novel methods
for reducing this mortality are needed. Since research into the intestinal microbiota has provided
advances in human health, in particular the impact of early life factors, it was the logical next step to
synthesise the existing literature to determine the potential relevance to the pig industry. It is evident
from the literature that this area of research provides promising results. However, a large gap within
the literature currently exists within the lactation period in pigs. Since optimal development within
early life is proving to be critical for human infants, it is crucial that further research is invested into
understanding the impact of early life events on a piglet’s microbiome. It is hoped that this review
will enable access to critical information for those interested in the microbiome and its potential for
improving herd health on the farm.

Abstract: The intestinal microbiota has received a lot of attention in recent times due to its essential
role in the immune system development and function. Recent work in humans has demonstrated that
the first year of life is the most critical time period for microbiome development with perturbations
during this time being proven to have long term health consequences. In this review, we describe the
literature surrounding early life events in humans and mice that contribute to intestinal microbiota
development and function, and compare this to piglets predominantly during their lactation period,
which focuses on the impact lactation management practices may have on the intestinal microbiota.
Although extensive research has been conducted in this area in humans and mice, little research exists
in pigs during perceivably the most critical time period of development, which is the lactation period.
The research reviewed outlines the importance of appropriate intestinal microbiota development.
However, further research is needed in order to understand the full extent routine farm practices
have on a piglet’s intestinal microbiota.

Keywords: intestinal microbiota; neonatal environment; management; piglet; performance

1. Introduction

At parturition, the neonate is exposed to a range of microorganisms and this initial exposure
forms the basis of the microbiome. A microbiome is a community of microorganisms that together have
a mutualistic relationship with the host [1]. There are multiple niches on the host that have their own
characteristic microbiome, e.g., the skin, mouth, urogenital tract, and all levels of the gastrointestinal

Animals 2019, 9, 76; d0i:10.3390/ani9030076 www.mdpi.com/journal /animals
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tract (GIT) [2—4], with each characteristic microbiome maintaining a diverse and relatively stable
population of bacteria, archaea, fungi, and viruses [2—4]. The types of microorganisms that make up the
gastrointestinal microbiota play an integral role in host metabolism, the development of a healthy GIT,
and immune and neural system development [5,6]. As such, the health of offspring largely depends on
the microorganisms that the body is exposed to throughout life. Studies in humans have demonstrated
that the first year of life is the most critical time period for microbial acquisition and development,
with disruptions to the microbiome during this time causing long-term consequences [7]. Some of the
consequences observed in humans are gastrointestinal and systemic disorders including inflammatory
bowel disease, necrotizing enterocolitis, eczema, obesity, autoimmunity, asthma, and autism [8-10].
These findings serve to illustrate the power of an appropriate intestinal microbiota and have initiated
the idea that fostering a healthy microbiome through optimal initial colonisation may improve health
and limit disease.

Finding novel methods for improving health on the farm is of particular interest to the pork
industry since pre-weaning mortality is a major issue with the industry average being around
15% [11-13]. To date, a large quantity of research exists surrounding the development of methods for
reducing these mortalities. However, it has proven to be a complex issue with little progress [11,13,14].
Research investigating the impact of routine farm practices on piglet microbiome is limited, with the
majority of research in this area focusing on the microbiome in pigs as a model for humans and
in piglets post weaning [15-17]. Given our understanding of the importance of early microbial
colonisation and GIT health in humans, it is reasonable to suggest that fostering a healthy microbiome
may contribute to piglet viability and survival. This review summarises studies examining initial
microbial acquisition and development, the impact of different factors on the microbiome, and the
impact of the microbiome on health and methods of microbiome manipulation.

2. Acquisition of the Microbiome

2.1. Pre-Partum Microbial Acquisition

The development of the microbiome has long been thought to originate at birth when the fetus
transits from a supposedly sterile environment within the amniotic sac through the birth canal, into a
microbially dense environment. However, recent studies in mice and humans question these claims
and have demonstrated the presence of bacteria within the amniotic fluid of pregnant mice and the
meconium of infants, which suggests some colonisation in utero [18,19]. Whether in utero colonisation
occurs in food species such as pigs remains unknown. However, the differences in placentations
(haemochorial vs. epitheliochorial) would likely impact the ability for microbial transfer. Additional
microbial colonisation occurs during the parturition process when microorganisms colonise the mucus
membranes and skin epithelia. Factors such as transit time and mode of delivery have an influence on
the colonising microbial populations [20]. Neonates born vaginally are colonised by microorganisms
that are similar to their mother’s vaginal microbiota, while those delivered by caesarean section
(C-section) are colonised by bacterial communities similar to the mother’s skin microbiota [21-23].
The impact of the delivery method on the infant has been extensively studied over recent years with
accumulating evidence suggesting that C-sections that delivered human infants have reduced microbial
richness and diversity compared to those delivered vaginally [23,24]. It is this reduced diversity that
is suggested to be the main cause of the increased incidence of allergic disease often seen in human
infants delivered by C-section [24,25]. While delivering pigs via C-section is not a likely option within
the pork industry generally, this research provides evidence that the microorganisms harbored at birth
have long-term implications for health. This is of particular interest since C-sections are often used
when establishing new farms, especially at the nucleus level where high health is the required outcome.
The implications of an ‘abnormal’ microbiome may be detrimental to this requirement.
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2.2. Post-Partum Microbial Acquisition

The post-partum GIT microbiota has three essential roles, which include protective, metabolic,
and trophic roles [26]. First, the microorganisms act as a barrier against pathogenic organisms by
competitive exclusion. Then, they aid in digestion and metabolism of colostrum and milk, they break
down toxins and drugs, synthesise vitamins, and absorb ions. Lastly, they support the growth and
differentiation of the epithelial cells lining the intestinal lumen and support homeostasis of the immune
system [26]. Human post-natal factors such as feeding type (breast vs. formula), maternal weight gain,
stress and prenatal and perinatal antibiotic use all influence the populations of bacteria colonising,
which alters the way the microbiota performs these functions [7,27,28]. Although the microbiome
is influenced via a variety of external factors in pigs, two predominant immediate postnatal factors
that determine initial postnatal microbial colonisation are likely colostrum, milk quality, and the
neonatal environment.

2.2.1. Colostrum

The importance of colostrum and milk for human and animal health has been extensively
studied with a number of reviews available [9,27-30]. Maternal milk provides energy, nutrients,
and bioactive compounds such as immunoglobulins, cytokines, chemokines, growth factors, hormones,
and antibodies that directly influence development [27,29]. It also contains other compounds
such as peptides, lactoferrin and other whey proteins, oligosaccharides, and a large number of
bacteria [27]. Maternal milk is an important postnatal element for establishing an appropriate
intestinal microbiota [31]. Studies in humans have demonstrated that being breast-fed is associated
with a lower incidence of diabetes, obesity, celiac disease, multiple sclerosis, and asthma [29,32].
These associations are primarily driven by the protective effects of milk against early infections, its
anti-inflammatory properties, antigen specific tolerance induction, and regulation of the infant’s
microbiome [29]. While clearly important in humans, the significance of the enteromammary axis in
food animals is likely limited by the relatively short lacations, but likely becomes more significant with
longer lactations. In pigs, longer lactations and higher weaning weights have been associated with
improved health outcomes and fewer days to market. A role for the enteromammary axis in these
benefits from longer lactations cannot be discounted.

The microbiome of the breastfed infant is very different from that of formula fed infants [21,33].
There is also a demonstrated specificity between the microbiome and suckling with a study in
rodents demonstrating that milk cells contain a number of bacterial DNA signatures found in
maternal peripheral blood mononuclear cells during pregnancy and lactation, which suggests bacterial
translocation [34]. Other studies in humans and mice have suggested that this is a result of dendritic
cells sampling the luminal microbiome and translocating it into the milk [29,34,35]. Although currently
speculative, it seems reasonable to suggest a similar differential effect of maternal milk and formula
would also occur in pigs and should be considered when providing supplemental nutrition to
compromising pigs, such as those with low birth weights.

Compared to humans, pigs are born with relatively low body energy stores and are
immunologically naive due to the epitheliochorial nature of the porcine placenta [36]. This means
that, for the piglet, the consumption of colostrum immediately after parturition is essential to
survival [37]. Colostrum not only provides a supply of warmth, energy, and immunity, it also enables
the establishment of commensal microbes. The ability to acquire colostrum is largely dependent on
piglet weight at birth [38] and, as the industry pushes towards improved sow prolificacy and a greater
number of newborn piglets per litter, the proportion of low birth weight piglets is increased [38].
Morissette et al. [31] suggested colostrum and milk intakes (as measured by weight gain) within the
first two weeks of life influenced the development of the microbiota. High weight gain piglets have
higher levels of Bacteroidetes, Bacteroides, and Ruminoccocaceae and lower proportions of Actinobacillus
porcinus and Lactobacillus amylovorus compared with low weight gain piglets. These data suggest that
the quantity of milk ingested within the first two weeks of life has the potential to not only impact
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weight gain but also influence long-term animal health and performance via the microbial populations
colonising. Low birth weight piglets do not reach the udder as fast and have reduced competitiveness
for teats [12,38], and a potential lack of maturity of the GIT may also impact the outcomes observed.
It is evident that further research is required in order to establish the etiologic influence colostrum
acquisition has on the development of the microbiome in piglets. Although an interaction exists
between milk consumption and the microbiome, the impact of the quantity and quality of the milk
obtained and its effects on the microbiome is yet to be investigated in the piglet.

2.2.2. Environment

Both pathogenic and non-pathogenic bacteria are ubiquitous in the environment. It is the
combination of the environment, diet, and genetics that determine which microbes colonise the
epithelial surfaces of the body [7,27,30]. In humans, it is relatively difficult to completely eliminate the
confounding factors of differences in diet, genetics, gestation, and the delivery method from the impact
of the environment alone. As such, animal studies have been conducted in order to fill these gaps.

In mice, it has been demonstrated that immunological development is largely dependent on
the initial GIT microbial colonisation, which is determined by the environment. Cahenzli et al. [8]
demonstrated that mice that were germ-free at birth and that were maintained in a germ-free
environment had an increased antigen-induced oral anaphylaxis incidence, which demonstrates the
importance of an appropriate intestinal microbial stimulus for immune system development. In pigs,
the influence of low hygiene (farm housed, sow-fed) or high hygiene (isolator housed, milk formula-fed)
environments influenced piglet immunological development. Piglets reared on the sow have a more
diverse intestinal microbiota than the siblings reared in isolators [39]. It is impossible to determine the
direct effect nutrition has on this. However, the latter study further corroborates the findings from
previous studies, which indicate that the microorganisms that colonise the GIT influence immune
development and subsequent health.

When considering the development of the microbiome in pigs, an understanding around the
piglet postnatal environment is essential. Since pigs are produced within an intensive production
system where they are housed in pens in contact with the mother’s feces, skin, and mucosal surfaces
until weaning, it is likely that the microbiome of a newborn piglet is largely dependent on the
sow. When considering the opportunity for microbial manipulation through early life exposure,
this may provide an effective arena, with studies suggesting that the pre-weaning period is critical
for appropriate colonisation and immune system development [8,21,30]. Further investigations
of the lactation period should prove fruitful. The development and variation of the microbiome
in pigs is starting to gain understanding since a number of studies are investigating this [40,41].
However, relatively little is known about what impact general farm practices, including sow nutrition
and parity, farrowing crate cleanliness, sow skin and udder cleanliness, piglet fostering, iron and
penicillin injections at 24 h old, and age of weaning are having on the microbiome and individual
piglet performance.

3. Impact of Different Factors on the Microbiome

The initial colonising bacteria largely drive microbiome establishment and development.
However, the microbiome is a dynamic system that is continuously changing and is influenced
by a variety of factors. Some of these factors include antibiotic use, stress, diet, age, and the rearing
environment [7,27,28]. Previous studies in humans have suggested that the most important period for
microbial establishment is the first 1 to 3 years of life since it is during this time that the microbiome is
more dynamic and susceptible to change [42,43]. Disruption or dysbiosis during this period result in
disease [8,44,45]. Thereafter, the microbiome changes toward a more adult-like state where it becomes
more stable and resistant to change [42,43]. Accumulating evidence suggests that the shift in the
microbial state may be attributed to the transition from a primarily liquid milk diet to one that relies on
solid food [9,43]. From these data values, it can be assumed that, in the case of the pig, the most critical
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time for microbial establishment would be prior to weaning while they still maintain a predominantly
milk-based diet. As such, the practices undertaken during lactation should be critically reviewed
in order to establish the potential impact they are having on the microbiome with the ultimate goal
promoting the establishment of a healthy microbiome.

3.1. Antibiotics

Antibiotic use during the pre-natal and post-natal period has been demonstrated to negatively
impact GIT microbial diversity and increase the number of resistant bacteria [46—48]. Antibiotics
are commonly used for the control of pathogenic bacteria. However, they are non-specific and have
the potential to perturb beneficial commensal bacteria in the GIT and elsewhere [49,50]. In humans,
when administered during the early postnatal period and while the initial microbial establishment is
occurring, these disruptions can lead to overgrowth of pathogenic bacteria and to long-term health
problems such as asthma, necrotising enterocolitis, and late-onset sepsis [5,49,51].

In recent times, the importance of populating a healthy microbiome has become increasingly
evident. As a result, a multitude of reviews surrounding the use of antibiotics on the microbiome
have been conducted [26,46,49,50]. What can be taken collectively from these reviews is that
microbial disruption during the perinatal period has detrimental effects on microbial establishment
and metabolism, which often leads to long-term health problems. When investigating the effect of
antibiotics in the pig specifically, a similar effect on microbial diversity and quantity is observed.
Gao et al. [15] investigated the time-course effect of antibiotics on microbial composition and
metabolism in pigs fed a standard diet with or without antibiotics. Their findings support the
human literature where antibiotic administration leads to changes in microbial GIT communities and
metabolism. These differences are noticeable as soon as two days in the ilium and seven days in the
faeces. Similarly, studies conducted by Looft et al. [52,53] demonstrated that in-feed antibiotics for
piglets caused divergence in microbiome membership and reduced microbial population quantity
and diversity. These studies also demonstrated that Escherichia coli populations in the ileum increased
with antibiotic exposure. Antimicrobial resistance genes to antibiotics that were not administered
were identified. Furthermore, a study conducted by Kim et al. [53] demonstrated similar changes in
microbiota populations in pigs when administered antibiotics were in the feed. It is common practice
globally for piglets to receive antibiotic treatment at 24 h of age but little research has investigated its
consequences with regards to the microbiome.

3.2. Stress

There is a growing body of evidence linking the GIT microbiota to the central nervous system
function [26,54,55]. O’Mahony et al. [56] observed that rat pups exposed to maternal separation
stress for three hours daily from two to 12 days of age and then exposed to a novel stressor had an
increased number of faecal boli, increased plasma corticosterone levels, an increased visceral sensation,
and an altered faecal microbiota when compared to undisturbed rats. Additionally, Bailey et al. [57]
found that mice exposed to a social disruption stressor had large shifts in the microbiota community
structure, which decreased the relative abundance of bacteria genus Bacteriodes while increasing the
relative abundance of Clostridium. Additionally, the stressor also increased circulating levels of IL-6
and MCP-1, which correlates with changes in three bacteria genera Coprococcus, Pseudobutyrivibrio,
and Dorea. Additional studies have also demonstrated that chronic stress affects the abundance and
diversity of the GIT microbiota, which have long-term effects on the immune system [26,49,54].

Within the pork industry, weaning would be the most commonly studied event that causes
stress in pigs. Weaning is a multifactorial stressor, including environmental, social, nutritional,
and psychological disruptions [58]. The stress associated with weaning is a welfare concern and it
causes a reduction in growth during the first days following weaning, which results in economic loss
with increased days to market [58,59]. This reduced weight gain post weaning, commonly referred to
as the ‘post weaning growth check,” is thought to be a result of the reduced intestinal integrity caused
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by stress, which causes leaky gut and diarrhoea as well as an increased susceptibility to colonisation
with pathogenic bacteria such as E. coli [58-60]. Experiments in animals suggest that increased cortisol
levels that accompany stress are the main driver for this, which increases gut permeability and
bacterial lipopolysaccharide leakage across the intestinal wall [61,62]. The social stress from weaning
is exacerbated by litters being mixed.

While stress affects the microbiota, evidence suggests that there is a bi-directional communication
between the gut and the brain, which means that the intestinal microbiome can influence the
animal’s susceptibility to stress or anxiety [54,55,63]. When comparing germ-free (GF) mice with
specific-pathogen free (SPF) mice, Sudo et al. [64] demonstrated that GF mice had elevated plasma
adrenocorticotropic hormone and corticosterone levels in response to a restraint stress. GF mice
also exhibited reduced brain-derived neurotrophic factor expression levels in the cerebral cortex
and hippocampus. Furthermore, when the GF mice were reconstituted with Bifidobacterium infantis,
the exaggerated HPA stress response observed could be reversed. Other such cases of this ‘reversal” in
behavior through microbial supplementation have been demonstrated. Messaoudi et al. [65] found that
anxiety-like behavior was reduced in rats and physiological distress (depression and anger-hostility)
was reduced in humans when given a combination of Lactobacillus helveticus R0052 and Bifidobacterium
longum R0175. The ability to alter an animal’s response to stress by introducing different GIT bacteria
is new and, although the results from these trials are promising, more research in this area is needed.
Influencing the intestinal microbial composition in order to improve productivity and health are the
ultimate objectives for the future and an improved ability to cope with stress would be beneficial
to productivity.

Few studies to date have demonstrated the impact of prenatal stress on microbial establishment.
Zijlmans et al. [66] demonstrated a link between maternal stress and microbiota colonization.
Mothers who were identified as having high cumulative stress (high reported stress and high cortisol
concentrations) during pregnancy had a significantly higher relative abundance of proteobacterial
groups that are known to contain pathogens (i.e., Escherichia, Serratia, and Enterobacter), while beneficial
bacteria such as Lactobacillus, Lactococcus, Aerococcus, and Bifidobacteria were reduced. Additionally,
Gur et al. [67] not only demonstrated that prenatal stress resulted in different placental microbes in
mice offspring, but also that prenatal stress led to long-term differences in behaviour and cognition
with increased anxiety like behaviour in female mice and decreased social interaction in male mice.
Within the pork industry, more research has been conducted into gestational group housing and
farrowing accommodation in order to identify optimal housing for reduced sow stress and improved
piglet welfare and survival. However, to our knowledge, no research to date has investigated the effect
of housing during both the gestational and the pre-farrow period on the sow or piglet’s microbiome and
subsequent health. These studies provide precedent for further investigation into this area, especially
in the case of intensive production systems with the increased risk for high stress.

3.3. Age and Diet

Diet represents one of the major factors contributing to intestinal microbial colonisation [68].
This is evident from research showing marked differences in the GIT microbiota community structure
in pigs after only two weeks of feeding different experimental diets [69]. Similarly, a gradual
taxonomic and functional rearrangement of the bacterial community in feces after feeding four
different diets varying in protein source, calcium, and phosphorus concentration has been recorded [70],
which indicates the importance of diet on microbial population modulation.

The largest and most dynamic change in microbiome transition, however, is during the weaning
period. As such, studies have investigated the influence of weaning from an exclusive milk diet to
a solid food diet on the microbiome [28,71]. In pigs, multiple authors have demonstrated that the
microbiota of suckling piglets predominantly contained Bacteroides, Oscillibacter, Escherichia/Shigella,
Lactobacillus, and unclassified Ruminococcaceae genera [40,72]. However, after weaning, the bacterial
diversity increased linearly to be predominantly Acetivibrio, Dialister, Oribacterium, Succinivibrio,
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and Prevotella genera. In contrast, others have observed a reduction in GIT microbial diversity until
11 days post weaning. Microbial diversity followed the trends observed by the previously mentioned
studies [16]. These data provide an explanation for the reduction in weight gain and presence of
diarrhea often observed in piglets post weaning. The differences observed between studies may be
attributed to the fact that weaning ages and sample time points varied between studies. Hu et al. [16]
conducted the only study to collect samples within eight days of weaning. This might indicate that
the previous studies may have experienced the same drop in diversity, but they had no means for
observing it since they had not investigated the microbiota at an early enough time point. Studies like
those of Hu et al. [16] provide insights into possible methods that could be implemented to improve
microbial diversity around weaning to enable increased stress tolerance for piglets.

Studies investigating the role diet has on modulating microbial populations and health provide
promise for possible investigations in pigs. For example, an increase in fiber in the diet changed the
GIT microbiota and increased protection against dysbiosis in mice, which prevented the development
of hypertension and heart failure in hypertensive mice [73]. Studies in pigs are beginning to follow this
trend and investigate the effect diet has on the microbiota and health. Heo et al. [74] fed piglets different
protein levels post weaning and challenged them with an enterotoxigenic strain of Escherichia coli.
They determined that those animals that were fed a reduced protein diet, had a reduced incidence of
post weaning diarrhea in the face of an E. coli challenge. Unlike the previous authors, Qiu et al. [17]
examined the microbiome and found that 65-day-old gilts fed diets with reduced crude protein levels
had a shift in microbial composition in the ileum, which lead to enhanced microbial fermentation and
short chain fatty acid production. Overall, these data support the suggestion that intestinal microbial
colonisation is significantly influenced by diet, with age having an influence on its progression.

4. Impact of the Microbiome on Health

The intestinal microbiota has been demonstrated to be involved in the regulation and maintenance
of overall health. Its initial colonisation mediates immune system development and long-term
colonisation determines health and survival [30]. It has influences on susceptibility to enteric,
autoimmune, cardiovascular, and atopic diseases [44,50,75]. It is also involved in cognitive
development and can influence subsequent cognitive disorders [9]. There is a continuous interplay
between the microbiota and health as well as the impact of pathogens and diet on the microbiota. It is
an interconnected, multifactorial relationship, and understanding it is crucial for optimising current
practices to enhance health.

Immune System

The intestinal microbiota has a demonstrated involvement in a myriad of functions.
The interaction between the epithelial cells lining the intestine and the microbiota are essential for
immune system development, maturation, regulation, and the maintenance of homeostasis [61,75,76].
Particularly, the haematopoietic and non-haematopoietic cells of the innate immune system have
a unique positioning that allows them to have the ability to sense the microorganisms and their
metabolic products for generation of a physiological response by the host [76]. The diversity, type,
and quantity of microorganisms colonising impacts the way in which the microbiota regulates
intestinal mucosal barriers, controls nutrient uptake and metabolism, assists with immune system
development, and controls competitive exclusion of pathogenic microorganisms [6,30,50]. Not only
do the microorganisms within the intestinal tract influence the innate immune system, they also
communicate with and influence the adaptive immune system [76]. Research suggests that those
animals that undergo disruptions in the microbiota or have a reduced intestinal microbial diversity are
at an increased risk of cardiovascular disease, inflammatory bowel disease, necrotizing enterocolitis,
eczema, obesity, malnutrition, autoimmunity, asthma, and autism [8,9,25]. Studies in germ-free
animals have shown that the absence of an intestinal microbiota results in defects in lymphoid
tissue development within the spleen, thymus, and lymph nodes and a reduction in lamina propria
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CD4+ cells, IgA-producing cells, and hypoplastic Peyer’s patches [8,20,77]. These studies have
also demonstrated ileal and jejunal Peyer’s patches in pigs to be shorter at 39 and 59 days of age,
predominantly T cells rather than B cells at six weeks old, and have a similar cell yield at 45 days old
as a five day old normal piglet [8,20,77].

The presence of microorganisms within the GIT are clearly essential and the types of
microorganisms colonising also directly influences the immune system. A good example of this
is seen in the acetogenic bacteria B. longum subsp. Longum and B. longum subsp. Infanis. These species
produce the short chain fatty acid, acetate, which directly influences immune system regulation by
inducing regulatory T cells [78,79]. Similarities can be seen for other bacteria producing the short chain
fatty acids propionate and butyrate since they have functions that inhibit the growth of pathogens.
For example, acetate when administered alone inhibits the growth of Pseudomonas aeruginosa [80],
while acetate in combination with propionate and butyrate inhibit the growth of pathogenic E. coli
0157 [81], Proteus mirabilis, Klebsiella pneumonia, and P. aeruginosa [80]. This is just one example of how
the microbial populations have a direct influence on immune regulation.

In pigs, the development of the mucosal immune system occurs over a period of weeks and,
from research done in germ-free pigs, it is evident that its development is largely dependent on
microbial exposure [77]. This initial microbial exposure is primarily occurring at birth via urogenital
and environmental exposure and at ingestion of colostrum and milk throughout lactation. Additionally,
recent studies indicate that the microbiota within sow milk is dynamic and changing throughout
lactation to support the piglets appropriate microbiome development, especially between the colostrum
and milk phase of lactation [82]. The pig goes through a number of stressful events throughout its life
and, therefore, a strong immune system is crucial for optimal growth and survival. It is understood
that the stress associated with weaning, mixing of litters, and abrupt diet changes result in significant
microbial shifts and dysbiosis, which reduces intestinal integrity and often leads to disease [61,83].
Dou et al. [84] demonstrated that those piglets that developed diarrhea post-weaning had a different
microbiota than those who did not, with this difference being detectable as early as seven days
of age (four weeks prior to diarrhea). At seven days of age, the non-diarrheic pigs displayed a
higher abundance of Prevotellaceae, Lachnospiraceae, Ruminocacaceae, and Lactobacillaceae compared
to diarrheic pigs. These data suggest that ensuring optimal microbial establishment in early life is
essential for preventing disease during stressful periods in later life. This study did not investigate
the effects of the sow or litter on this outcome. In order to understand the direct mechanisms for the
differences in microbiota observed, it would be beneficial to establish if this microbial difference and
susceptibility was attributed to the sow’s microbiota or the housing environment during the lactation
period. Hasan et al. [85] focused on both the sow and the piglet and demonstrated that, by influencing
the sow diet through yeast derivatives (YD) (brewer’s yeast hydrolysate) during pregnancy and
lactation, the sow colostrum contained more fat and piglet performance was improved. Although
sow fecal bacterial diversity was not different, those sows fed YD had higher levels of beneficial and
fermentative bacteria and reduced numbers of opportunistic pathogenic bacteria. Furthermore, piglets
from YD sows demonstrated a similar trend with increased numbers of beneficial bacteria and reduced
opportunistic pathogens present in feces at one week of age. This study provides evidence that the
sow’s microbiota can be manipulated in order to positively influence their offspring.

5. How Can We Manipulate the Microbiome to Improve Health?

5.1. Prebiotics and Probiotics

Prebiotics and probiotics are two commonly used dietary additives in both human and animal
nutrition. They have been extensively studied in recent years due to their perceived health benefits.
A prebiotic is a substance that is not hydrolysed or absorbed in the first part of the digestive system and
reaches the colon to selectively stimulate the proliferation of resident beneficial bacterial strains [86].
Probiotics are defined as cultures of potentially beneficial bacteria of healthy gut microflora that are
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administered to colonise the large intestine and modify the composition of the microbiota [86,87].
To date, several reviews have investigated the effect of using both prebiotics and probiotics in treating
human and animal disease [49,50,77].

Post-weaning diarrhea has been of particular concern to the pork industry for a long time. As such,
many reviews of the literature surrounding the use of prebiotics and probiotics as a method of reducing
post-weaning diarrhea have been conducted [1,58,68,83,88]. To date, the focus has been primarily
around the use of prebiotics and probiotics for reducing post-weaning diarrhea, with little research
surrounding their use during lactation. Hayakawa et al. [89] demonstrated that the administration of a
probiotic containing Bacillus mesentericus, Clostridum butyricum, and Enterococcus faecalis (0.2% (w/w))
three weeks prior to farrowing and throughout lactation improved litter weight and sow return
to oestrus (17% and 24% improvement, respectively). In addition to this, sow feed intake during
late lactation, post weaning diarrhea incidence, and piglet growth performance were all improved.
Additionally, another study found that inclusion of a prebiotic YD in a gestation and lactation diet
resulted in shifts in the fecal microbiota so that the abundance of beneficial bacteria was supported
and pathogenic bacteria reduced [85]. These fecal microbial differences were also associated with
improved sow milk yield and piglet weight gain. To our knowledge, this is the only study that has
assessed sow fecal microbial change as a result of a feed additive during lactation and its subsequent
effect on offspring. From this, it is evident that prebiotics and probiotics have the potential to improve
pig health. However, there is an obvious gap in the literature surrounding the use of these during the
lactation period in pigs.

5.2. Fecal Microbiome Transplantation

Fecal microbiome transplantation (FMT) is the transplantation of a fecal suspension from a
healthy individual into the gastrointestinal tract of another individual to cure a specific disease [90].
There has been recent interest in re-establishing a “good” microbiome via competitive exclusion using
FMT. One example is the case of Clostridium difficile infections in humans. Overgrowths of C. difficile
have achieved epidemic proportions associated primarily, but not exclusively, with hospitalization
and specific antimicrobial treatments [91]. Treatment of human C. difficile with antibiotics often fails
as antibiotics kill vegetative bacteria but not spores. With cessation of antibiotic treatment, spores
germinate and recurrent C. difficile disease develops. To counter this, the ability to re-establish a
“good” microbiome to competitively exclude C. difficile using FMT has been achieved. This procedure
requires that feces from a healthy donor be inoculated into the patient either orally or via an enema [92].
The use of oral FMT for treating food poisoning or severe diarrhea was first described by Ge Hong
in 4th century China [90]. In recent studies, the use of FMT for treating enteric diseases induced
lasting changes in the patient’s microbiome, with a >90% success rate observable within days and was
without adverse side effects [90]. Brandt and Aroniadis [90] also described beneficial effects of FMT in
non-enteric diseases such as Parkinson’s disease, insulin resistance, multiple sclerosis, and childhood
regressive autism.

Since antibiotic use is a growing global concern, the development of non-antibiotic techniques to
treat animal disease needs to be explored. The potential of application of FMT to control preweaning
and postweaning enteric diseases in pigs is intriguing. Studies by Hu et al. [93] and Xiao et al. [94]
show promising results for the use of FMT within pigs. The administration of 1.5 mL of FMT daily to
pigs from one to 11 days of age increased the average daily gain, reduced the incidence of diarrhea,
and improved the intestinal barrier and immune system function [93]. Furthermore, positive outcomes
were evident when performing FMT, with FMT from a colitis-resistant breed to an at-risk breed,
which results in the improved resistance being transferred [94]. However, contrary to the results of
Hu et al. [93] and Xiao et al. [94], others have demonstrated a negative effect in piglets receiving FMT
four times throughout lactation directly or piglets reared on sows receiving FMT. The pigs are lighter
at 70 and 155 days and have poorer absorptive capacity and intestinal health, as demonstrated through
intestinal morphology and duodenal gene expression [95]. Although the results from these studies
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are somewhat conflicting, they provide promise for the use of FMT in pigs. It is evident that the
FMT donor chosen would also have an impact on the results obtained. Therefore, it may be that the
negative results observed in the study by McCormack et al. [95] were a result of the donor animals
chosen. To our knowledge, these are the only studies that have investigated the use of FMT in pigs
and, from this, it is evident that this area of research provides promise.

6. Conclusions

It is evident that the intestinal microbiome plays an integral role in modulating health and disease.
Although a large body of evidence has identified the ways in which the microbiome influences health,
there is still much to learn about how we can utilise this knowledge for preventing and treating disease
in humans and animals. The findings from this review demonstrate the lack of information covering
the lactation period for pigs. With the critical time period for microbiome development likely occurring
prior to weaning, it is crucial that further research is invested into understanding the impact routine
farm practices are having on a piglet’s microbiome. It is hoped that this review will enable access to
critical information for those interested in the microbiome and enable its potential for improving herd
health on the farm.
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Abstract. Piglet mortality is a major issue for the pork
industry globally and until recently, the main method for
improving growth performance and reducing disease in
commercial practice is centred on anti-microbial use. An-
tibiotic resistance is a global concern and, as such, animal
production industries are seeking alternatives to antibio-

tics. Different approaches under investigation include but

are not li d to manag t of the intestinal microbial

environment. The gastrointestinal microbiota is involved in
a myriad of processes that impact host health and well-
being. Recently, interest in maintaining a healthy micro-
biome in order to improve herd health is increasing. In this
article, we focus on faecal microbiota transplantation as a
method for manipulating and improving the gastrointesti-
nal microbiota in pigs in order to improve health and

performance.

Currently, 11-15% of all piglets born alive die prior to weaning
within the pork industry globally' . This represents a major welfare
concernand economic loss to industry. To date, much research has
gone into reducing this loss but with varied success. The current
management methods for reducing piglet mortality caused by
sickness, such as diarrhoea, and improving growth performance
in weaned pigs, is the administration of antibiotics, with their use
often being both therapeutic and prophylactic. Organisations such
as the World Health Organization, the US Centres for Disease
Control and Prevention, and the European Centre for Disease
Prevention and Control have identified antibiotic resistance as a

global concern, as what were once common treatable infections are

Roy N Kirkwood

School of Animal and Veterinary
Sciences, The University of Adelaide
Roseworthy, SA 5400, Australia

now becoming life threatening”. As such, alternatives to antibiotics

need to be explored.

The intestinal tract houses acommunity of microorganisms that has
a mutualistic relationship with the host, known as the enteric
microbiome’. These microorganisms include bacteria, fungi, ar-
chaea, protozoa and viruses®™®. The enteric microbiome is involved
in a myriad of processes, some of which include immune system
maintenance and development, intestinal barrier function, nutrient
metabolism and competitive exclusion of pathogens®™'’. While
antibiotics are effective in pathogen removal, they also impact the
commensal microbiome'". If a healthy microbiome is maintained,
the need for therapeutic interventions such as antibiotic adminis-
tration will be reduced as the animal will be better equipped to cope
with external stressors. This is where the interest surrounding
methods for influencing the microbiome, through management
such as pre- and pro-biotics and faecal microbiota transfers, has

expanded.

In particular, one such method that has demonstrated efficacy in
treating Clostridium difficile infections in humans is faecal micro-
biota transplantation (FMT). FMT involves the transfer of faeces
from a healthy donor into the gastrointestinal tract of a recipient.
This can be done either orally (Figure 1) or rectally via an enema'?.
The objective being that the beneficial bacteria within the healthy
donors’ faeces will competitively exclude the pathogenic bacteria
within the unhealthy or sick recipient, therefore altering the
microbiota and in the case of C. difficile infections, treating the
disease' (Figure 2). This method can also be used for altering the

microbiota of the recipient to resemble that of the donor for the
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Figure 1. Oral administration of faecal microbiome transplantation via
a gastric tube to a 20-day-old piglet.

objective of creating a phenotypic change'”. FMT was first de-
scribed by Ge Hong in 4th century China for the treatment of food
poisoning and severe diarrhoea'?. Today, FMT is commonly known
for its efficacy for the treatment of C. difficile infections in
humans. FMT has demonstrated a success rate of >90% in patients
with reoccurring C. difficile where antibiotic use has been unsuc-
cessful due to the formation of spores'*. The use of FMT in other
areas of human health and disease prevention are becoming
increasingly popular; however, its efficacy in treating other diseases
in humans to date is not as high. Although this is the case,
investigation into its use within production animals such as pigs

is increasing.

Recent studies investigating its use in pig production have shown
promising but inconsistent results. Several research groups have
demonstrated that the administration of multiple oral FMT to
piglets from birth can increase average daily gain, reduce the
incidence of diarrhoea and improve intestinal barrier and immune

system function’>%

. However, in contrast to this, others demon-
strated a negative effect on intestinal integrity and growth when
piglets received FMT directly or were reared on sows receiving
FMT'”*, When examining the human literature, where additional
phenotypic traits were transferred with FMT that mimicked the
donor, itis evident that the donor used can significantly impact the
results observed®'. As such, particular care needs to be taken when
selecting the appropriate donor as the risk of transferring unde-

sirable traits is high. Further, Niederwerder et al.** found that FMT
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Figure2. Schematic of faecal microbiota transplantation (FMT) in pigs.

was an effective preventative effect against porcine circovirus
associated disease in pigs co-infected with porcine circovirus
type-2 and porcine reproductive and respiratory syndrome virus.
The pigs that received one dose of FMT daily for seven days
following weaning from healthy donor sows had a significant

reduction in morbidity and mortality and increased antibody levels.

Studies where FMT in pigs was employed as a research model for
humans have also found promising results that not only provide
evidence for its effects on enteric microbiota modulation but also
host metabolism. Wan ez al.*> demonstrated that oral FMT from 1 to

6 days of age reduced fatty acid oxidative catabolism and amino acid

biosynthesis of piglets. Additionally, Brunse et al.** observed that
rectal EMT from 10-day-old donor pigs to caesarean-derived pre-
term piglets changed their colonic carbohydrate metabolism from
lactate to propionate production, increasing colonic pH. Rectal
FMT also preserved goblet cell mucin stores and reduced the
incidence of necrotizing enterocolitis. When comparing routes for
FMT, it has been noted that when combining oral and rectal

transplantation, piglet mortality increased. Conversely, those that
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received only rectal administration did not suffer the same pro-
blems**. Further supporting the findings of the previous studies,
Geng et al.”> demonstrated that FMT reduced susceptibility to
epithelial injury and modulated tryptophan metabolism in a piglet
inflammatory bowel disease model. When taken collectively, it is
evident that FMT in pigs not only alters microbial membership but
also has effects on host metabolism, intestinal barrier function and

the immune system.

Although FMT is a promising prospect it is not commercially
applicable in its current form, with most studies administering
multiple doses for 1-2 weeks in order to demonstrate an effect and
fasting or stomach acid reduction protocols in place to improve
post-gastric bacterial survival. Recently, our research group iden-
tified that the administration of a single FMT dose at weaning
resulted in durable changes to 35 days of age (14 days post FMT) (TL
Nowland et al., unpubl. data). To our knowledge, this is the first
study to demonstrate changes to the microbiome of piglets after a
single dose of FMT. However, whether this is possible in a younger
pig and whether it lasts long term is yet to be determined. Addi-
tionally, some scepticism surrounds the use of FMT commercially
due to the biosecurity risk that it entails as rigorous testing is
needed in order to prevent the transfer of diseases'”. IFFMT is being
considered in pigs for the treatment of a disease, then it is likely that
the recipients are sick and probably relatively immunocompro-
mised. Thus, the risk from possible transfer of pathogens will be
increased. However, a possible refinement to FMT to minimise this

1'%, These authors used a

risk is suggested by the work of Hu et a.
native Chinese pig breed with increased resistance to stress-in-
duced diarrhoea to determine the identity of specific bacteria
involved in this resistance. Such a targeted approach to disease
control would have a major advantage over the ‘shot gun’ approach
of conventional FMT. Itis evident that research surrounding the use
of FMT within pig production is still in its infancy. Although, an
increasing number of studies are investigating the use of FMT as a
tool for increasing growth, feed efficiency and treating enteric
diseases in pigs, there is still a long way to go before it will be

applicable to industry.
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Abstract: Initial enteric microbial colonisation influences animal health and disease, hence an under-
standing of the first microbial colonisers within the piglet is important. The spiral colon of piglets that
were stillborn (n = 20), born-alive (n = 10), and born alive and had sucked (n = 9) were collected from
28 sows to investigate whether initial microbial colonisation occurs pre- or post-partum and how it
develops during the first 24 h post-partum. To examine this, DNA was extracted and 165 rRNA am-
plicon analysis was performed to allow analysis of microbial communities. The results indicate that
microbial colonisation of the spiral colon had occurred in stillborn pigs, suggesting microbial expo-
sure prior to birth. Alpha diversity metrics indicated that the number of taxa and community richness
were higher in piglets that sucked (p < 0.001) and community evenness was lower in stillborns in
comparison to born-alive (p < 0.001) but was not affected by colostrum consumption (p < 0.001).
Additionally, when compared with stillborn piglets, the bacteria colonising the spiral colon during
the first 24 h post-partum included the potentially pathogenic bacteria Escherichia coli, Clostridium
perfringens and Clostridium celatum, and potentially beneficial bacteria Lactobacillus reutueri and Faecal-
ibacterium prausnitzii. The relative presence of Archaea was high in stillborn piglets but decreased
with post-natal environmental exposure. It is evident that stillborn piglets have bacteria present
within their spiral colon, however further studies are needed in order to determine the time at which
colonisation is initiated and the mechanisms determining how colonisation occurs. Additionally, as
expected, the immediate post-natal environment largely influences the microorganisms colonising,
while colostrum consumption further contributes to the microbial community enrichment.

Keywords: microbiota; stillborn piglets; bacterial abundance; archaea

1. Background

The first colonisers within the gastrointestinal tract (GIT) play a determinant role
in the health of the host [1,2], therefore it is important to understand when colonisation
occurs, and which are the main bacteria involved in early life colonisation. Advances in
sequencing technologies have allowed for new observations in understanding the timing of
initial microbial colonisation, as neonates were previously thought to be sterile until birth.
Research in humans [3], mice [4] and rhesus macaques [5] indicate possible colonisation
by bacteria in utero, with studies demonstrating the presence of bacteria in the amniotic
fluid, placenta and meconium of healthy neonates. Even with these findings it is still a
topic of debate with some studies refuting the likelihood of in utero colonisation [6,7].
Additionally, the fact that it is not clear how the microbes colonise these surfaces furthers
this notion. Some studies suggest that the maternal oral or intestinal microbes may be
selectively transported to the fetal-placental interface as has been shown previously for
the transport of bacteria to mammary tissue in humans [3,8,9]. Additionally, studies in
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humans have shown that fetuses ingest large amounts of amniotic fluid in late gestation
which may aid GIT colonisation [10,11]. Few studies have investigated the bacteria present
in the GIT within the first days of life in piglets [12,13]. Early microbial colonisation via
the vagina, nipple surface and milk have been documented extensively in humans [14,15]
with some work reported in pigs [16]. To our knowledge, no studies have documented
microbial colonisation of piglets at any timepoint throughout gestation or in piglets that
have not sucked. It is important to identify the first microbes colonising the GIT as it will
allow for the planning of nutritional interventions in sows or newborn piglets to increase
their survivability, feed efficiency and growth. Evidence suggests that pre and probiotics
fed to the sow are effective in altering the microbiota of piglets during lactation [17,18]
and so, therefore, the potential to utilise these interventions during gestation to foster the
development of an advantageous intestinal microbiota in piglets is of interest. Therefore,
microbial colonisation just prior to birth and during the immediate post-natal period was
studied using the spiral colon of stillborn piglets and piglets prior to sucking. This study
aimed to determine GIT colonisation before and immediately after birth in piglets that had
or had not sucked. It was hypothesised that (1) passive transfer of microbes just prior to
birth would occur and, therefore, microbes would be present in the spiral colon of stillborn
piglets and (2) the composition, abundance and diversity of communities colonising the
spiral colon would increase with birth, environmental exposure and the consumption
of colostrum.

2. Materials and Methods
2.1. Animals and Experimental Procedures

All procedures were conducted at the University of Adelaide Roseworthy piggery,
South Australia, with the approval of the University of Adelaide’s Animal Ethics Commit-
tee (AEC number: 5-2018-092). A total of 39 Large White x Landrace piglets born to 28 sows
(parities 3.84 & 0.34) were employed in this study over a series of two batches. All sows
were group housed throughout gestation and did not receive antibiotics. They received
2.5 kg/d of commercial gestation diet (12.85 MJ DE/kg) throughout gestation. Upon entry
into farrowing accommodation sows received a commercial lactation diet (14 MJ DE/kg)
at 2.5 kg/d until farrowing, thereafter the feeding level was gradually increased until it
reached 7 to 8 kg by day 7 of lactation. All sows had ad libitum access to water. Farrowing
accommodation consisted of farrowing crates (1.7 m x 2.4 m) located in rooms that were
climate controlled and had fully slatted plastic flooring. Sows were moved into farrowing
accommodation five days prior to their expected due date. Sows farrowed naturally and
were monitored during staffed hours from 8 a.m. to 3 p.m. On average, the sows gave birth
to a total of 14.1 £ 0.6 piglets per litter, with an average gestation length of 115.2 & 0.3 days.
When sows were separated into Born-Alive, Sucked and Stillborn groups, no treatment
differences existed for total born or gestation length. Of the 39 piglets employed, they
consisted of 20 stage II stillborn piglets (stillborn), as defined previously [19], (9 female,
11 male), 10 euthanised or recently crushed 0-1 day old born-alive piglets that had not
sucked (born-alive; 5 female, 5 male) and 9 euthanised or recently crushed 0-1 day old
live-born but non-viable piglets that had sucked (sucked; 4 female, 5 male). Piglets were
classified as stillborn if they had intact cartilaginous tips on their hooves and they had not
taken a breath, as indicated by a lung float test. Piglets deemed as non-viable by the farm
staff due to piglet size, splay legs or viability were euthanised by blunt force trauma to
the skull with immediate exsanguination. The presence or absence of milk in the stomach
was used as an indication of whether liveborn piglets had sucked or not. The average
weights for piglets in the stillborn, born-alive and sucked groups were 1.03 £ 0.06 kg,
0.75 £ 0.04 kg and 1.14 + 0.12 kg, respectively. Piglets were placed on ice immediately and
transported to the laboratory for dissection within one hour of parturition or post-natal
death. Piglets were weighed and cleaned with 70% alcohol and a midline incision was
made from the sternum to the pubis. The spiral colon was lifted with sterile forceps and
an incision was made at either end to remove it. The spiral colon was used as it was an
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easy to identify area within the piglet that was in the lower region of the GIT. Therefore, if
ingestion of fluid during parturition occurred, it would not have affected the results. Once
dissected, the spiral colon segment was placed into a sterile tube and stored at —80 °C
until DNA extraction. Utensils were changed between each incision in order to reduce the
likelihood of contamination.

2.2. Extraction of DNA and 16S rRNA Amplicon Sequencing

Total nucleic acid was extracted and purified from freeze dried piglet spiral colon
samples by a modification of a South Australian Research and Development Institute
proprietary method [20-22]. Approximately 0.9 gm of freeze-dried spiral colon was added
to 10 mL of extraction buffer (1.3 M guanidine thiocyanate, 1.5 M NaCl,, 30 mM Tris-HCI,
65 mM phosphate buffer, 3.4% (w/v) sarkosyl and 1.7% (w/v) polyvinylpolypyrrolidone)
and incubated for 1 h at 70 °C prior to proceeding with the proprietary extraction method.

PCR amplification and sequencing of the V3-V4 region of the 16S rRNA gene was done
by the Australian Genome Research Facility (AGRF) Melbourne node. The V3-V4 region
was PCR amplified over 29 cycles using forward primer 341-F (CCTAYGGGRBGCASCAG)
and reverse primer 806-R (GGACTACNNGGGTATCTAAT). Amplicon sequencing was
done on the illumina MiSeq platform (San Diego, CA, USA) with 2 x 300 bp paired-end
chemistry. Both positive and negative controls were used on every plate processed by AGRE.
The positive control used was ZymoBIOMICS Microbial Community DNA Standard II (Log
Distribution). The obtained reads are available under the accession number PRJNA677620
of the Sequence Read Archive of the National Centre for Biotechnology Information. For
bioinformatic analysis of raw sequence data performed by AGRE, the paired-end reads
were assembled by aligning the forward and reverse reads using PEAR v0.9.5 [23]. Primers
were identified and trimmed. All trimmed sequences were processed using Quantitative
Insights into Microbial Ecology (QIIME 1.8.4) [24] and USEARCH v8.0.1623 [25,26] software
and the UPARSE pipeline [27]. Using USEARCH tools, sequences were quality filtered,
and full-length duplicate sequences were removed and sorted by abundance. Singletons
or unique reads in the dataset were discarded. Additionally, chimeric sequences were
clustered and removed using “rdp_gold” database as the reference. To obtain the number
of reads in each operational taxonomic unit (OTU), reads were mapped back to OTUs
with a minimum identity of 97%. Using QIIME, taxonomy was assigned with Greengenes
database (version 13.8, August 2013) [28]. All sequences corresponding to mitochondria
and chloroplasts were removed.

2.3. Statistical Analysis

The alpha diversity metrics, Shannon diversity (H’) index, Pielou’s evenness (J') and
number of taxa (S), were calculated using DIVERSE (PRIMER6 PRIMER-E Ltd., Ivybridge,
UK). Normality was tested within RStudio software (Version 1.1.456, Boston, MA, USA)
using the Shapiro-Wilk test. Those alpha diversity metrics that were normally distributed
were analysed using an analysis of variance (ANOVA) and those not normally distributed
were analysed using the Kruskal-Wallis test, with corrections for multiple tests using
false discovery rate (FDR) and a P-value threshold of 0.05. The fixed effects included in
the model were group (stillborn, born-alive and sucked) and gender. The gender and
the gender x group interaction were not significant (p > 0.05) so were removed from the
final model.

Multivariate statistical techniques (PRIMER6, PRIMER-E Ltd., Ivybridge, UK) were
used to analyse the spiral colon 16S rRNA bacterial taxonomic data. For phyla, family
and genus levels species accumulation plots were generated on standardised by total and
fourth root transformed data. Plots were generated on permuted (max 999) data. Indices in-
vestigated were: S, Chao, Jacknife, Bootstrap, Michaelis Menton and Ugland-Gray-Elligsen.
Similarities among colonic bacterial communities of piglets from the 16S rRNA data metrics
were analysed using Bray—Curtis measures of similarity [29] following standardisation by
total and fourth-root transformation. One-way analysis of similarity (ANOSIM) [30] on
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the Bray—Curtis similarity data was used to test if there were significant differences among
colonic bacterial communities for piglets that were stillborn, born-alive or had sucked. If
the global R statistic was significant (p < 0.05), then the significance of pairwise R statistics
were investigated further. The R statistic value describes the extent of similarity among or
between groups, with values close to unity (1) indicating that groups are entirely separate
and a zero-value indicating that there is no difference among or between groups. To deter-
mine which individual bacterial taxa contributed most to the overall dissimilarity between
significant pair-wise comparisons, similarity percentages (SIMPER) [30] analyses were
done on the Bray—Curtis dissimilarity data. The percentage contributions (%) of significant
taxa (average dissimilarity/standard deviation > 1) to the average dissimilarities were
calculated. Non-metric multidimensional scaling (nMDS) [31,32] on Bray—Curtis similarity
data was done to graphically illustrate relationships among the groups.

3. Results

Across all 39 samples, the total number of sequenced reads were 8,772,894, of which
4,648,730 reads were retained after quality control with an average of 119,198 sequenced
reads per spiral colon sample. The number of reads clustered into OTUs were 4281. Species
accumulation curves and richness indices of the bacterial communities in the spiral colon of
piglets in the stillborn, born-alive and born-alive and sucked groups were performed. The
calculated species accumulation indices reached an asymptote after ~9 samples, indicating
that this number of samples allowed for the detection of most bacterial genera present
and that the number of replicates per treatment were sufficient for statistical analysis
(Supplementary Figure S1).

Alpha diversity metrics showed that the number of taxa and community richness
were higher in piglets that sucked when compared with stillborn and born-alive animals
(p <0.001; Figure 1A,C). The community evenness was lower in stillborns in comparison
to born-alive (p < 0.001; Figure 1B), but not effected by colostrum consumption (Pielou’s
evenness, p < 0.001; Figure 1B). Colonic bacterial genera significantly differed among
piglets (ANOSIM, Global R = 0.552, p = 0.001), with significant pairwise difference between
stillborn and those that had sucked (R = 0.804, p = 0.001), and stillborn and born-alive
piglets (R = 0.441, p = 0.001). Piglets that were born-alive and either had or had not sucked
did not differ (R = 0.103, p = 0.112). Non-metric multidimensional scaling (nMDS), on the
Bray—Curtis similarity taxonomic data, generated an ordination where the closer samples
are together in space, the more similar their GIT microbial communities are. This shows
that the population composition of bacteria in the born-alive and sucked piglets differed
from that of stillborn piglets. Furthermore, the born-alive and sucked piglets showed
a highly diverse community composition, with each of these groups showing a distinct
division; with some piglets grouping closer to the stillborn piglets and others not (Figure 2).
At genus level, stillborn, born-alive and sucked piglets showed GIT microbial community
similarities of 66%, 42% and 41%, respectively.

As shown in Figure 3, a total of 11 phyla were identified from all samples. The relative
abundance of Proteobacteria remained stable as external exposure increased. Proportionally,
Unclassified Archaea and Unclassified Bacteria decreased with external exposure. The
abundance of Firmicutes gradually increased with external exposure while Actinobacteria,
which were present in very small amounts in stillborn animals (0.85%), increased after the
ingestion of milk, going from 0.97% in piglets that were born-alive to 7% in those that had
sucked (Figure 3). At phylum level, the average dissimilarity between stillborn piglets and
those that were born-alive and those that had sucked were 25% and 31%, respectively. The
main phyla driving the differences between stillborn piglets and born-alive piglets were
Firmicutes, Bacteroidetes, Unclassified Archaea, Crenarchaeota and Euryarchaeota, while
those phyla driving the differences between stillborn piglets and those that had sucked were
Unclassified Bacteria, Firmicutes, Actinobacteria, Unclassified Archaea, Crenarchaeota,
Proteobacteria and Euryarchaeota.

59



Life 2021, 11, 312 50f 14
(A) - ®) © oo
b
601 b . b .
o @ .
i R ; X B 35
g 501 £ 090 @ e
[‘_‘“ =1 L4 ) ) .
S o e ry 8 ° '2 °
© 404 a A . a A
] . - 7 . o £ 307 a
< > -} 'y o 1 ®
: 3 = 1 : .
Zuf @ 2ol [ £ d B
» . 0.85 1 - 7] ok -
. i I * ks 25 L4
201 5 - . oo LI .
lo. + <
eee o o .
Slill[mm Borw‘/—\livc Suc’kud Stillimm liorn-‘/\]i\'c Suclkcd Sti]l{mrn Burn:AIi\'u Suc’kud

Figure 1. Boxplots demonstrating the change at genus level in (A) the number of taxa, (B) Pielou’s evenness, and (C)

Shannon’s diversity for piglets that were stillborn, born-alive or had sucked. When subscripts differ, they denote a significant

difference between treatments (p < 0.001).
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Figure 2. nMDS ordination showing the relationship of colonic bacterial genera from piglets that were stillborn (square),

born-alive (inverted triangle) or had sucked (triangle), calculated using Bray—Curtis distances. Points on the ordination

represent individual piglet samples which are positioned based on their similarity to all other samples in a two-dimensional

space. The closer the samples are together in the ordination space, the more similar are their GIT microbial communities

based on taxa composition and abundance.

60



Life 2021, 11,312

6of 14

100

90

80

70

60

50

40

Phyla relative abundance (%)

30

20

10

mOP9

B Spirochaetes

M Crenarchaeota

B Euryarchaeota

M Fusobacteria

M Unclassified
Archaea

M Bacteroidetes
Actinobacteria

M Unclassified Bacteria

m Firmicutes

B Proteobacteria

Born-Alive Sucked

Stillborn

Figure 3. Abundance of microbial phyla present in the spiral colon of piglets that were stillborn, born-alive or those that
had sucked. The bacterial phyla within the legend are arranged in the same order as they appear on the bar chart.

The dominant families identified in the spiral colon of piglets that were stillborn, born-
alive or had sucked are shown in Figure 4. As post-natal exposure increased, the proportion
of Unclassified Bacteria decreased from 27% to 21% in piglets that were born-alive and
10% in those that had sucked. Additionally, Unclassified Proteobacteria, Unclassified
Alphaproteobacteria and Unclassified Archaea decreased with environmental exposure,
while Enterobacteriaceae and Clostridiaceae increased with environmental exposure (Figure 4).
At the family level, the average dissimilarity between piglets that were stillborn and
those that were born-alive was 48%. Of the taxa that could be identified to family level,
Pseudomonadaceae and Bacteroidaceae were significantly more abundant in those that were
stillborn, while Enterobacteriaceae, Clostridiaceae, Ruminococcaceae and Lachnospiraceae were
significantly more abundant in animals that were born-alive. When comparing stillborn
piglets to animals that had sucked, the average dissimilarity at the family level was 60%. Of
the taxa that could be identified to the family level, Pseudomonadaceae and Ruminococcaceae
were more abundant in animals that were stillborn while Enterobacteriaceae, Clostridiaceae,
Pasteurellaceae, Streptococcaceae, Moraxellaceae, Lachnospiraceae, Lactobacillaceae, Micrococcaceae
and Peptostreptococcaceae were more abundant in animals that had sucked.
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Figure 4. Abundance of the top 90% of microbial families present in the spiral colon of piglets that were stillborn, born-alive
or those that have sucked. The bacterial families within the legend are arranged in the same order as they appear on the

bar chart.

At genus level, the average dissimilarity in the spiral colon microbiota between
piglets that were stillborn and those that were born-alive was 53%. Of the taxa that could
be classified to the genus level and were significantly contributing to the dissimilarity,
Escherichia and Clostridium were more abundant in animals that were born-alive, while
Pseudomonas, Bacteroides and Faecalibacterium were more abundant in animals that were
stillborn (Table 1). When assessing the spiral colon microbiota between piglets that were
stillborn and those that had sucked, the average dissimilarity was 65%. Of the taxa that
could be classified to the genus level and were significantly contributing to the dissimilarity,
Escherichia, Clostridium, Actinobacillus, SMB53, Streptococcus, Lactobacillus, Faecalibacterium
and Roseburia were more abundant in animals that had sucked and Pseudomonas were
more abundant in those animals that were stillborn (Table 2). Of the taxa which could be
classified to species level, Escherichia coli, Clostridium perfringens and Prevotella copri were
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more abundant in animals that were born-alive then those that were stillborn. Additionally,
E. coli, Clostridium celatum, C. perfringens, Lactobacillus reutueri, Streptococcus luteciae and
Faecalibacterium prausnitzii were more abundant in animals that had sucked when compared
with stillborn piglets, while Bacteroides uniformis was more abundant in stillborns than
animals that had sucked.

Table 1. Taxa contributing significantly (average dissimilarity /standard deviation > 1) to the dissimi-
larity between born-alive and stillborn piglets as determined by SIMPER analysis at the genus level.

Born-Alive Stillborn

Genus Average Abundance Average Abundance %
Unclassified Archaea 0.67 1.03 2.15
Unclassified Thermoprotei 0.18 0.30 1.85
Unclassified Crenarchaeota 0.07 0.19 1.20
Unclassified Euryarchaeota 0.19 0.35 111
Clostridium 0.98 0.09 5.71
Faecalibacterium 0.10 0.11 0.79
Unclassified Alphaproteobacteria 1.00 1.44 291
Unclassified Rickettsiales 0.14 0.21 1.06
Escherichia 1.59 0.67 7.11
Pseudomonas 0.19 0.53 2.96
Bacteroides 0.14 0.15 0.82

Opverall average dissimilarity between treatments was 53%. Only taxa that were significantly different between
treatments are shown in this table. % represents the percentage contribution for these bacteria.

Table 2. Taxa contributing significantly (average dissimilarity /standard deviation > 1) to the dis-
similarity between piglets that had sucked and those that were stillborn as determined by SIMPER
analysis at the genus level.

Sucked Stillborn

Genus Average Abundance  Average Abundance %
Unclassified Archaea 0.54 1.03 2.17
Unclassified Crenarchaeota 0.13 0.19 0.76
Unclassified Thermoprotei 0.10 0.30 1.16
Unclassified Euryarchaeota 0.16 0.35 0.92
Unclassified Bacteria 1.47 2.66 5.11
Unclassified Gemellales 045 0.03 1.85
Lactobacillus 0.39 0.04 1.53
Streptococcus 0.60 0.10 2.45
Unclassified Clostridiaceae 0.42 0.00 1.73
Clostridium 1.25 0.09 5.07
SMB53 0.74 0.04 3.19
Unclassified Peptostreptococcaceae 0.31 0.00 1.29
Unclassified Lachnospiraceae 0.16 0.02 0.69
Roseburia 0.11 0.06 0.45
Faecalibacterium 0.16 0.11 0.58
Unclassified Proteobacteria 1.39 2.50 478
Unclassified Alphaproteobacteria 0.80 1.44 2.89
Unclassified Rickettsiales 0.07 0.21 0.82
Escherichia 2.28 0.67 7.20
Actinobacillus 0.83 0.00 3.37
Pseudomonas 0.30 0.53 2.01
Unclassified 524-7 0.13 0.02 0.55

Overall average dissimilarity between treatments is 65%. Only taxa that were significantly different between
treatments are shown in this table. % represents the percentage contribution for these bacteria.
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4. Discussion

It is known that the initial microorganisms colonising the GIT impacts animal health
and survival, and as a result, understanding the timing of initial colonisation is crucial [1].
Additionally, as the regulation of intestinal immunity relies largely on the GIT microbiota at-
tained by neonates in early life, piglet survival depends on ‘optimal’ microbial colonisation
occurring [33]. Until recently, neonates were presumed sterile until parturition, but, studies
in humans [3], mice [4] and rhesus macaques [5] have identified microorganisms within
the GIT prior to parturition. To our knowledge, no other studies have investigated the
intestinal microbiota of piglets prior to colostrum ingestion. The present study identified
bacteria in the spiral colon of stillborn piglets, therefore the hypothesis that passive transfer
of microbes would occur in the developing fetus, at least immediately prior to birth, is
supported. Further, the data largely supports the second hypothesis that the composition,
abundance and diversity of microbes colonising the spiral colon would increase with birth,
environmental exposure and colostrum consumption.

Alpha and beta diversity metrics indicated that rapid and diverse microbial colonisa-
tion of the GIT occurred within a few hours of birth. This observation of rapid and diverse
post-natal colonisation was expected and has been documented previously [13,34]. These
latter authors observed the formation of dominant populations of bacteria within the first
few days of life with a gradual increase in minor populations, thus increasing diversity as
time progressed. In the present study, however, temperature and oxygenation of digestive
tissues may have also impacted the differences observed in microbial populations in piglets
that were born-alive when compared to those that were stillborn.

When comparing sample diversity, the between-sample variation was relatively low
for stillborn animals, even with the majority of piglets born to different sows, while those
that were born alive, regardless of whether they had sucked, showed very large between-
sample variation. Additionally, a distinct split in microbial communities were observed for
born-alive animals regardless of whether they had sucked, with one cluster within each
group being similar to stillborn animals. The separation in microbial communities observed
is likely caused by the sampling time for piglets. As some sows farrowed overnight, animals
may have differed in age by as much as 12 h, therefore, it is likely that the digesta did not
have enough time to reach the spiral colon prior to sampling in some animals. Additionally,
there may be differences in GIT transit time between animals that had sucked and those
that had not, or in the case of piglets within the sucked group, it is likely that some animals
may have sucked earlier than others. Overall, this indicates that a rapid change in spiral
colon microbiota occurs within the first day of life and possibly identifies a crucial time for
manipulation of the microbiota through the addition of environmental substrates or diet in
order to ensure it establishes in a positive state.

Interestingly, although Pielou’s evenness and taxonomic differences existed between
stillborn animals and those that were born alive, regardless of whether they had sucked,
stillborn and born-alive animals did not differ in Shannon’s diversity and the number of
taxa. This suggests that colostrum had a major contribution to community richness but it
was somewhat unexpected that animals that were born-alive did not differ in diversity and
number of taxa from stillborn animals. These animals would have not only received poten-
tial exposure prior to and during parturition but would have also gained external exposure
from the environment they were born into. It is likely that the amount of environmental
exposure may have been insufficient to result in a significant difference in taxa number and
diversity or this similarity may be a result of stillborn piglets having received some degree
of microbial exposure from the vaginal fluids during parturition. However, exposure to
the environment was sufficient to result in a significant change in the dominant bacteria
colonising the GIT.

Stillborn piglets were used as an indicator of microbial inoculation immediately prior
to birth for this experiment. It is possible that the place and time of piglet death within
the reproductive tract could have influenced the colonisers observed. Studies in pigs
demonstrate that the risk of stillbirth is increased by a number of factors including large
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litter sizes, prolonged parturition, placental detachment and umbilical cord occlusions,
ruptures and breaks [19]. The majority of stillbirths are likely to occur in or above the cervix,
while the vagina is the predominant location for inoculation of neonates [14]. Late-term
fetuses ingest large amounts of amniotic fluid in utero and it is the ingestion of this fluid
that is presumed to facilitate the colonisation of the GIT prior to birth [10]. It is possible that
piglets may have ingested fluid within the cervix or vagina prior to death so, to attain the
most accurate representation of microbial colonisation of the GIT in late gestation, the spiral
colon of the piglet was sampled as it was assumed unlikely that any microbes ingested
during parturition would not have arrived in the spiral colon within such a short time.
When comparing the spiral colon microbiota of stillborn animals to the vaginal microbiota
of sows from other studies it is evident that they share some dominant phyla (Firmicutes
and Proteobacteria). Other phyla that are observed in dominant populations within the
sow vagina are only present in very low amounts (Actinobacteria and Bacteriodetes)
within stillborn piglets or are not present at all (Tenericutes) [35]. Additionally, as the
variability in microbial communities between stillborn animals was low regardless of the
fact that sampling time in relation to piglet death likely differed due to this death occurring
during parturition. This low variability between animals suggests that the samples likely
represents the environment immediately prior to birth rather than any microbes that may
have been ingested during parturition. Alternately, due to the pressure exerted during
parturition, the possibility of microorganisms being forced through the anus into the
colon cannot be ignored. Further studies should investigate piglets prior to the onset of
parturition to evaluate this. Nevertheless, if colonisation does occur during late gestation
this raises the question, is there a way of influencing the microbiota of a piglet prior to
parturition through the sow? It is well established within the literature that the initial
microbes colonising the GIT are important for long-term health, therefore, the obvious next
step would be to investigate piglets prior to parturition and whether the microbiota of a
piglet can be altered in utero through sow nutritional management.

Research investigating sow microbiota identified specific bacteria present within their
GIT that influence oxidative stress status and, therefore, potential stillbirth rate [36], but
the taxa observed to cause this effect were not detected in the present study. Stillborn
animals had consistently higher Pseudomonadaceae, however, information on the role it
has within the gastrointestinal microbiota is not fully understood and its documentation
within the GIT of pigs is limited [37]. Additionally, the present study only investigated
stage II stillbirth, which are those that die during parturition, not stage I, which die prior
to the onset of parturition. In the present study, there was no evidence to suggest that
these bacteria are passed onto the piglet to cause stage II stillbirth, but rather it is possible
that these bacteria influence internal mechanisms within the sow to cause stillbirth [36].
Alternately, the dissimilar microbial community may be a consequence of intrauterine
death, however it is hoped that the sampling technique used in the present study did
eliminate this possibility.

Similar to previous research, the present study demonstrated that the piglet is colonised
by Clostridiaceae and Enterobacteriaceae species during the first day of postnatal life, with these
being the predominant families in piglets that were born-alive and had sucked [34,38,39]. As
these families were only present in small amounts within stillborn animals and increased
substantially with environmental exposure and then sucking, it indicates that these taxa are
most likely present within the environment and sow colostrum. This is further supported by
the identification of these bacteria in piglets as prominent taxa throughout lactation [13,40].
The microbiota of sow colostrum was not evaluated, so any contribution it made remains
speculative in the current study. Interestingly, high levels of archaea were observed within
stillborn piglets, but these proportionally decreased as external exposure increased. Little
research exists documenting the presence of archaea in piglets. Similar to the present study,
Mao et al. [41] documented the presence of Euryarchaeota, which includes methanogenic
archaea, and Su et al. [42] documented the presence of methanogenic archaea in the piglet
from 1 day of age and saw a decrease in diversity of archaea as piglets aged. Crenarchaeota
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were detected in the faeces of humans, however, its mechanism of action was not completely
understood [43]. While these studies identified the presence of archaea in piglets, details
regarding the specific abundance and richness of archaea observed in stillborn piglets
cannot be addressed by the present study as archaea-specific primers were not employed.

When examining the taxa that could be identified to the species level, it was evident
that a variety of potentially pathogenic bacteria colonise very early in life and although
they may not be harmful initially, if they become present in high amounts they can become
pathogenic. For example, E. coli, C. perfringens and C. celatum were present within those
animals that were born alive regardless of whether they had sucked or not, suggesting that
they were likely colonised from the environment and highlighting the importance of the
environmental microbiota that the piglet is born into. Similarly, a study by Chen et al. [16],
identified that the microbiota from the floor, sow milk and sow nipple surface were the
earliest colonisers of the piglet faecal microbiota during early lactation. These results
support the importance of farrowing crate cleanliness but also highlight the possible
impact of sow faeces on the initial bacteria colonising the GIT. Indeed, piglets are born
onto the region of the crate where the sow urinates and defecates, however, whether this
is positive or negative is yet to be elucidated as studies within our research group and
others are conflicting [44]. Previous studies have also documented the high prevalence
of potentially pathogenic bacteria in early life, particularly in regard to C. perfringens in
pigs [39,45]. These latter studies also documented that as time progressed, potentially
beneficial bacteria outnumbered those that were potentially pathogenic. One explanation
for this is that maternal immunoglobulin A (IgA) inhibits colonisation of harmful pathogens
and by day seven post-partum, IgA is the major immunoglobulin isotype identified in
breast milk [46]. Additionally, the main bacteria identified in the milk of sows were lactic
acid bacteria such as Lactobacilli and Bifidobacterium [45]. Therefore, it is likely that as
milk consumption increases, the bacteria present within the milk dominate the bacterial
shift in GIT microbiota observed as piglets age. Although previous studies demonstrated
this milk microbiota shift [47], research in humans and animals suggests that it is still
important for positive microbial colonisation to occur at birth in order to support long-term
health and productivity [1]. Although this cannot be confirmed within the present study,
further investigations into environmental bacterial exposure and the effect it has on piglet
microbiota and how it impacts survival and productivity are warranted.

5. Conclusions

To our knowledge, this is the first study to characterise the microbiota of piglets that are
stillborn or born-alive prior to sucking, facilitating the identification of bacteria that colonise
the spiral colon immediately prior to birth and the initial colonisers following parturition.
The results suggest that the colonisation of the GIT of a piglet occurs immediately prior
to birth and that following parturition, rapid and diverse colonisation of the GIT occurs,
with this colonisation being driven by the environment and the consumption of colostrum.
Further investigation into the role the vaginal and environmental microbiota have on these
initial colonisers is needed in order to understand the origin of the potentially pathogenic
bacteria observed in the current study. Indeed, a potential limitation of this study is that
piglets were not sampled pre-partum. This could be addressed in the future by sampling
in late gestation. Investigation of the amniotic and placental microbiota of pre-term piglets
would help to understand the accuracy surrounding the stillborn samples attained in the
present study and to determine the origin of the bacteria and archaea colonising. This
will aid in determining the potential to influence the gastrointestinal microbiota of the
developing fetus.
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Supplementary Figure 1. Species accumulation curves and richness indices of the bacterial
communities in the spiral colon of piglets in the stillborn, born-alive and sucked groups. Green triangle
represent the observed accumulated species richness (Sobs). Blue upside-down triangle and blue square
represent the abundance-based estimator of species richness (Chao). Red diamond and pink circle
represent the absence or presence-based estimator of species richness (Jacknife). Grey plus sign
represents an estimator of true richness (Bootstrap). Green “X” sign representing Michaelis-Menten
(MM), a parametric approach to richness and the blue star represents true regional richness given by the

Ugland-Gray-Elligsen (UGE) index.
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Chapter 4:
Exposure to maternal faeces in lactation influences piglet enteric microbiota, growth and

survival pre-weaning
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Abstract

It is known that gilt progeny performance is reduced compared to sow progeny. Previous research
suggests that the presence of maternal faeces in early life improves the health and survival of offspring.
Therefore, we aimed to determine whether contact with faeces from multiparous (MP) sows would
improve the growth and survival of piglets born and reared on primiparous (P1) sows and if so, whether
these differences are associated with the gut microbiota. Four treatments were applied for 10 days: Donor
(n = 29) piglets had limited access to maternal faeces as, each morning, sow faeces were removed and
placed in the crate of a P1 sow (P1-FT; n = 30 piglets); and P1-Con (n = 29) and MP-Con (n = 33) piglets
had access to their own mothers’ faeces. All piglets were weighed on days 1, 3, 10 and 18. Faecal
samples were collected from a subset of sows (n = 10/treatment) 3 days post-farrow and from 2 female
piglets/litter on day 10 and 18 (n = 20/treatment) and subject to 16S rRNA amplicon analysis. Escherichia,
Clostridium, Campylobacter and Treponema were more abundant in MP sows, while P1 sows had a
higher abundance of Lactobacillus and Prevotella. At 10 days, P1 progeny faecal microbiota differed, and
growth and survival were reduced when compared to MP progeny. No treatment effect was observed for
P1-FT piglets (P > 0.05). Donor piglets had a different faecal microbiota and improved weight and survival
then all other treatments (P < 0.05). Overall, the removal of sow faeces from the farrowing crate improved
piglet microbiota development, growth and survival.

Keywords: Health, Microbiota, Parity, Pig, Postpartum, Progeny

List of abbreviations

rRNA: Ribosomal ribonucleic acid

DNA: Deoxyribonucleic acid

OTU: Operational taxonomic unit

nMDS: Non-metric multidimensional scaling
SIMPER: Similarity percentages

ANOSIM: Analysis of similarity

ANOVA: analysis of variance
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AGRF: Australian Genome Research Facility
SARDI: South Australian Research and Development Institute
MJ: Megajoules

DE: Digestible energy

1. Introduction

The progeny of primiparous (P1) sows are born lighter and remain lighter throughout each phase of
production and have a higher rate of mortality than multiparous (MP) sow progeny (Craig et al., 2017).
Therefore, new methods for improving gilt progeny performance are needed. Recent research with
humans and animals indicates that the gastrointestinal microbiota has a major role in health and survival
(Nowland et al., 2019). To our knowledge, only one study investigating the differences in microbiota
between P1 and MP sows has been published and it demonstrated a significant difference in faecal
microbiota between P1 and MP sows within a UK herd (Gaukroger et al., 2020a). A preliminary study
conducted by Aviles-Rosa et al. (2019) demonstrated that feed intake, growth and white blood cell count
were affected by whether the piglets had access to maternal faeces during their first 7 days of life, or not,
with those being exposed to maternal faeces exhibiting improvements. However, since no investigation
into the specifics surrounding the gastrointestinal microbiota were conducted, the cause of these

differences remains to be determined.

Evidence suggests that piglets develop their gastrointestinal microbiota from contact with the sow and
their environment and as piglets are housed exclusively with their sow in individual pens throughout
lactation, it is likely that the sow drives this development. Therefore, the current study aimed to determine
whether contact with faeces from an older parity sow can improve growth and survival of piglets born and
reared on primiparous sows and if so, whether these differences are associated with the gut microbiota.
We hypothesised that (1) MP sows would have a faecal microbiota that is more diverse then P1 sows and
(2) piglets born and reared on a P1 sow but exposed to faeces from a MP sow would have an enteric

microbiota similar to progeny of the older sows and would demonstrate improved growth and survival.
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2. Materials and methods

All procedures were conducted at the University of Adelaide Roseworthy piggery, South Australia, with

the approval of the University of Adelaide’s Animal Ethics Committee (AEC number: S-2019-053).

2.1. Animals and experimental procedures

A total of 121 Large White x Landrace primiparous (P1) and multiparous (MP) sows (parities 2 — 4; 2.95
+ 0.09) were employed in a series of 4 batches from September 2019 to January 2020. All sows were
group housed and received 2.5 kg of commercial gestation diet daily (12.9 MJ DE/kg) throughout
gestation. Sows were moved into a farrowing shed approximately 5 days before their expected farrow
date and were housed in individual commercial farrowing crates (1.7 m x 2.4 m). The farrowing shed
consisted of climate controlled and fully slatted plastic floored rooms. Upon entry into farrowing
accommodation, sows received a commercial lactation diet (14.0 MJ DE/kg) at 2.5 kg/d until farrowing,
thereafter the feeding level was gradually increased until it reached 7-8 kg by day 7 of lactation. All sows
had ad libitum access to water. Two days before their due date, sows were induced to farrow by vulva
injection of 100 g cloprostenol at 8 am and again at 2 pm. Farrowing was monitored during staffed hours
from 8 am to 3 pm daily. Sows were allocated to one of four treatments on farrowing house entry:

- P1 control: maternal faeces moved to each side at the rear of the pen to allow piglets easier
access to faeces (n = 29; P1-Con).

- P1faecal transfer: maternal faeces removed from the pen twice daily and a pooled faecal mixture
from MP donor sows placed on each side at the rear of the pen to allow piglets easier access to
faeces (n = 30; P1-FT).

- MP control (parity 3 + 0.7): maternal faeces moved to each side at the rear of the pen to allow
piglets easier access to faeces (n = 33; MP-Con).

- MP donor (parities 3 + 0.7): Sow faeces collected from the crate after feeding at 7. am and 3 pm
daily for placement in P1-FT pens. Therefore, these litters had reduced access to maternal faeces

(n = 29; Donor).
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Treatments were imposed from farrowing for ten days. The objective of the study was to assess the
potential benefits to P1 progeny from exposure to MP sow faeces due to the previously documented
superior performance of MP sow progeny, and as such no treatment where MP sows received P1 sow
faeces were applied. Cross fostering was permitted within treatment at 24 h according to teat capacity
(average litter size = 10.6 + 1.2). All piglets within the litter were tagged with an individual identification
number and weighed on days 1, 3, 10 and 18. Faecal samples were collected from a subset of sows 3
days post farrow (n = 10/treatment) and from 2 female focal piglets from each litter at 10 and 18 days of
age (n = 20 piglets/treatment/timepoint). Sow faecal samples were collected by rectal stimulation with a
gloved hand and direct collection into a sterile sample container. Piglet faecal samples were collected by
isolating piglets in a sterile pen until defecation, whereby the faeces were collected either directly from
the rectum or off of the floor of the sterile container immediately after defecation. Once collected, faecal
samples were placed on ice immediately, transported to a laboratory within 4 h, and stored at -80°C until
required for microbial analysis. Sows and litters had no contact with antibiotics during lactation and the
prior gestation. All piglet deaths were recorded. If a live-born piglet death occurred within the first 24 h of
life it was classified as pre-foster mortality and any that occurred after 24 h and prior to weaning were
classified as post-foster mortality. While total pre-weaning mortality was the sum of both pre- and post-

foster deaths. Weaning occurred when piglets reached 18 days old.

2.2. Donor sample preparation and administration

All sows were fed at 7 am and 2 pm daily to encourage defecation. Upon standing, all faeces present in
the Donor sows pen and any fresh faecal material was collected at 8 am and 3 pm daily (n = 7-8 sows
per batch). Once collected, the faeces from all donor sows were immediately mixed in a bucket and evenly
distributed to each P1-FT treated pen where it was placed at the rear right and left corners of the pen to
allow piglets to access easily. Approximately 2-4 kg of faeces was administered per day. The quantity of
faeces administered to each pen differed daily as it depended on the amount of excreta present at the

time of collection.
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2.3. DNA Extraction and 16S rRNA amplicon analysis

Total nucleic acid was extracted from freeze dried piglet faecal samples by a modification of a South
Australian Research and Development Institute (SARDI, Adelaide, Australia) proprietary method.
Approximately 2 gm of freeze-dried faecal sample was added to 20 mL extraction buffer (1.3 M guanidine
thiocyanate, 1.5 M NaClz, 30 mM Tris-HCI, 65 mM phosphate buffer, 3.4% (w/v) sarkosyl and 1.7% (w/v)
polyvinylpolypyrrolidone) and incubated for 1 h at 70°C prior to proceeding with the proprietary extraction

method (Haling et al., 2011).

PCR amplification and sequencing of the V3-V4 region of the 16S rRNA gene was done by the Australian
Genome Research Facility (AGRF). The V3-V4 region was PCR amplified over 29 cycles using forward
primer 341-F (CCTAYGGGRBGCASCAG) and reverse primer 806-R (GGACTACNNGGGTATCTAAT).
Amplicon sequencing was done on the illumina MiSeq platform (San Diego, CA, USA) with two by 300 bp
paired-end chemistry. Both positive and negative controls were used on every plate processed by AGRF.
The positive control used was ZymoBIOMICS Microbial Community DNA Standard Il (Log Distribution).
The obtained reads are available under the accession number PRINA682009 of the Sequence Read
Archive of the National Centre for Biotechnology Information. Bioinformatic analysis of raw sequence data
was done by the AGRF as follows. The paired-end sequences were assembled by aligning the forward
and reverse reads using PEAR (Zhang et al., 2014) (version 0.9.5) and the primers were identified and
trimmed. All timmed sequences were processed using Quantitative Insights into Microbial Ecology
(QIIME 1.8) (Caporaso et al., 2010) USEARCH (version 8.0.1623) (Edgar, 2010; Edgar et al., 2011) and
UPARSE software (Edgar, 2013). Sequences were quality filtered, full length duplicate sequences were
removed and sorted by abundance. Singletons or unique reads in the dataset were discarded.
Additionally, chimeric sequences were clustered and removed using “rdp_gold” database as the
reference. Sequences were grouped into operational taxonomic units (OTUs) based on 97% sequence
similarity. Using QIIME, taxonomy was assigned using the Greengenes database (Version 13.8, Aug

2013) (DeSantis et al., 2006). All sequences corresponding to chloroplasts were removed.
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2.4. Statistical analysis

All production data were tested for the normality of residuals and outliers before analysis. All weight data
were analysed using RStudio software (Version 1.1.456, Boston, MA, USA). The “Imer” package was
used to perform a general linear model to assess the effect of treatment on piglet weight. The fixed effects
included in the model were treatment, sex, litter size weaned, age and treatment*age, with piglet ID
specified as the random effect. However, sex and litter size weaned were not found to be significant so
were removed from the final model. Data were expressed as estimated marginal means + standard error
of the mean (SEM), and a P-value threshold of 0.05. In SPSS v26 (IBM, USA) a generalized linear mixed
model was fit to total pre-weaning mortality using a Poisson regression with treatment as a fixed effect

and block as the random term.

The alpha diversity metrics, Shannon diversity (H') index, Pielou’s evenness (J') and number of taxa (S),
were calculated using DIVERSE (PRIMER6 PRIMER-E Ltd., Ivybridge, UK). Normality was tested within
RStudio software (Version 1.1.456, Boston, MA, USA) using the Shapiro-Wilk test. Those alpha diversity
metrics that were found to be normally distributed were analysed using an analysis of variance (ANOVA)
and those not normally distributed were analysed using the Kruskal-Wallis test, with corrections for

multiple tests using false discovery rate and a P-value threshold of 0.05.

Multivariate statistical techniques (PRIMERG, PRIMER-E Ltd., Ivybridge, UK) were used to analyse the
faecal 16S rRNA bacterial taxonomic data. Similarities among faecal bacterial communities of sows and
piglets from the 16S rRNA data metrics were analysed using Bray-Curtis measures of similarity (Bray
and Curtis, 1957), following standardisation by sample total and fourth-root transformation. One-way
analysis of similarity (ANOSIM) (Clarke, 1993) on the Bray-Curtis similarity data was used to test if there
were significant treatment and sow parity differences among faecal bacterial communities. If the global R
statistic was significant (P < 0.05), then the significance of pairwise R statistics were investigated further.
The R statistic value describes the extent of similarity among or between groups, with values close to

unity (1) indicating that groups are entirely separate and a zero-value indicating that there is no difference
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among or between groups. In order to determine which individual bacterial taxa contributed most to the
overall dissimilarity between statistically different groups, similarity percentages (SIMPER) (Clarke, 1993)
analyses were done and the overall average dissimilarity between sow or piglet faecal bacterial
communities were calculated. The percentage contributions of significant taxa (average
dissimilarity/standard deviation > 1) to the top 60% of the average dissimilarities were calculated. Non-
metric multidimensional scaling ("MDS) (Shepard, 1962; Kruskal, 1964) on Bray-Curtis similarity data

was done to graphically illustrate relationships with parity.

3. Results

3.1. Performance

Significant treatment related differences in piglet weight at 1, 3, 10 and 18 days of age were observed (P
< 0.001; Fig. 1). Consistently, Donor and MP-Con piglets were heavier than P1-Con and P1-FT piglets
(Fig. 1). Differences were small at day 1 but became larger with increasing age and by day 18 Donor
piglets were heavier than piglets from all other treatments (Fig. 1). There was a treatment effect on piglet
pre-weaning mortality (P = 0.008). Piglets in the Donor treatment had a lower total pre-weaning mortality
(0.89 % 0.25 pigs per litter), than animals in the P1-Con (1.67 + 0.30), P1-FT (1.82 £ 0.30) and MP-Con

(1.41 £ 0.27) treatments.

3.2. The effect of parity on the sow’s faecal microbiota
Across all 40 sow faecal samples, the total number of 16S rRNA sequenced reads were 2,458,821 with
1,869,533 reads retained after quality control, and an average of 46,738 16S rRNA sequenced reads per

sow. Reads were clustered into 2,369 OTUs and assigned taxonomic classification.

For alpha diversity metrics, Shannon’s diversity and the number of taxa, no significant differences were
observed between parities (P = 0.641 and P = 0.896, respectively), while Pielou’s evenness tended to be
higher for P1 sows compared to MP sows (P = 0.056). Faecal bacterial genera differed between P1 and

MP sows (ANOSIM, Global R = 0.124, P = 0.004) and is graphically demonstrated in Fig. 2. At the genus
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level, the average dissimilarity between the faecal microbiota of P1 and MP sows was 23%. Of the taxa
that could be classified to the genus level and were contributing significantly to the average dissimilarity

between parity, those in the top 60% are displayed in Fig. 3.

3.3. Treatment related effects on the piglet’s faecal microbiota
Across all 160 piglet faecal samples, the total number of 16S rRNA sequenced reads were 12,677,307
with 9,508,933 reads retained after quality control, and an average of 59,430 16S rRNA sequenced reads

per piglet faecal sample. Reads clustered into 2,305 OTUs and assigned taxonomic classification.

3.3.1. Day 10

No genus level significant differences were observed between treatments for Shannon’s diversity, Pielou’s
evenness and the number of taxa (P = 0.210, P = 0.419 and P = 0.539, respectively). However, for beta
diversity metrics, piglet faecal bacterial genera differed significantly with treatment (ANOSIM, Global R =
0.112, P =0.010), with all pairwise comparisons being significantly different (P < 0.010), with the exception
of P1-Con versus P1-FT (R = 0.007, P = 0.329). The average abundance of phyla present within these
piglet treatments are shown in Fig. 4. The top 6 phyla in all treatments were Bacteroidetes, Firmicutes,
Proteobacteria, Fusobacteria, Actinobacteria and Unclassified Bacteria, accounting for over 80% of the
microbial community population (Fig. 4). All treatments except P1-Con and P1-FT differed in the
abundance of Bacteroidetes, Proteobacteria, Fusobacteria, Actinobacteria, Unclassified Bacteria,
Spirochaetes, Synergistetes, Lentisphaerae, Euryarchaeota and Tenericutes. In addition to these
differences, Donor piglets were significantly higher in Firmicutes then all other treatment groups and
higher in TM7 when compared with P1-Con piglets, while Unclassified Archaea were higher in piglets

reared on P1 sows (Fig. 4).

The top 60% of genera driving the differences observed between Donor vs MP-Con piglets as determined
by SIMPER analysis are listed in Table 1. The mean relative abundance of multiple genera differed

between 10-day old, P1-Con and Donor piglets and had an average dissimilarity of 35%. Of those that
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were in the top 60% and could be classified to the genus level, Bacteroides, Prevotella, Butyricimonas,
Lactobacillus, Odoribacter, Blautia, Clostridium, Peptostreptococcus, Actinomyces, Sutterella,
Phascolarctobacterium, Dorea and Flexispira were more abundant in Donor piglets, while Escherichia,
Turicibacter, Roseburia, Sphaerochaeta, Synergistes, Parabacteroides, Campylobacter, Enterococcus,
Eubacterium, Actinobacillus, Bulleidia, Ruminococcus and Butyricicoccus were more abundant in P1-Con
piglets. Furthermore, when assessing the difference between P1-Con and MP-Con piglets, the average
dissimilarity of bacteria was 37% and the differences observed were similar to those differences observed
between P1-Con and Donor piglets with exception to, Fusobacterium, Oscillospira, Turicibacter,
Roseburia, Clostridium, Campylobacter, Dialister and Butyricicoccus being more abundant in MP-Con

animals and Blautia, Collinsella and Dorea being more abundant in P1-Con treated animals.

<Insert Table 1 here>

There was an average dissimilarity of 33% between the faecal microbiota of 10-day old piglets in the
Donor and P1-FT treatments at genus level. When assessing the top 60% of genera, Fusobacterium,
Oscillospira, Lactobacillus, Odoribacter, Butyricimonas, Actinomyces, Sutterella, Ruminococcus,
Parabacteroides, Blautia, Eubacterium, Dorea and Anaerotruncus, were more abundant in Donor piglets,
while  Bacteroides, Prevotella, Escherichia, Campylobacter, Roseburia, Sphaerochaeta,
Peptostreptococcus, Flexispira, Actinobacillus, Turicibacter, Paludibacter, Faecalibacterium, Synergistes,
Bulleidia and Mogibacterium were more abundant in P1-FT piglets. The differences observed were similar
to those observed between P1-FT and MP-Con piglets, with exception to Bacteroides, Actinobacillus,
Collinsella, Dialister and Streptococcus being more abundant in MP-Con animals and Oscillospira, RFN20
and Blautia being more abundant in P1-FT animals. The average dissimilarity between the faecal

microbiota of piglets at 10 days of age for MP-Con and P1-FT was 36%.
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3.3.2. Day 18

At day 18 alpha diversity metric, Shannon’s diversity differed with MP-Con piglets having a higher diversity
than P1-FT piglets (P = 0.024; Fig. 5), while all other comparisons were not significantly different. Bacterial
community evenness and the number of taxa also differed, with MP-Con piglets having a lower evenness
but a higher number of taxa than all other treatments (P < 0.001; Fig. 5). Treatment associated differences
for beta diversity metrics were observed in 18-day old piglet faecal bacterial genera (ANOSIM, Global
R=0.041, P=0.016). The significant pairwise differences observed were between the Donor versus P1-FT
(R=0.082, P=0.015) and MP-Con versus P1-FT (R=0.112, P=0.005). The top 60% of genera contributing
significantly to the difference between 18-day old piglets within the P1-FT and Donor treatment groups

are shown in Table 2.

<Insert Table 2 here>

Differences also existed between piglets in the P1-FT and MP-Con treatment groups, the top 60% of the

differences in genera are shown in Table 3.

<Insert Table 3 here>

4. Discussion

As the lactation environment involves the housing of piglets in a pen exclusively with one sow, the sow’s
faeces will influence the developing intestinal microbiota within her piglets via coprophagy, which has
been documented as a natural phenomenon in pigs (Aviles-Rosa et al., 2019). Additionally, sow parity
differences have been noted for their piglet's nasal mucosal bacterial colonisation (Brean et al., 2016), so
an expectation of sow parity differences on piglet’s enteric bacterial colonisation is reasonable. In our
study, MP and P1 sows had significantly different faecal microbiota 3 days post-partum, with the
differences observed presented in the faeces of their piglets at day ten of lactation. These data are similar

to the findings of Gaukroger et al. (2020a) who demonstrated differences between MP and P1 sow faecal
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microbiota both prior to and post farrowing. Additionally, similar to previous literature, the present study
observed significantly lower growth and survival throughout lactation in P1 progeny when compared with
MP sow progeny (Carney-Hinkle et al., 2013; Craig et al., 2017). The production improvements in MP
sow progeny in the present study are interesting as MP sows had a higher abundance of potentially
pathogenic bacteria such as Escherichia, Clostridium, Campylobacter and Treponema compared to P1
sows, while P1 sows had a higher abundance of beneficial bacteria, Lactobacillus and Prevotella, with
these same differences observed in the progeny of MP and P1-Con animals at ten days of age. It is likely
that passive immunity transferred from sows to their piglets could compensate for these differences. In
addition, previous work has shown that gilt progeny have a number of anatomical differences indicative
of delayed development that persist to weaning when compared to sow progeny (Craig et al., 2019), and
in some cases MP sows have increased IgG and IgA concentrations in serum and milk/colostrum (Carney-
Hinkle et al., 2013). Therefore, given the fact that we were able to demonstrate differences in microbiota,
it may be more complex than originally thought and it is likely that it is a combination of these differences

that collectively contribute to the parity differences observed in piglet performance.

The higher abundance of potentially pathogenic bacteria observed within MP sow faeces and piglets
within the MP-Con treatment may also provide some insight as to why the piglets in the Donor treatment
performed better than all other treatment groups. Their improved growth performance is possibly due to
them having limited exposure to the potentially pathogenic bacteria within the sow’s faeces for the first
ten days of life, arguably during the time of the highest risk of disease for the piglet (Lay et al., 2015). The
reduction in pre-weaning mortality in these pigs further supports this suggestion. Our findings contrast
those of Aviles-Rosa et al. (2019), who documented poorer performance for pigs deprived of maternal
faeces. Although Aviles-Rosa et al. (2019) recorded weight throughout lactation, no treatment effects
were seen in weight until 56 days post-weaning, while we only measured growth to 18 days. In contrast,
studies comparing flooring type observed similar findings to the present study and demonstrated the
positive effects of crate cleanliness on production outcomes (Mabry et al., 1982; Rantzer and Svendsen,

2001).
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That the addition of MP faeces to the pen of P1 piglets provided no evident advantage or disadvantage
to the piglets is intriguing. This implies that either sow faeces do not impact piglet performance or that, in
our study, the piglets had inadequate contact with minimal coprophagy. It is also possible that the quantity
of faeces added to the pen was not sufficient, especially early in lactation when sows did not defecate
often so the amount of fresh faeces to deliver was sometimes limited. To ensure that faeces were present
within the pen at birth, the faecal transfers started prior to the onset of parturition. It is possible that the
freshness of the faeces at the time of birth could have influenced this. Additionally, it is possible that the
amount of time the piglets spent interacting with the faeces could have had an influence and since piglets
can differentiate their sow’s faeces (Horrell and Hodgson, 1992), donor sow faeces may not have been

as attractive as their own mothers would have been.

In the present study, MP and P1 progeny maintained production differences throughout lactation, and
previous studies demonstrate that these deficits remain beyond weaning (Craig et al., 2017). The parity
specific differences observed in the piglet faecal microbiota at day ten were not as evident by day 18 as
control animals did not differ (MP-Con and P1-Con). Previous studies by our research group and others
have documented this age-related change in faecal microbiota of piglets during lactation (Gaukroger et
al., 2020b; Nowland et al., 2020a; Nowland et al., 2020b). However, to our knowledge, no analysis of
faecal microbiota between piglets reared on different parity sows have been documented. Diet and
environment shape the developing intestinal microbiota of the neonate (Nowland et al., 2019). Therefore,
itis likely that the sow’s microbiota has a greater influence on development of the piglet’s microbiota early
in lactation but, as the piglets age and are exposed to more environmental stimuli (handling by stock

people, eating the sows feed, etc.), the impact of the sow diminishes.

5. Conclusion

To our knowledge, this is the first study to characterise and compare the faecal microbiota of different

parity sows with their piglets, and to document how the addition of MP sow faeces to the pen of P1 sows
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influences piglet development. The identification of parity specific microbial differences throughout
lactation may allow for the development of easy to implement on-farm approaches to improve gut health
and performance of the sow during lactation and in turn influence piglet's growth and survival. The present
results suggest that MP and P1 sows do have a significantly different faecal microbiota that influences
the piglet faecal microbiota until at least ten days of age. As other studies have also demonstrated, the
growth and survival of P1 sow progeny was significantly reduced pre-weaning when compared to MP sow
progeny, however it is uncertain as to whether differences in microbiota cause these production
differences. It is evident that the inclusion of MP faeces to the pen of a P1 sow provided no benefit or
hinderance to the piglets reared in that environment. However, the removal of faeces from the pen for the
first ten days significantly improved piglet weight and survival to weaning. Further investigation into the
possibility of altering the sow’s faecal microbiota through dietary manipulation to positively influence the

piglet’s microbiota and growth are needed.
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Figure 1. The effect of treatment (Donor, MP-Con, P1-Con and P1-FT) on average piglet weight (kg +

SEM) at 1, 3, 10 and 18 days of age. Within age, means with differing letters are significantly different (P

<0.05).
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Figure 2. nMDS ordination showing the differences in relatedness of faecal bacterial genera from
multiparous (MP) (triangle) or primiparous (P1) (inverted triangle) sows, calculated using Bray-Curtis
distances. Points on the ordination represent individual sow faecal samples which are positioned based
on their similarity to other communities in a two-dimensional space. Points more closely clustered
represent microbial communities more closely related to one another based on taxa composition and

abundance.
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Figure 3. Average abundance of bacterial genera contributing significantly (average dissimilarity/standard
deviation > 1) to the top 60% of dissimilarity between MP and P1 sows 3 days post-partum. Genera above
the broken line were more abundant in P1 sows and all genera below the broken line were more abundant

in MP sows.
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Table 1. Genera contributing to the top 60% of dissimilarity of bacteria between Donor and MP-Con

treated 10-day old piglets as determined by SIMPER. Overall, average dissimilarity between treatments

was 34%.
Donor MP-Con
Genera Average Average Contribution %
abundance abundance

Bacteroides 1.64 2.05 2.01
Escherichia 1.17 1.47 1.77
Unclassified Rikenellaceae 0.61 0.77 1.76
Clostridium 1.81 1.85 1.59
Lactobacillus 1.18 1.24 1.47
Campylobacter 0.44 0.61 1.15
Roseburia 0.28 0.36 1.11
Butyricimonas 1.04 1.13 1.05
Actinobacillus 0.50 0.60 0.98
Sutterella 0.65 0.74 0.94
Turicibacter 0.28 0.38 0.94
Eubacterium 0.50 0.51 0.90
Collinsella 0.22 0.24 0.87
Unclassified Comamonadaceae 0.26 0.28 0.86
Actinomyces 0.39 0.41 0.83
SMB53 0.41 0.57 0.82
Synergistes 0.29 0.39 0.81
Unclassified Clostridiaceae 0.35 0.43 0.80
Butyricicoccus 0.44 0.48 0.70
Strepfococcus 0.53 0.58 0.70
Dialister 0.10 0.26 0.71
Prevotella 1.93 1.53 2.90
Unclassified S24-7 1.75 1.25 2.47
Unclassified Bacteroidales 1.42 1.20 1.61
Oscillospira 1.98 1.70 1.46
CF231 0.49 0.29 1.45
Fusobacterium 0.89 1.15 1.42
Unclassified Clostridiales 0.89 0.72 1.40
RFN20 0.72 0.62 1.40
p-75-ab 0.73 0.62 1.21
Sphaerochaeta 0.38 0.26 1.13
Odoribacter 0.38 0.31 0.97
Unclassified Ruminococcaceae 1.44 1.42 0.94
Unclassified Christensenellaceae 0.61 0.55 0.94
Parabacteroides 1.13 1.09 0.93
Unclassified Bacteria 0.46 0.45 0.90
Unclassified GMD14H09 0.38 0.29 0.89
Unclassified Lachnospiraceae 0.97 0.8 0.85
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Ruminococcus 1.19

Flexispira 0.25

Bulleidia 0.26

vadinCA11 0.20

Dorea 0.75

Unclassified Paraprevotellaceae 0.22
Unclassified Mogibacteriaceae 0.68
Unclassified Firmicutes 0.24
Blautia 0.54

1.08
0.16
0.16
0.19
0.62
0.17
0.52
0.16
0.44

0.85
0.78
0.76
0.73
0.72
0.72
0.72
0.70
0.70

Bold depicts those genera that have a higher abundance in MP-Con treated piglets.
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Table 2. Genera contributing to the top 60% of dissimilarity between Donor and P1-FT treated 18-day old

piglets as determined by SIMPER. Overall, average dissimilarity between treatments was 31%.

Donor P1-FT
Genera Average Average
abundance  abundance  Contribution %

Escherichia 1.29 1.4 1.95
Prevofella 1.19 1.47 1.85
Bacteroides 1.26 1.42 1.56
Unclassified Christensenellaceae 1.17 1.22 1.56
p-75-a5 1.05 1.15 1.53
Unclassified S247 1.66 1.67 1.34
Prevotella 0.61 0.72 1.13
Campylobacter 0.48 0.65 1.08
Ruminococcus 1.09 0.97 1.05
CF231 0.62 0.65 1.00
Roseburia 0.48 0.42 0.99
Clostridium 0.91 0.92 0.98
Unclassified Lachnospiraceae 0.98 1.09 0.96
Anaerovibrio 0.18 0.32 0.90
Synergistes 0.56 0.58 0.85
Strepfococcus 0.50 0.56 0.79
Faecalibacterium 0.38 0.42 0.77
Unclassified Erysipelotrichaceae 0.24 0.36 0.75
Turicibacter 0.27 0.29 0.74
Unclassified Pepfostrepfococcaceae 0.21 0.31 0.73
Butyricimonas 0.80 0.87 0.7
Dialister 0.14 0.21 0.67
Unclassified Clostridiales 1.33 1.18 1.63
Unclassified Bacteroidales 1.91 1.25 1.29
Unclassified Rikenellaceae 0.44 0.41 1.23
Unclassified p-2534-18B5 0.52 0.39 1.19
Paludibacter 0.41 0.19 1.17
Lactobacillus 1.11 0.98 1.07
Dorea 0.62 0.51 1.06
Unclassified Ruminococcaceae 1.71 1.93 1.02
Clostridium 0.85 0.61 0.98
Ruminococcus 0.90 0.87 0.98
Sphaerochaeta 0.62 0.54 0.94
Oscillospira 1.99 1.85 0.92
Blautia 0.73 0.70 0.90
Collinsella 042 0.22 0.88
Unclassified RF39 0.55 0.46 0.88
Megasphaera 0.35 0.31 0.86
Treponema 0.51 0.33 0.86
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L7A_E11
Catenibacterium
Odoribacter
Flexispira
Unclassified Clostridiales
Sutterella
Parabacteroides
RFN20
Acidaminococcus
Unclassified GMD14H09
Pyramidobacter
Peptococcus
Unclassified Firmicutes
Eubacterium
Unclassified Victivallaceae

Unclassified Lachnospiraceae

Actinobacillus

0.34
0.33
0.35
0.47
1.24
0.59
1.15
0.69
0.24
0.34
0.29
0.34
0.36
0.68
0.34
0.52
0.47

0.23
0.23
0.19
0.46
1.12
0.47
1.10
0.62
0.21
0.32
0.22
0.18
0.32
0.58
0.24
0.49
0.54

0.83
0.83
0.82
0.82
0.82
0.82
0.80
0.79
0.78
0.78
0.75
0.69
0.69
0.68
0.68
0.67
0.66

Bold depicts those species that have a higher abundance in P1-FT treated piglets.
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Table 3. Genera contributing to the top 60% of dissimilarity between MP-Con and P1-FT treated 18-day

old piglets as determined by SIMPER. Overall, average dissimilarity between treatments was 32%.

MP-Con P1-FT
Genera Average Average Contribution %
abundance  abundance

Prevoftella 1.51 219 3.30
Escherichia 1.32 1.40 1.76
Unclassified S24-7 1.36 1.67 1.67
p-75-a5 1.13 1.15 1.62
CF231 0.56 0.65 1.09
Roseburia 0.37 0.42 1.00
Campylobacter 0.57 0.65 0.93
Flexispira 0.34 0.46 0.92
Megasphaera 0.21 0.31 0.89
Anaerovibrio 0.13 0.32 0.84
Unclassified RF39 0.46 0.46 0.78
Unclassified GMD14H09 0.29 0.32 0.74
Strepfococcus 0.50 0.56 0.73
RFN20 0.53 0.62 0.73
Unclassified Paraprevotellaceae 0.34 0.47 0.72
Treponema 0.27 0.33 0.72
Unclassified Pepfostrepfococcaceae 0.25 0.31 0.7
Pepfostreptococcus 0.25 0.25 0.68
Unclassified Erysipelotrichaceae 0.30 0.36 0.68
Dialister 0.15 0.21 0.63
Unclassified Christensenellaceae 1.26 1.22 1.68
Bacteroides 1.62 1.42 1.57
Unclassified Clostridiales 1.25 1.18 1.50
Unclassified Rikenellaceae 0.51 0.41 1.20
Enterococcus 0.34 0.27 1.14
Unclassified p-2534-18B5 0.47 0.39 1.13
Unclassified Bacteroidales 1.37 1.25 1.10
Synergistes 0.7 0.58 1.09
Dorea 0.71 0.51 1.05
Ruminococcus 1.99 1.84 2.03
Clostridium 0.90 0.61 1.00
Oscillospira 1.94 1.85 0.99
Blautia 0.72 0.70 0.91
Unclassified Coriobacteriaceae 0.36 0.30 0.91
Unclassified Ruminococcaceae 1.60 1.53 0.90
Unclassified Lachnospiraceae 1.10 1.09 0.89
Lactobacillus 1.03 0.98 0.89
Clostridium 0.99 0.92 0.86
Sphaerochaeta 0.55 0.54 0.85
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Parabacteroides
Faecalibacterium
Unclassified Clostridiales
Catenibacterium
Unclassified Clostridiaceae
Turicibacter
Paludibacter
Sutterella
Unclassified Comamonadaceae
Butyricimonas
Collinsella
Odoribacter
L7A_E11
Actinomyces
Moryella
Eubacterium
Methanobrevibacter
Pyramidobacter

1.20
0.44
1.27
0.29
0.25
043
0.22
0.56
0.64
0.92
0.32
0.29
0.27
0.34
0.31
0.63
0.35
0.24

1.10
0.42
1.12
0.23
0.12
0.29
0.19
047
0.58
0.87
0.22
0.19
0.23
0.19
0.16
0.58
0.21
0.22

0.84
0.83
0.80
0.80
0.80
0.78
0.75
0.75
0.73
0.73
0.72
0.72
0.71
0.70
0.70
0.66
0.64
0.63

Bold depicts those species that have a higher abundance in P1-FT treated piglets.
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Chapter 5:
Maternal supplementation with phytogenic additives influenced the faecal microbiota and

reproductive potential in sows
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Abstract

Sows undergo physiological stress during gestation and lactation, potentially leading to enteric dysbiosis
and reduced reproductive potential. Phytogenic additives (PAs) may improve performance via their
antioxidant, anti-inflammatory and antimicrobial properties. This study determined whether the provision
of a gestation/lactation diet containing PAs would alter the gastrointestinal microbiota of sows and their
piglets, and improve performance. Sows received a commercial diet throughout gestation and lactation
(CTR; n = 64), a commercial diet throughout gestation and a diet containing PAs in lactation (CTR-PA; n
= 63) or a commercial diet containing PAs in gestation and lactation (PA; n = 90). Sows were weighed
and P2 backfat recorded after mating and at entry and exit from the farrowing house and piglets were
weighed on days 1 and 21 of life. Faecal samples collected from sows at farrowing house entry and piglets
at 21 and 35 d were subjected to 16S rRNA gene amplicon analysis. The addition of PAs to sow diets
resulted in more piglets born (P = 0.03), however, it did not improve the number of liveborn piglets (P =
0.14). There were no differences in sow weight, P2 backfat depth or lactation feed intake observed. PAs
had no effect on piglet weight or survival to weaning but did alter the faecal microbiota of sows, and this
change was observed in piglets at 21 and 35 d. PA supplementation to sows has the potential to increase
litter size, while also potentially influencing gastrointestinal tract health of the sow and piglets reared.

Keywords: bacteria, gut health, production, pig
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Key points

e Number of piglets born was increased through phytogenic supplementation to sows.
e Oscillospira, Roseburia and Ruminococcus were increased in sows fed phytogenics.

e Sow phytogenic supplementation increased Faecalibacterium in piglets post weaning.
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1. Introduction

Gestation and lactation are both times of high physiological stress for sows. Gestation involves the
partitioning of nutrients for the development of multiple foetuses, while lactation has great demands on
sows as they produce enough milk to feed their litter. Often due to this highly taxing process, sows lose
from 5 to 20% of their body weight (Thaker & Bilkei, 2005). Stress can also decrease food intake and
induce enteric dysbiosis in pigs, which can cause suboptimal digestion and poor nutrient utilisation and
negatively affect intestinal health (Gresse et al., 2017). Impaired nutrient intake and utilisation increases
weight loss and can have a negative effect on their ability to rear their litter and to return to oestrus after
their litter is weaned (Thaker & Bilkei, 2005). Additionally, sows undergo large shifts in the gastrointestinal
tract (GIT) microbiota throughout this time (Gaukroger et al., 2020) and exhibit metabolic syndrome in late
gestation and early lactation (Cheng et al., 2018). Nutritional interventions may improve sow rearing ability

and reduce negative effects on their health.

Phytogenics are a group of natural flavour and sensory compounds derived from plants and include herbs,
spices and essential oils (Windisch et al., 2008). When added to feed, they improve animal performance
via three main mechanisms; flavour properties which enhance feed intake, biological activity that aids
digestion, and improving GIT health via modulation of the GIT microbiota (Windisch et al., 2008,
Murugesan et al., 2015). The proposed drivers for these influences on performance are the antioxidant,

anti-inflammatory and antimicrobial properties they exhibit (Windisch et al., 2008).

Recent work in pigs demonstrated that a phytogenic additive (PA) which includes a combination of
essential oils, maintained finisher performance when protein and energy specifications in the diet were
reduced, and improved performance when dietary specifications were maintained (Walker et al., 2019).
However, there is little published data on the effect of phytogenics on sow reproduction or the GIT
microbiota. Additionally, given that piglets are raised within a farrowing crate in direct contact with their
sow, it is likely that the establishment of the piglet GIT microbiota is dependent on contact with their
mother. We aimed to determine whether the provision of gestation and/or lactation diets containing PAs
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would alter the GIT microbiota of sows, and thus that of their piglets, and so improve performance. It was
hypothesised that (1) the provision of a diet containing PAs during gestation would increase litter birth
weight, and when fed during lactation would increase sow feed intake and lactation performance; (2) the
provision of a gestation/lactation diet containing PAs would alter the GIT microbiota of the sow, with this
change transmitted to their piglets causing a shift in piglet GIT microbiota and improvements in their

growth and survival.

2. Materials and methods

2.1. Sow housing and feeding management

After mating, 351 sows (parity 2 to 4) were allocated to one of six identical, naturally ventilated gestation
pens (1.8m2 per sow) based on mating date and parity. The pens had partially slatted concrete flooring
with eight drinkers per pen. Sows were housed in groups of ~60 and fed via electronic sow feeders (ESF;
MPS Agri Ltd, Suffolk, UK). The electronic sow feeders enabled the feeding of two separate diets to pigs
within the same pen. Sows were allowed 2.2 kg/day of a commercial gestation diet formulated to provide
13.0 MJ DE/kg, 13.1% total protein and 0.55% standardised ileal digestible (SID) lysine unless their P2
backfat depth (P2; 65 mm off the midline at the last rib curve) at breeding was < 14 mm, when the
allowance was increased to 2.8 kg/day for the first 30 days and then subsequently reduced to 2.2 kg/day
unti moved to farrowing accommodation. Pregnancy confirmation was performed by B-mode

ultrasonography at 35 d and 70 d post-breeding and any non-pregnant sows removed from the pen.

At 5.7 £ 0.4 d prior to their calculated farrowing date, sows were moved into naturally ventilated farrowing
accommodations and housed in individual farrowing crates (1.8 x 2.4m). Each farrowing crate contained
its own lamp heated creep area for the piglets and two water nipples for the sow and one for the piglets.
Prior to farrowing, sows were fed 2.4 kg/d of a commercial lactation diet formulated to provide 14 MJ
DE/kg, 17.3% total protein and 0.84% SID lysine. After farrowing, sows were fed the lactation diet to-

appetite up to 16 kg/d delivered in two meals until weaning at 22.4 + 0.1 d.
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At the time of breeding, sows were assigned to one of three dietary treatments to have equal parity
distributions, previous litter size and wean-to-serve intervals. Treatments were:
1. CTR: fed a commercial diet in gestation and lactation (n = 64)
2. PA: fed a commercial diet containing a phytogenic additive (700 g/t) in gestation and lactation (n
=90)
3. CTR-PA: fed a commercial diet in gestation and a diet containing a PA (700 g/t) in lactation (n =
63)
Base diet specifications used are outlined in supplementary table 1. The PA used throughout the study
was Digestarom® DC Xcel 1000 provided by BIOMIN (BIOMIN Animal Nutrition GmbH, Getzersdorf,
Austria) and contained a proprietary mix of essential oil extracts and herbs with menthol, carvacrol,
carvone as major bioactive compounds. 700 g of the proprietary mix was added to each tonne of base
diet via micro dispenser. The proprietary mix was microencapsulated to ensure heat stability during

pelleting.

2.2. Data recorded

All sows were weighed and their P2 backfat depths recorded at entry into the gestation housing and on
entry and exit from the farrowing house. Sow feed intakes in the farrowing house were measured by
weighing all leftover feed and all new feed into the feeder when sows were fed twice daily. On the day of
farrowing, the total born and live-born litter sizes and individual birth weights were recorded. At farrowing,
two live female focal piglets per litter were tagged to allow individual identification. At 13 h and within 24
h of farrowing, fostering occurred within treatment based on the sows rearing capacity (functional teat
number) and all piglet movement was noted. Litter weight was recorded on day 1 and 21 of lactation.
Individual piglet weights on day 1 were used to determine the total litter weight, minimum and maximum
piglet weight and the percentage of piglets within the litter weighing less than 1.1 kg. All mortalities and
removals for ill thrift were recorded, as were the number of pigs weaned per sow and the time from
weaning to mating. Faecal samples were collected from sows at weighing prior to farrowing house entry

and from tagged focal piglets at 21 (prior to weaning) and at 35 days of age (~2 weeks postweaning). The
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focal piglets were individually weighed at 21 and at 35 days of age. Faeces were placed on ice

immediately and stored at -80°C within four hours of collection.

2.3. DNA extraction and 16S rRNA Amplicon Analysis
Approximately 0.2 g from each sample was used for the DNA extraction using the modified repeated bead
beating plus column method (Yu & Morrison, 2004) and the quantity of DNA was estimated using a

NanoDrop spectrophotometer (ThermoFisher Scientific, Massachusetts, USA).

The forward and reverse primers used for amplification of the V3-V4 region of the 16S rRNA gene were:
ACTCCTACGGGAGGCAGCAG and GGACTACHVGGGTWTCTAAT, respectively. The 16S rRNA gene
amplicon sequencing library was prepared by amplifying the V3-V4 region of the gene with the primers
containing linker sequences, index sequences and heterogenicity spacers (Fadrosh et al., 2014). The
amplified amplicon library was cleaned up using AMPure XP clean up kit (Beckman Coulter, Lane Cost
West, NSW, Australia). Sequencing was conducted on the lllumina MiSeq platform using 2x300 bp paired-

end sequencing at the Genewiz sequencing facility (GENEWIZ Suzhou, China).

The microbial communities were analysed using QIIME 2 v2020.6 (Bolyen et al., 2019). The dereplicating
of sequences and OTU (operational taxonomic unit) clustering at 97% identity was done using the
VSEARCH plugin (Rognes et al., 2016). Representative sequences for each OTU were assigned
taxonomy using q2-feature-classifier (Bokulich et al., 2018) with the classifier pre-trained on GreenGenes
v13.8 with 99% OTUs. GreenGenes taxonomy was used provisionally (DeSantis et al., 2006, Balvociute
& Huson, 2017) up to the genus level; species level was not inferred from 16S rRNA data. After quality
filtering, 16S rRNA gene amplicon data for 322 samples were included in the analysis with an average of
9560 reads per sample and a minimum of 1036 reads per sample. The sequence data is publicly available

at the MG-RAST database under library accession number mgl837686 (https://www.mg-rast.org/).
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2.4. Statistical Methods

All production data were analysed in SPSS v25 (IBM, Armonk, NY, USA) and significance was established
at P < 0.05. Normally distributed data were analysed using a general linear mixed model. Generalised
linear mixed models were applied to binary data (pregnancy and farrowing rate) using binary logistic
regression and to count data (all piglet mortalities) using Poisson regression. Gestation and lactation
periods were analysed as separate datasets. The model applied to the gestation data included gestation
pen as a random term and treatment (CTR and PA) as a fixed effect. The model applied to lactation data
included farrowing shed as a random term, and treatment (CTR, CTR-PA and PA) as a fixed effect. Al
data is expressed as mean * standard error of the mean (SEM) unless it was binary data, whereby the

confidence intervals are presented.

All of the downstream statistical microbial data analysis and visualisation were done using Calypso
Version 8.84 (Zakrzewski et al., 2016) on a Hellinger transformed abundance table (Legendre &
Gallagher, 2001). Statistical analysis on alpha diversity metrics of Shannon’s index, Richness and Chao1
were performed. Multivariate data visualisations and multivariate statistical testing among treatment
groups were performed using redundancy analysis (RDA), discriminatant anlaysis of principal
components (DAPC) and Adonis analysis based on Bray-Curtis distance matrices. Univariate non-
parametric Wilcoxon-rank tests were also applied to the data to identify the differences between specific
taxa for each treatment. Core microbiota Venn diagram was also generated and plotted in Calypso

Version 8.84 (Zakrzewski et al., 2016).

3. Results

3.1. Sow and litter performance

There was no effect of treatment on gestation weight gain (CTR: 59.3 £ 3.6, PA: 59.4 + 3.6, P = 0.967)
or P2 backfat gain (mm; CTR: 1.5 £ 0.6, PA: 1.2 £ 0.6, P = 0.411) during gestation. Pregnancy and
farrowing rates were unaffected by gestation treatment (P > 0.05; Table 1). Litter size was increased by

0.8 pigs per litter in PA sows compared with CTR (P < 0.05; Table 1) however, this did not translate to a
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higher number of piglets born alive (P = 0.141) as stillbirths were higher in PA sows (P = 0.03).
Additionally, the number of piglets born at less than 1.1kg was significantly higher for PA sows (P = 0.015;

Table 1).

Piglets were fostered to achieve the same litter size (11.7 + 0.1 piglets per sow), but PA litters tended to
exhibit a lower litter weight than CTR and CTR-PA post-foster (CTR: 16.8 + 0.6, CTR-PA: 16.5 + 0.6, PA:
15.7 £ 0.6, P = 0.080). There was no treatment effect on average daily gain (CTR: 0.215 £ 0.01, CTR-
PA:0.210 £ 0.02, PA: 0.214 + 0.02, P = 0.797) and litter size (CTR: 10.1 £ 0.5, CTR-PA: 10.2 £ 0.5, PA:
10.0 £ 0.5, P = 0.713) or weight of piglets at weaning (day 21; CTR: 59.3 £ 5.1, CTR-PA: 60.3 £ 5.1, PA:

57.5+5.1, P = 0.345),

There was no difference between treatments for pre-foster (CTR: 0.9 £ 0.2, CTR-PA: 0.7 £ 0.2, PA: 0.8
+ 0.2, P = 0.288), post-foster (CTR: 1.1 £ 0.1, CTR-PA: 1.0 £ 0.1, PA: 0.9 £ 0.1, P = 0.709) or total
liveborn piglet mortality (CTR: 1.7 £ 0.4, CTR-PA: 1.4 £ 0.3, PA: 1.5 £ 0.4, P = 0.313). There were no
treatment effects on sow feed intake, body weight or P2 backfat in lactation (P > 0.05; Table 2). There

was a tendency for sows from the PA treatment to display the shortest rebreeding interval (P < 0.1).

3.2. Impact of gestation diet on sow faecal microbiota

The administration of PAs to the gestation diet did not affect major alpha diversity metrics; Shannon’s
index (P = 0.51), Chao1 (P = 0.46) and Richness (P = 0.59). Redundancy analysis (RDA) indicated a
significant difference between the faecal microbiota of sows fed the CTR and PA diets in gestation (P =
0.001). Likewise, when assessing the microbiota structure differences using Adonis permutational
multivariate analysis of variance based on the Bray-Curtis distance matrix, significant differences between

the CTR and PA treatments existed (R2=0.02, P = 0.0003).

Differences in community structure were evident at the genus level, with 18 genera significantly affected

by diet (Wilcoxon rank test; P < 0.05). Specifically, Unclassified p253418B5, Unclassified Bacteria,
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Enterococcus, Sporobacter, Succinispira and the archaea Methanobrevibacter were more abundant in
control sows (CTR), while Roseburia, Subdoligranulum, Lactonifactor, Oscillospira, Coprococcus,
Pediococcus, p75ab, CF231, Prevotella, Ruminococcus, Unclassified S247 and Butyrivibrio were more

abundant in the faeces of PA sows. Those bacteria that contributed to P < 0.01 are presented in Fig. 1.

3.3. Maternal influence on the core piglet microbiota at different ages

The influence of sow microbiota on the development and maturation of piglet intestinal microbial
communities is presented in the Venn diagram depicting the core microbiota (Fig. 2). Of 77 total core
genera, 36 (46%) were core genera shared among sows, piglets at day 21, and piglets at day 35. Sows
and piglets (including both day 21 and day 35) shared 62% (48) of bacterial core genera, indicating the
influence of maternal microbiota on piglets. A genus was considered a member of the group's core

microbiota if it was present in more than 40% of the samples of that group.

3.4. Impact of sow diet on piglet faecal microbiota
A significant shift in the microbial community occurred between day 21 and day 35 in piglets, moving
their microbiota structure further away from the maternal influence; thus, we will present these

separately.

3.4.1. In 21-day-old piglets

In 21 d old piglets, there was no effect of sow diet on faecal alpha diversity measures (Shannon’s index,
P =0.48; Chao1, P = 0.38; and Richness, P = 0.88). A range of multivariate analyses and corresponding
visualisation indicated some degree of overlapping occurred between treatments (CTR-PA, PA and CTR).
Discriminant analysis of principal components (DAPC) showed that each treatment segregated from one
another (Fig. 3). Additionally, Adonis permutational multivariate analysis of variance based on Bray-Curtis

distance demonstrated a significant difference among the treatments (R2 = 0.02, P = 0.05).
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Of the differences in community structure observed in the faeces of 21-day old piglets reared on sows fed
differing diets, 8 genera differed significantly (Wilcoxon rank test; P < 0.05; Fig. 4). Succinivibrio,
Shuttleworthia and Marvinbryantia were most abundant in CTR-PA piglets, while Treponema were most
abundant in CTR-PA and PA piglets, Lactobacillus, Chlamydia and Pediococcus were most abundant in

PA piglets and Odoribacter were most abundant in CTR piglets.

3.4.2. In 35-day-old piglets

Alpha diversity analysis showed that Shannon’s index (P = 0.02) and Richness (P = 0.001) were higher
for those piglets reared on sows being fed PA, regardless of how long the sows received PAs for (PA and
CTR-PA), while Chao1 tended to be higher for piglets reared on control sows (CTR; P = 0.07; Fig. 5).
DAPC showed that piglets in the CTR-PA and PA treatment were more similar and clustered away from
CTR piglets at 35-day of age (Fig. 6). Additionally, Adonis analysis based on Bray-Curtis distance matrices

observed significant differences among treatments (R2 = 0.03, P = 0.002).

There were 11 genera within the faeces of 35-day old piglets significantly affected by treatment, ten of
which are presented in Fig. 7. Bacterial genera Prevotella, Succinispira and Faecalibacterium were most
abundant in piglets reared on sows fed PAs regardless of the intervention length (CTR-PA and PA).
Lactobacillus and Bifidobacterium were most abundant in piglets reared on sows fed a control diet
throughout gestation (CTR-PA and CTR). Proteocatella and Collinsella were more abundant in CTR and
PA piglets, while Unclassified Lachnospiraceae were more abundant in CTR-PA piglets. PA piglets had
a higher abundance of Macellibacteroides and CTR piglets were more abundant in Cloacibacillus and

archaea Methanobrevibacter.

4. Discussion

4.1. Sow gestation performance
Pregnancy is a time of high metabolic demand as fertilisation, implantation and embryo development

occur. As a result, oxidative stress is a common by-product of these processes (Wang et al., 2018). Free-
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radical production is associated with many reproductive disorders (Berchieri-Ronchi et al., 2011) and
therefore, a reduction in free-radicals would have positive implications for the sow. A key finding in the
current study was an increase in litter size observed for those sows that were fed PAs in gestation. This
increase in litter size has been documented previously in studies investigating the use of a different
combination of PAs supplied during gestation (Reyes-Camacho et al., 2020). One possible explanation
for how these additives influence litter size is their anti-inflamatory and antioxidative capacity. Supporting
this notion, Reyes-Camacho et al. (2020) observed improvements in litter size and increased antioxidant

enzyme activity as well as nitrous oxide levels during early gestation (d 35) when sows were fed PAs.

The PAs used may have caused an increase in litter size via two mechanisms. Although the essential oil
components of the PA used are different from the study above, they may have effected litter size via their
anti-inflammatory and antioxidant ability in the same way discussed above (Windisch et al., 2008,
Karaskova et al., 2016) or they may have influenced litter size via modulation of the GIT microbiota.
Previous studies have identified specific bacteria associated with oxidative stress in sows (Wang et al.,
2018, Wang et al., 2019). Wang et al. (2018) identified antioxidant capacity was positively correlated with
Bacteroidaceae but negatively with Phascolarctobacterium and Streptococcus, while Wang et al. (2019)
reported correlations between Ruminococcaceae and Coprococcus with sows who gave birth to a higher
number of stillborn piglets. In the present study, Coprococcus was increased in PA sows when compared
to controls, and these animals had a significant increase in stillbirth rate, however, no other bacteria
identified previously as being correlated with oxidative stress were observed. Additionally, sows that
received PAs during gestation had a higher abundance of the potentially beneficial bacteria, Oscillospira,
which is strongly correlated with the formation of secondary bile acids (Cheng et al., 2018) and Roseburia
and Ruminococcus, known as butyrate-producing bacteria (Wang et al., 2018). Butyrate exerts a variety
of functions that aid in maintaining GIT barrier function, it is an important energy source for
colonocytes/epithelial cells, protects against inflammation and decreases oxidative stress, which can all
lead to an improvement in feed efficiency (Hamer et al., 2007). Interestingly, CTR sow faeces were more

abundant in genera Enterococcus, which has been associated with necrotising enterocolitis (Wang et al.,
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2016) and several Enterococcus species are associated with pathogenicity causing urinary tract
infections, endocarditis and bacteremia (Singh et al., 2017). Additionally, PA sows had a higher
abundance of potentially beneficial bacterial genera Prevotella, which has a unique ability to degrade
mucin glycoproteins and increase weight and survival in pigs (McCormack et al., 2017, Wang et al., 2017).
However, Wang et al. (2018) has demonstrated that it is correlated with 8-hydroxy-deoxyguanosine which
is a marker for oxidative damage in sows. Together, the results suggest that PA may be beneficial by
reducing potentially pathogenic Enterococcus and enhancing butyrate-producing bacteria and hence
improve intestinal barrier function, decreasing oxidative stress. However, further research is needed to

assess these effects directly.

4.2. Sow lactation performance

Whilst the total number of piglets born increased in the PA treated sows, this failed to translate to an
increase in the number of piglets born alive. This contrasts with other published studies with PAs that
utilised a similar experimental design (Reyes-Camacho et al., 2020). An increase in the number of piglets
born dead in the PA treated group was observed, which likely explains why no improvement in born alive
was observed. However, no autopsy was completed on dead piglets, and rather piglets were classified
as dead at birth by the presence of caps on feet (i.e., they had not walked). The sows farrowed in naturally
ventilated rooms throughout the trial and the average minimum temperature was 6°C (maximum 16°C),
and except for creep heat lamps, no additional heat was provided in the farrowing shed. The 60 g
reduction in average birth weight in piglets from PA sows, likely due to the increased litter size in this
group, also increases the probability that these piglets died from exposure, as low-birth-weight piglets are
naturally at a higher risk of mortality (Baxter et al., 2008). Taken collectively, the reduced birthweight in
PA piglets and the low ambient temperature during the experimental period may have increased the risk
of deaths from exposure which were incorrectly categorised as stillbirths. Thus, these piglets might have

survived if the farrowing room environment was optimised.
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There was no impact of the PA on lactation sow feed intake, litter weight or sow body condition at weaning.
Surprisingly, there was a tendency for a 2 to 3-day reduction in the interval from weaning to breeding. It
is unknown why this improvement in reproductive performance was observed in the absence of significant
changes in total feed intake and body condition. Presumably, it involves a positive effect on ovarian
follicular growth. Others have postulated that the anti-inflammatory and antioxidant properties of the
phytogenics containing oregano fed around the time of farrowing improve uterine involution, and this is
what leads to the reduction in wean to service interval (Kis & Bilkei, 2003). Regardless, this finding has

implications for non-productive days in sow herds and potentially for subsequent fertility.

4.3. Piglet performance

It is well established that the development of the GIT microbiota is important for health and survival in all
species. The farrowing house provides the first place to influence the development of the microbiota of
the piglet as the piglet is housed exclusively with their sow. It is well understood in commercial operations
that the sow’s microbiota can have positive and negative impacts on the piglet if not well managed. Finding
that PA fed sows, regardless of whether it was fed in gestation and/or lactation or just lactation, altered
the microbiota of piglets at 21 days of age was somewhat expected but has not been widely demonstrated.
Previous research suggests that the GIT microbiota develops rapidly during early lactation and is
influenced by a combination of factors, including the sow’s urogenital microbiota, colostrum and milk
consumption, the pen microbiota, and interaction with the sow’s faeces (Nowland et al., 2019). Therefore,
it is likely that the piglet's microbiota was modulated via one or more of these processes. This is further
substantiated by the finding that sows shared 62% of core genera with their piglets in the present study.
Additionally, previous research investigating the use of PAs in sow diets throughout gestation or gestation
and lactation demonstrated that phytogenic volatile compounds were present in the placental fluid of those
animals fed the additive throughout gestation and were present in the milk of those fed the additive
throughout lactation (Reyes-Camacho et al., 2020). Hence, it is possible that GIT modulation was initiated

before parturition in the PA piglets and persisted throughout lactation from its presence in the milk in the
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PA and CTR-PA sows. Additionally, piglets have been known to exhibit coprophagy and hence it would

be expected that this would have contributed to the change observed (Aviles-Rosa et al., 2019).

Although the faecal microbiota of piglets was altered by the inclusion of PAs in sow diets, no
improvements in production parameters such as piglet weight and survival were observed. This contrasts
with a previous study where PA fed grower-finisher pigs demonstrated improvements in growth (Walker
et al., 2019). However, dosage may have affected this outcome as the PA concentration in milk is likely
lower than what they would have received in the feed. Additionally, a milk fed animal is very different from
one on solid feed and hence this may have also had an impact. When investigating the faecal microbiota
at 21 days of age, a combination of potentially beneficial and potentially pathogenic bacteria were present
in piglets reared on PA and CTR-PA sows. 21-day-old PA piglets were more abundant in Lactobacillus,
which is known for its probiotic attributes, being associated with improved GIT health, feed efficiency and
growth in pigs (Shu et al., 2001). While Chlamydia, a potentially pathogenic bacteria, was also more
abundant in PA piglets at 21 days of age. Additionally, Treponema, a potentially pathogenic bacterial
genus, previously associated with swine dysentery (Rees et al., 1989) was more abundant in piglets
reared on CTR-PA and PA sows. These results suggest that although the faecal microbiota of 21-day old
piglets was influenced by PAs, no apparent advantage or disadvantage for piglet growth performance

was evident.

Interestingly, differences in faecal microbiota between piglets reared on PA and CTR-PA sows when
compared with CTR animals existed two weeks post weaning (d35) even when the influence of the sow
was removed. Additionally, the faecal microbiota of piglets from sows fed PAs also tended to cluster closer
together and become more similar postweaning. Weaning is a time of high stress and can cause
postweaning diarrhoea and often results in a postweaning growth check (Pluske et al., 2018). Therefore,
the presence of an optimal microbiota during this time may be beneficial. Unfortunately, no post weaning
pig weights could be collected on these pigs, so no assessment of piglet productivity occurred.

Regardless, piglets reared on sows fed PAs were colonised by multiple potentially beneficial bacteria

119



postweaning. At 35 d, PA and CTR-PA piglets had an increased abundance of Faecalibacterium, which
is a butyrate-producing bacteria with anti-inflammatory effects (Singh et al., 2017), and a short chain fatty
acid producing bacteria, Succinispira (Janssen & O'Farrell, 1999). While potentially beneficial bacteria,
Prevotella and Bifidobacterium, which are positively correlated with body weight (Shu et al., 2001,
McCormack et al., 2017) and likely butyrate-producing bacteria, Unclassified Lachnospiraceae (Cheng et
al., 2018), were assessed as explaining some of the microbial differences between piglets and were most
abundant in CTR-PA 35-day old piglets. This indicates potentially improved intestinal health and an
associated growth in these animals. Additionally, CTR-PA and CTR piglets shared a higher abundance
of potentially beneficial bacteria, Bifidobacterium and Lactobacillus, at 35-days of age. The 35-day old
CTR piglets had a higher abundance of the potentially pathogenic bacteria, Cloacibacillus, which is a
potential human pathogen associated with bacteremia (Domingo et al., 2015). Overall, without the added
production characteristics it is difficult to distinguish whether the PA provided any benefit to the piglets.
This study provides evidence that microbiota manipulation of the sow influences the piglet microbiota and

that this influence persists for at least two weeks beyond weaning.

5. Conclusions

Our findings demonstrate that PAs altered the microbiota of sows and that this change was transferred to
their piglets and was maintained for up to 14 days post weaning. Additionally, the inclusion of PAs to a
gestation diet increased the number of piglets born, presumably via its antioxidant effects, however, this
was not evident as liveborn piglets. While no further improvements in weight or survival parameters were
observed in the sows and piglets during lactation, the wean to oestrus interval tended to be reduced in
sows fed the PA throughout gestation and lactation. Therefore, the inclusion of PAs in a sow diet
throughout gestation and lactation has the potential to increase the number of piglets born per sow and
reduce the number of non-productive days. Further research investigating how PAs influence litter size
and what effect it is having on the GIT microbiota of piglets reared post weaning in relation to performance

parameters is warranted.
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Figure Captions

Fig. 1: Classified genera significantly altered (P < 0.01) in the faeces of sows fed two different diets: a

control diet (CTR), and a control diet supplemented with a PA during gestation.

Fig. 2: Venn diagram of core microbiota at the genus level between sows and piglets at 21 and 35 days

of age.

Fig. 3: Discriminant analysis of principal components (DAPC) showing the relationship among 21-day old
piglets reared on sows fed different dietary treatments (CTR, CTR-PA and PA). Each dot represents the
microbiota profile from one piglet, while each ellipse represents the groups. Discriminant analysis (DA)

eigenvalues of the analysis are displayed inset.

Fig. 4: Genera significantly altered (P < 0.05) in the faeces of 21-day old piglets reared on sows fed

different dietary treatments (CTR, CTR-PA and PA). Subscripts that differ denote a significant difference.

Fig. 5: Boxplots demonstrating the change at genus level in (A) Chao1, (B) Richness and (C) Shannon’s
diversity for 35-day old piglets that were reared on sows fed different dietary treatments (CTR, CTR-PA

and PA). Subscripts that differ denote a significant difference.

Fig. 6: Discriminant analysis of principal components (DAPC) showing the relationships among 35-day
old piglets reared on sows fed different dietary treatments (CTR, CTR-PA and PA). Each dot represents
the microbiota profile from one piglet, while each ellipse represents the groups. Discriminant analysis (DA)

eigenvalues of the analysis are displayed inset.
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Fig. 7: Genera significantly altered (P < 0.05) in the faeces of 35-day old piglets reared on sows fed
different dietary treatments (CTR, CTR-PA and PA). Subscripts that differ denote a significant

difference.
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Table 1. Reproductive performance of sows fed a control diet (CTR) or the control diet supplemented with

a PA during the gestation period.

CTR PA P-value
Pregnancy rate (%)* 85.9(79.9-90.4) 86.8 (80.5-91.2) 0.831
Farrowing rate (%)* 83 (76.4 - 88.1) 79.3(72.0 - 85.0) 0.380
Total pigs born* 12.710.3 13.5%20.3 0.034
Total pigs born alive? 11.8+0.2 123+0.3 0.141
Total pigs born dead* 0.90 +0.1 1.2%0.1 0.030
Day 1 average piglet weight (kg) # 1.42 £ 0.04 1.34 £ 0.04 0.016
Number of piglets less than 1.1kg* 3604 42%0.5 0.015

#Data are expressed as mean + SEM

*Confidence intervals rather than SEM presented for binary data
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Table 2. Weight, P2 backfat change in lactation, and wean to service interval of sows fed different

dietary treatments (CTR, CTR-PA and PA).

CTR CTR-PA PA P-value
Average daily feed intake 71+03 7003 72+03 0.200
Weight (kg)
Entry 2801+£3.7 274137 27179+29 0.504
Exit 2433+94 2376194 2385+9.2 0.443
Lactation change -366+85  -36.7+£85  -386+84 0.778
Backfat thickness (mm)
Entry 191+£14 182+ 14 182+14 0.259
Exit 18.8 £ 0.1 18.8 £ 0.1 18.5+0.1 0.221
Lactation change -0.7+0.7 0607 -04+0.7 0.750
Wean to service interval (days) 9009 8309 64+08 0.061

All data are expressed as mean = SEM
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Supplementary table 1. Gestation and lactation base diet specifications.

Gestation Lactation

Barley % 59.6 24
Wheat % 19.2 40.8
Millrun % 8.2 5
Peas % 10.3
Canola meal % 3

Soybean meal % 3.4
Meat meal % 2.5 5.4
Blood meal % 0.5
Vegetable oil blend % 1.4 3
Salmon oil % 0.4
Limestone % 1.2 0.8
DE MJ/kg 13 14
Protein % 13.1 17.3
Calcium % 0.9 0.97
Phosphorus % 0.6 0.64
SID Lysine % 0.55 0.84
Methionine % 0.3 0.34
Threonine % 0.55 0.67
Tryptophan % 0.15 0.2
Isoleucine % 0.47 0.62
Valine % 0.63 0.82
Leucine % 1.18
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Abstract: Antimicrobial use in animals and the potential development of antimicrobial resistance is a
global concern. So, non-antimicrobial techniques for animal disease control are needed. This study
aimed to determine whether neonatal ceftiofur (CF) treatment affects piglet faecal microbiomes and
whether faecal microbiome transplantation (FMT) can correct it. Two focal piglets per sow were
assigned to treatments as follows: cffresh (n = 6) received CF (3 mg/kg intramuscular) at 7 d and
fresh FMT at 13 d; cffrozen (n = 7) received CF at 7 d and frozen FMT at 13 d; CF (n = 8) received
CF at 7 d and no FMT; and no CF (n = 5) received no CF or FMT. DNA was extracted from faecal
samples collected on days 7, 13, and 18 for 165 rRNA amplicon analysis. All faecal blends used for
the FMT consisted of pooled donor pig faeces at 1:2 ratio with saline, delivered orally at 3 mL/kg.
Alpha and beta diversity metrics increased with age (p < 0.05). However, no effect of antibiotic or
FMT treatment was evident in 13 and 18 d old piglets (p > 0.05). Although no effect of treatment was
observed, information regarding microbial membership during lactation was gained.

Keywords: faecal microbiome transplantation; ceftiofur; antibiotic; bacteria; diversity

1. Introduction

The intestinal tract houses a large, diverse, and relatively stable population of bacteria, archaea,
fungi, and viruses, together called the enteric microbiome [1]. Different components of the
gut microbiome are involved in numerous functions including the production of antimicrobial
compounds [2], nutrient metabolism, degradation of xenobiotics including hormones and development
of the immune system [3,4], as well as the established property of competitive exclusion of pathogens [5].
The potential benefits of a normal gut microbiome in animal production have only recently been
explored, with the focus historically being on pathogens and their control and particularly the use
of antibiotics. While antibiotics are efficacious in pathogen removal, they also impact the normal
commensal microbiome. Microbes are needed for maintenance of innate mucosal defenses [6]
and antibiotics have been shown to reduce host expression of antimicrobial peptides [7]. Further,
microbiome perturbations were shown to occur in pigs after a single amoxicillin injection which were
still evident after 5 weeks [8].

Animals 2020, 10, 762; doi:10.3390/ani10050762 www.mdpi.com/journal/animals
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An example of a successful alternative to antibiotics in treating human disease is faecal microbiome
transplantation (FMT) for the treatment of Clostridium difficile infections. The use of antibiotics to
treat C. difficile infections often results in failure as the antibiotics kill the vegetative bacteria but not
their spores [9]. At cessation of antibiotic treatment, spores germinate and recurrent C. difficile disease
develops. To counter this, FMT has been successfully used to re-establish a “good” gut microbiome to
competitively exclude C. difficile. This procedure requires that faeces from a healthy donor be inoculated
into the patient either orally or via an enema. The use of oral FMT for the treatment of food poisoning or
severe diarrhoea was first described by Ge Hong in 4™ century China [10]. In recent studies, the use of
FMT for the treatment of enteric diseases induced durable changes in the patient’s enteric microbiome,
with a more than 90% success rate observable within days and was without adverse side effects [10].
Interestingly, Brandt and Aroniadis [10] also described beneficial effects of FMT on non-enteric diseases
such as Parkinson’s disease, insulin resistance, multiple sclerosis, and childhood regressive autism.

The present study aimed to provide a proof of concept for the application of FMT to control pre-
and post-weaning enteric disease in pigs. Our intent was not to treat piglet diarrhoea but to confirm an
ability to (re)-establish an appropriate enteric microbiome, potentially informing the ability to apply
later as a technique to treat animals at times of greatest risk of enteric disease, particularly in early
lactation and post-weaning phases. We hypothesised that piglets treated with the antibiotic ceftiofur,
a critically important antibiotic, would undergo a reduction in the diversity and quantity of beneficial
bacteria and that the treatment of these animals with fresh or previously frozen faeces would result in
a re-established microbiome that resembles the microbial composition of the faeces transplanted.

2. Materials and Methods

This experiment was conducted at the University of Adelaide Roseworthy piggery with the
approval of the University of Adelaide’s Animal Ethics Committee (AEC number: S-2017-063).

2.1. Experimental Design and Sample Collection

A total of 15 Large White x Landrace sows (parities 1-2: 1.5 + 0.5) and their litters were included
in the experiment. All sows were group housed and had not received any antibiotics during gestation.
Sows were moved into the farrowing shed at day 110 of gestation where they received a commercial
lactation diet (14.2 MJ DE/kg) twice daily and had ad libitum access to water. Prior to farrowing, sows
were fed 2.5 kg/d, which was gradually increased to 7-8 kg/d by day 7 after farrowing. Sows were
induced to farrow using cloprostenol two days before their estimated due date. Sows farrowed over
two days and piglets cross-fostered as necessary to teat capacity approximately 24 h post-partum.
Thereafter, two piglets per sow were randomly selected where possible to be focal pigs and were
assigned to one of four treatments:

- Injection of ceftiofur (3 mg/kg intramuscular injection (IM)) at 7 d and fresh FMT at 13 d (n = 4 litters,
n = 6 piglets; cffresh)

- Ceftiofur (3 mg/kg IM) at 7 d and frozen FMT at 13 d (n = 4 litters, n = 7 piglets; cffrozen)

- Ceftiofur (3 mg/kg IM) at 7 d and no FMT (n = 4 litters, n = 8 piglets; CF)

- No ceftiofur and no FMT (n = 3 litters, n = 5 piglets; no CF).

When ceftiofur was administered, all piglets in the litter were treated. FMT was administered to
randomly selected piglets within the designated treatment groups. Weaning occurred on day 20 or 21
of age. Faecal samples were collected from each focal piglet at 7 d (prior to ceftiofur administration),
13 d (prior to FMT administration), and at 18 d (prior to weaning). Faeces were collected by separating
the focal piglet into a clean crate, stimulating the rectum with a sterile swab and collecting the faeces
directly into a sterile container in order to limit contamination. Faeces were placed on ice immediately,
transported to the laboratory within 4 h, and stored at —80 °C until required for microbial analyses.
For frozen FMT, faeces were collected from 8 clinically healthy 13 d-old donor piglets. After collection,
faeces were blended at 1-part faeces, 2-parts saline, with glycerol added to 10%, and stored at —80 °C
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until required for use the following day. Faecal samples for fresh FMT were collected from the same
donor pigs and blended 1:2 in saline without glycerol, however, to ensure the same volume was
administered, an additional 10% saline was added. Donor piglets had no previous contact with
antibiotics or antibiotic-treated animals. All faecal blends were brought to room temperature before
being delivered by oral gavage at 3 mL/kg (Brandt and Aroniadis, 2013). Focal piglets were fasted for
3 h before FMT to minimise gastric acidity. A sample was collected from both the fresh and frozen
pooled donor faeces for microbial analysis.

2.2. DNA Extraction and 16S rRNA Amplicon Sequencing
DNA was extracted and purified using a MagMAX™ DNA Multi-Sample Ultra Kit Protocol

for Faecal Samples (ThermoFisher Scientific, Australia) following the manufacturer’s instructions.

165 rRNA metagenomic sequencing and library preparations were performed at the AMRID Laboratory
at Murdoch University on the Illumia MiSeq platform following the “16S Metagenomic Sequencing
Library Preparation” guide [11]. The forward primer (5’ TCG TCG GCA GCG TCA GAT GTG TAT AAG
AGA CAG CCT ACG GGN GGC WGC AG) and reverse primer (5" GTC TCG TGG GCT CGG AGA
TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C) were used to amplify the V3 through
V4 hypervariable regions of the 165 rRNA gene. The obtained reads are available under the accession
number PRJNA622643 of the Sequence Read Archive (SRA) of the NCBI. Bioinformatic analysis of
raw sequence data was done by the Australian Genome Research Facility as follows. The paired-end
sequences were merged by aligning the forward and reverse reads using PEAR [12] (version 0.9.5) and
the primers were identified and trimmed. All trimmed sequences were processed using Quantitative
Insights into Microbial Ecology (QIIME 1.8) [13] USEARCH (version 8.0.1623) [14,15] and UPARSE
software [16]. Sequences were quality filtered, full length duplicate sequences were removed and
sorted by abundance. Singletons or unique reads in the dataset were discarded using USEARCH
tools. Additionally, chimeric sequences were clustered and removed using “rdp_gold” database as the
reference. Sequences were grouped into operational taxonomic units (OTUs) based on 97% sequence
similarity. Using QIIME, taxonomy was assigned using the Silva database (Version 132) [17].

2.3. Statistical Analysis

All weight data were analysed using SPSS, version 26 (IBM, Armonk, NY, USA). All data were
tested for normality of residuals and outliers before analysis. A linear mixed model was used to assess
the effect of treatment on piglet weight and average daily gain. The fixed effects included in the model
were sex, age (7, 13 or 18 days), litter size and treatment (CF, no CF, cffresh, cffrozen). Age was fitted
as a repeated measure and sow was included as a random effect. Data are expressed as estimated
marginal means + SEM.

The faecal 16S rRNA bacterial taxonomic data were analysed using multivariate statistical
techniques (PRIMER6, PRIMER-E Ltd., Ivybridge, UK). Bray-Curtis measures of similarity [18]
were calculated to examine similarities between faecal bacterial communities of piglets from the 165
rRNA data matrices, following standardisation and fourth-root transformation. Analysis of similarity
(ANOSIM) [19] was used to test if faecal bacterial communities were significantly different between
treatment and age. Similarity percentages (SIMPER) [19] analyses were done to determine which
individual bacterial taxa contributed most to the overall dissimilarity among age groups. The overall

average dissimilarity between faecal bacterial communities of piglets on the treatments were calculated.

The percent contributions of significant OTUs (average dissimilarity/standard deviation > 1) to the top
70% of the average dissimilarities were calculated. Unconstrained ordinations were done to graphically
illustrate relationships between treatments using non-metric multidimensional scaling (nMDS) [20-22]
and principal coordinate analysis (PCO) [23]. Subsets of OTUs found to best represent results from
ordinations on the full set of OTU data were also determined by using the BVSTEP procedure [24] on a
random selection of starting variables. Matches of ordination produced from the subset of OTUs to
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the full set of OTUs were determined by Spearman rank correlation (Rho) of elements from the two
underlying Bray-Curtis similarity matrices.

Alpha diversity metrics were calculated using the Shannon diversity (H’) index, Pielou’s Evenness
(J’) and Number of taxa (S) using DIVERSE (PRIMER6 PRIMER-E Ltd., Ivybridge, UK). Using the
Shapiro-Wilk test implemented within the RStudio software (Version 1.1.456, Boston, MA, USA),
those alpha diversity metrics that were found to be not normally distributed were analysed using
a non-parametric analysis, the Kruskal-Wallis test, with corrections for multiple tests using false
discovery rate (FDR) with p-value threshold of 0.05. Alpha diversity metrics were found to be normally
distributed and were analysed using analysis of variance (ANOVA).

3. Results

3.1. Body Weight

No significant difference between weights were visible at 13 days of age for animals treated with
CF (5.42 + 0.18 kg) vs those not treated with CF (5.04 + 0.37 kg; p > 0.05). Additionally, no treatment
differences existed between treatments at 18 days of age (no CF: 6.82 + 0.45 kg, CF: 7.22 + 0.34 kg,
cffresh: 7.09 + 0.39 kg, cffrozen: 6.49 + 0.36 kg; p > 0.05) or for average daily gain to 13 or 18 days of
age (p > 0.05).

3.2. Treatment Effects on Diversity Metrics

No significant differences were observed between genera for ceftiofur (CF) and non-ceftiofur
(no CF)-treated animals for beta diversity metrics at 13 days of age (Global R = 0.181, p = 0.144).
Additionally, no treatment differences existed at 18 days of age for beta diversity metrics (Global
R =0.033, p = 0.255). When assessing bacterial genera richness as measured by Shannon'’s diversity
index, Pielou’s Evenness and the number of genera, no treatment differences were observed between
CF and no CF-treated animals at 13 days and no treatment differences were observed at 18 days of age
(p > 0.05).

3.3. Age Effects on Diversity Metrics

Faecal bacterial genera significantly differed with age (Global R = 0.411, p = 0.001) with all
pairwise comparison being significantly different (day 7 versus day 18 R = 0.635, p = 0.001; day 7
versus day 13 R = 0.494, p = 0.001; and day 13 versus day 18 R = 0.121 p = 0.001). These age-related
differences are graphically presented for the bacterial taxa at the genus level in Figure 1, which also
shows the donor faeces in relation to all piglets in the study and proximity to 13-day old piglet faecal
microbiota. Bacterial genera richness, as measured by Shannon'’s diversity index and the number
of genera, significantly increased with age (p < 0.001; Figure 2). Bacterial community evenness also
increased with age with significant differences observed between day 7 and day 13 or day 18 (p = 0.002;
Figure 2).
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Figure 1. Non-metric multidimensional scaling (nMDS) ordination of faecal bacterial genera from
piglets at 7 (inverted triangle), 13 (circle), and 18 (square) days of age along with donor piglets (diamond).
All nMDS ordinations attempt to place all samples in an arbitrary two-dimensional space such that
their relative distances apart match the corresponding pairwise similarities. Hence, the closer the two
samples are in the ordination, the more similar their overall bacterial communities. “Stress” values
(Kruskal’s formula 1) reflect the difficulty involved in compressing the sample relationship into the

two-dimensional ordination.
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Figure 2. Comparison of bacterial Pielou’s Evenness (A), Number of taxa (B) and Shannon Diversity (C)
between piglets at age 7, 13, and 18 days at genus level. Subscripts of differing letters are significantly
different from one another (P < 0.05).

3.4. Age-Related Taxonomic Composition of Bacterial Communities

The dominant phyla in piglet faecal microbiota were Bacteroidetes, Firmicutes, Fusobacteria,
Proteobacteria, Actinobacteria and Epsilonbacteraeota. However, the proportion of these phyla
decreased with age, collectively representing 98%, 91%, and 80% of the microbiota at day 7, 13, and 18,
respectively. As piglets aged, both the number and overall proportion of less dominant phyla increased
(Figure 3). The average dissimilarity in bacterial phyla between age groups ranged from 23 to 28%.
The main phyla driving significant change in faecal microbiota between 7 and 18 days of age were
increases in Synergistetes, Epsilonbacteraeota, Lentisphaerae, Spirochaetes, Tenericutes, Firmicutes,
and Planctomycetes and decreases in Fusobacteria and Proteobacteria at 18 days of age.
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Figure 3. Cont.
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Figure 3. Pie charts of faecal bacteria phyla present at 7 (A), 13 (B), and 18 (C) days of age.

The average dissimilarity in bacterial families between piglets aged 7 and 18 days was 36%.
Nine age-associated families were confirmed by both the SIMPER (Table 1) and BVSTEP (Figure 4)
analyses, with four (Fusobacteriaceae, Clostridiaceae, Bacteroidaceae, and Enterobacteriaceae) of these
having a strong association with the faecal microbiota of 7 day old piglets and five (Christensenellaceae,
Muribaculaceae, Rikenellaceae, Synergistaceae and Spirochaetaceae) having a strong association with the
faecal microbiota of day 18 piglets. At the genus level, the average dissimilarity in faecal microbiota
between piglets aged 7 and 18 days was 51% (Table S1). Of the genera significantly contributing to
the top 70% of dissimilarity Fusobacterium, Bacteriodes, Lactobacillus, Escherichia-Shigella, Butyricimonas,
Peptostreptococcus, Lachnoclostridium, Actinomyces, Tyzzerella, Veillonella, Ruminococcus, Eisenbergiella,
Enterococcus, Streptococcus, Butyricicoccus, Allisonella, Actinobacillus, and Hungatella were more abundant
in day 7 piglets and Prevotella, Campylobacter, Pyramidobacter, Alloprevotella, Oscillospira, Roseburia,
Alistipes, Dorea, Oscillibacter, Intestinimonas, Treponema, Helicobacter, Sanguibacteroides, Synergistes,
Bilophila, Collinsella, Hydrogenoanaerobacterium, Phascolarctobacterium, Vitivallis, Sphaerochaeta, Blautia,
Faecalibacterium, Mailhella, Sutterella, Holdemanella, Catenibacterium, Romboutsia, and Clostridiodes were
more abundant in the day 18 piglets (Table S1. Of those taxa which could be classified to the
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species level Bacteroides fragilis, Bacteroides uniformis, Clostridium perfringens, Bacteroides vulgarus,
Escherichia coli, Fusobacterium gastrosuis, Bacteroides plebeius, Actinomyces hyovaginalis, Clostridum baratii,
Lactobacillus johnsonii and Lactobacillus mucosae were more abundant in the 7 day old piglets and
Campylobacter jejuni, Megasphaera elsdenii, Lactobacillus reuteri, Lactobacillus salivarius, Lactobacillus
coleohominis, and Sanguibacteroides justesenii were more abundant in 18 day old piglets, contributing
significantly to the top 50% of dissimilarity between these age groups.
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Figure 4. Principal coordinate analysis (PCO) ordination of faecal bacterial families from piglets at
7 (inverted triangle), 13 (circle), and 18 (square) days of age. Overlaid onto the PCO are vectors of the
subset of 24 taxa identified by the BVSTEP procedure (Rho = 0.951, P = 0.001) to best represent the
overall community pattern from the full set of 81 identified families. Vectors indicate the association of
the families with a particular diet. * Uncharacterised family.

Table 1. Family contributing to the top 70% of significant dissimilarity of bacteria between 7 and 18
day old piglets as determined by SIMPER. Overall, average dissimilarity between ages is 36%.

Day 7 Day 18

Family Average Abundance Average Abundance %
Uncharacterised Clostridiales 0.22 1.21 427
Christensenellaceae 0.38 1.37 8.47
Fusobacteriaceae 1.71 0.88 12.59
Muribaculaceae 0.86 1.52 16.25
Clostridiaceae 1.35 0.61 19.56
Prevotellaceae 1.32 1.45 22.5
Uncharacterised Bacteroidales 0.06 0.7 25.32
Synergistaceae 0.02 0.69 28.11
Bacteroidaceae 2.1 1.63 30.86
Lactobacillaceae 14 1.24 33.52
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Table 1. Cont.

Day 7 Day 18

Family Average Abundance Average Abundance %
Campylobacteraceae 0.58 0.83 36.13
Enterobacteriaceae 1.37 1.09 38.62
Rikenellaceae 0.88 1.24 41.03
Marinifilaceae 0.83 0.9 43.36
Ruminococcaceae 1.61 1.94 45.44
Actinomycetaceae 0.58 0.28 47.37
Spirochaetaceae 0.17 0.53 49.29

Victivallaceae 0.16 0.5 51
Enterococcaceae 0.36 0.31 52.7
Helicobacteraceae 0.12 041 54.31
Veillonellaceae 0.88 0.68 55.87
Lachnospiraceae 17 1.75 58.98
Oligosphaeraceae 0.04 0.38 60.52
Coriobacteriaceae 0.51 0.61 62.05
Acidaminococcaceae 0.86 1.13 63.55
Uncharacterised Mollicutes 0 0.36 65.05
Pirellulaceae 0.09 0.38 66.52
Streptococcaceae 0.82 0.58 67.94
Uncharacterised Bradymonadales 0.12 0.33 69.34
Pasteurellaceae 0.63 0.53 70.73

4. Discussion

FMT is an effective tool for the treatment of enteric clostridial disease in humans [1,9]. Consequently,
this study aimed to provide a proof of concept for the use of FMT in pigs. An antibiotic was administered
to piglets with the aim of disrupting their gastrointestinal microbiota and either fresh or frozen FMT
was applied to re-establish a normal microbiota. The results showed that faecal diversity increased
with age. However, the antibiotic administration had no impact on the faecal microbiota, and in
contrast to our hypothesis, FMT had no effect on altering the faecal microbiota of piglets at weaning.

In the present study, the faecal microbiota of piglets increased in diversity and richness as age
increased, irrespective of treatment. This finding is supported by the literature [25,26]. It is well
established that the period preceding birth is the point whereby human neonates develop their
gastrointestinal microbiome [27,28]. As such, an increase in microbial species number and diversity
during the weeks following birth is expected. This early period is considered the most critical time
for human gastrointestinal microbiome development, with disruptions to the microbiome during
this time having consequences for long-term health [29]. Interestingly, we are aware of no research
to date that has identified a critical time period for gastrointestinal microbiome development for
the pig. However, it is well established that the main factors influencing the development of the
microbiota of piglets as they age are the environment and diet to which they are exposed [30,31].
It is evident from the present study that large changes in microbial composition and diversity occur
within the first two weeks following birth and then undergoes little change during the last week
prior to weaning. It is interesting that such a large shift occurs between 7 and 13 days in the present
study as no change in environment occurred during this time and the piglets had no access to creep
feed throughout lactation. It is possible that the piglets may have been able to access the sow’s feed,
however, previous research investigating creep feed usage suggests that feed consumption is low and
variable with it increasing linearly from 2 weeks of age [32]. Although the present study did not go
beyond weaning, in other studies investigating the microbiota of piglets post-weaning, the microbiota
continues to undergo changes beyond 18 days of age [26,33]. This is to be expected as the diet changes
significantly post-weaning. Alternately, piglets are known to exhibit coprophagy [34], which in turn
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would aid in the development of the microbiota and suggests that this change may be a function of
natural gut maturation as piglets age.

One of the main differences observed with age at the phyla level were increased Synergistetes and
decreased Fusobacteria. Interestingly, unlike in the present study, Fusobacteria and Synergistetes were
not observed in the faeces of 21 day old nursed piglets in a study conducted by Guevarra, et al. [26].
Furthermore, Spirochaetes which were classified as one of the main phyla in the study conducted
by Guevarra, et al. [26], were present only in low amounts in the present study. Additionally,
McCormack, et al. [35] found similar findings to Guevarra, et al. [26], whereby Fusobacteria were
only found in small amounts and Synergistetes were not documented in piglets prior to weaning.
Although no production differences can be observed between studies, this provides further evidence to
demonstrate that the microbiota of individuals not only differs with age but also differs between farms
and locations, suggesting environmental and possibly genetic components. Similar to other studies,
Bacteriodetes and Firmicutes were the two most abundant phyla present at all age stages prior to
weaning. Although the ratio of Bacteriodetes to Firmicutes was similar in the present study, they were
present in comparatively much lower amounts.

Of the potentially pathogenic bacteria detected in the faeces of piglets, it is evident that younger
aged piglets had significantly more Escherichia-Shigella than those at 18 days of age. Other potentially
pathogenic bacteria detected were Streptococcaceae, Fusobacterium, and Bacteroides however these are
also common gut commensals so their presence would be expected, and it is not until an imbalance of
bacteria occurs that they may exhibit a more pathogenic nature. However, Clostridia was also detected
which has the potential to be an opportunistic pathogen. It is known that an increase in bacterial
diversity is generally associated with a reduction in diarrhea in pigs [36] and improved gastrointestinal
health in humans [30]. It is important to note that the E. coli-Shigella detected may be commensal strains
and not necessarily pathogenic, and the fact that these bacteria decrease as pigs age may be a byproduct
of the natural increase in microbial diversity as pigs age and their gastrointestinal tract matures.

It is well established that the administration of antibiotics to animals alters their gastrointestinal
microbiota, with marked reductions in population diversity being detected in the faeces from 7 days
post-treatment [37]. However, this response did not occur within the present study. Those animals
that received antibiotics via an intramuscular injection at 7 days of age showed no differences in
Shannon diversity, Pielou’s evenness or number of taxa 6 or 11 days after antibiotic administration.
This indicates that those animals that were treated with antibiotics had a similar community structure
to one another. However, regardless of antibiotic exposure they were both equally as diverse, even in
distribution, and had a similar number of taxa composing them. These findings contrast with
Gao, et al. [37], who observed a significant reduction in Shannon diversity and evenness within
the faecal microbiota of pigs provided with in-feed antibiotics 7 days after the beginning of the
treatment. Although that study differed from the present study as to the antibiotic type, route,
and duration of administration, a change to diversity and evenness of the faecal microbiota would
still have been expected. Janczyk, et al. [8], noted differences in the faecal microbiota 5 weeks after
administering one dose of intramuscular amoxicillin to a 1-day old piglet. However, the latter study
did not investigate how quickly the differences became established. More recently, Ruczizka, et al. [38]
observed differences in the microbiota of piglets given a single intramuscular injection of ceftiofur
12 h post-partum, with differences evident at 12, 28 and 97 days of age. This approach was conducted
in a more similar manner to the one implemented in the current study, therefore, it is likely that our
inability to detect an effect of antibiotic may be due to a need for a longer period of time after antibiotic
administration in order to see a change in the faeces. Additionally, Ruczizka, et al. [38], also observed
sex-specific differences and had 16 piglets of each sex per treatment. So, the lower number of replicates
in the present study may have impacted the results.

FMT has been demonstrated to be an effective tool in the treatment of Clostridium difficile infections
in humans [9], with studies showing that FMT changes the microbiota of the sick recipient to become
more similar to that of the faeces they were treated with [39]. Even more recently within the pig
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industry, investigation into the use of FMT as a tool for improving feed conversion efficiency has
been conducted. However, contradictory results have been observed, with some showing positive
and other negative impacts on feed conversion efficiency of the treated pigs. It has been suggested
that the donor faeces used impacted the outcomes observed [35,40]. In contrast to previous studies,
no differences in faecal microbiota were observed between treatments in the current study. This may
be due to not enough time being allowed after FMT for a greater change to be observed, and suggests
that the administration of a single FMT to 13-day old piglets does not produce changes in the faecal
microbiota to weaning at 18 days of age, or our replicates were insufficient to assess this. Studies
conducted in humans investigating FMT as a treatment for Clostridium difficile infections found that
one to two FMT doses was sufficient [1,9]. However, unlike the studies in humans where the patient’s
microbiome would have been unstable due to the excessive antibiotic use beforehand, the microbiota of
our recipient piglets would have been relatively stable, and the antibiotic had no impact on the piglet’s
faecal microbiota. Therefore, it is likely that the ability for the donor faeces to competitively exclude
the bacteria already present within the GIT would have been limited. Furthermore, the donor animals
used for the preparation of the FMT were a similar age to those animals that were receiving the FMT.
Therefore, because the antibiotics had no effect on the microbiota as expected, the FMT given may not
have been different enough from the piglets receiving it to see an effect. Overall, further research is
likely necessary in order to understand the best timing for dosing with FMT and the likely number of
FMT doses required in order to create a long-lasting change within the microbiota of piglets.

5. Conclusions

Significant differences in faecal bacterial communities associated with age were observed.
Specifically, a reduction in the dominant phyla, particularly Fusobacteria and Proteobacteria, and an
increase in less dominant phyla by 18 days of age. However, the finding that animals treated with
the antibiotic ceftiofur had no reduction in alpha diversity metrics was unexpected, as other studies
have shown that antibiotics reduced both alpha and beta diversity metrics. Additionally, FMT had no
influence on piglets to weaning, which may be attributed to the fact that antibiotic administration did
not disrupt the microbiota as initially intended and the donor faeces used may not have been different
enough to elicit an effect that was detectable. Although no treatment effect was observed, information
regarding microbial membership in the pre-weaning period for piglets was gained.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/5/762/s1,
Table S1: Genus contributing to the top 70% of significant dissimilarity of bacteria between day 7 and 18 age
groups as determined by SIMPER. Overall average dissimilarity between ages is 51%.
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Table S1: Genus contributing to the top 70% of significant dissimilarity of bacteria between day 7 and 18 age groups as determined by SIMPER. Overall average

dissimilarity between ages is 51%.

Day 7 Day 18
Phyla Class Order Family Genus Average Average %
Abundance  Abundance
Actinobacteria Actinobacteria Actinomycetales Actinomycetaceae Actinomyces 0.57 0.24 0.74
Coriobacteriia Coriobacteriales Coriobacteriaceae Collinsella 0.51 0.61 0.57
Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 2.1 1.63 1.03
Marinifilaceae Butyricimonas 0.82 0.81 0.9
Sanguibacteroides 0.08 0.42 0.59
CAG-873 0.01 1.1 1.68
Marinifilaceae 0.38 0.78 0.91
Marinifilaceae 0.78 1.04 0.97
p-2534-18B5 gut group 0.06 0.7 1.04
Prevotellaceae Alloprevotella 0.46 0.83 0.89
Prevotella 2 0.95 1.11 1.3
Prevotella 7 0.22 0.42 0.56
Prevotellaceae NK3B31 group 0.62 0.68 0.77
Prevotellaceae UCG-003 0.26 0.64 0.89
Prevotellaceae UCG-004 0.11 0.48 0.68
Prevotellaceae 0.64 0.52 0.89
Prevotellaceae 0.27 0.42 0.55
Rikenellaceae Alistipes 0.39 0.62 0.77
dgA-11 gut group 0.04 0.38 0.56
RC9 gut group 0.79 117 0.95
Epsilonbacteraeota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter 0.58 0.83 0.97
Helicobacteraceae Helicobacter 0.12 0.41 0.6
Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 0.36 0.31 0.64
Lactobacillaceae Lactobacillus 14 1.24 1
Streptococcaceae Streptococcus 0.82 0.58 0.53
Firmicutes Clostridia Clostridiales Christensenellaceae Christensenellaceae R-7 group 0.38 1.36 1.56
Clostridiaceae Clostridium sensu stricto 1 1.16 0.58 1
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Clostridiales vadinBB60 group
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Lachnospiraceae
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Peptostreptococcaceae

Ruminococcaceae
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Clostridium sensu stricto 2

[Eubacterium] nodatum group
Family XIII AD3011 group
[Eubacterium] fissicatena group
[Ruminococcus] gauvreauii group
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0.92
0.05
0.18
0.29
0.15
0.92
0.32
0.44
0.51
0.73
0.56
1.44
0.15
0.07
0.11
0.2

0.47
0.59
0.3

0.66
0.48
1.14
0.59
0.08
0.23
0.38
0.62
0.12
0.22
0.57
0.51
0.75
0.26
0.22

0.14
0.67
115
0.46
0.59
0.61
0.53
0.49
0.72
0.45
0.43
1.43
0.39
0.31
0.4
0.74
0.51
0.31
0.13
0.21
0.55
1.14
0.48
0.33
0.35
0.64
0.97
0.52
0.65
0.83
1.01
1.24
0.54
0.83

1.31
0.97
1.56
0.51
0.72
0.67
0.68
0.51
0.72
0.65
0.48
0.75
0.53
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0.56
0.98
0.78
0.72
0.47
0.81
0.47
0.62
0.51
0.5
0.45
0.56
0.66
0.7
0.83
0.71
0.9
1.04
0.72
0.98
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Ruminococcus 2
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Erysipelotrichaceae UCG-004
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0.52
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0.04
0.09
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0.32
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0.06
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1.37
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0.13
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0.83
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0.45
0.48
0.97
0.33
0.47
0.56
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1.1
0.12
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0.5
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0.6
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0.55
0.52
0.57
0.5
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0.94
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Abstract: Weaning is a stressful time for piglets, often leading to weight loss and is associated with
increased morbidity and mortality. A leading cause for these post-weaning problems is enteric

dysbiosis and methods to improve piglet health at this crucial developmental stage are needed.

This study aimed to determine whether an enteric dysbiosis caused by weaning could be corrected
via a faecal microbiota transplantation (FMT) from healthy piglets from a previous wean. Two or
four focal piglets per litter were assigned to one of two treatments; FMT two days post weaning
(n = 21; FMT) or a control which received saline two days post weaning (1 = 21; CON). FMT consisted
of homogenised donor faeces administered orally at 3 mL/kg. Weaning occurred at 18 days of age
and weights and faecal samples were collected on days 18, 20, 24 and 35. 16S rRNA amplicon
analysis was used to assess the faecal microbiota of piglets. FMT increased Shannon’s diversity post
weaning (p < 0.001) and reduced the scratch score observed at 24 days of age (p < 0.001). The bacterial
populations significantly differed in composition at each taxonomic level. In FMT pigs, significant
increases in potentially pathogenic Escherichia coli were observed. However, increases in beneficial
bacteria Lactobacillus mucosae and genera Fibrobacteres and Bacteroidetes were also observed in FMT
treated animals. To our knowledge, this is the first study to observe a significant effect on piglet faecal
microbiota following a single FMT administered post weaning. Therefore, FMT post weaning can
potentially alleviate enteric dysbiosis.

Keywords: pigs; weaning; enteric dysbiosis; microbiota transplantation; enteric microbiota

1. Introduction

Weaning is one of the most stressful times in a piglet’s life. It involves separation from the
sow, a change in diet from primarily milk to solid feed and the mixing of litters [1]. As a result of
this stress, piglets have reduced daily feed intake following weaning which results in villus atrophy,
increased intestinal permeability and may result in post-weaning diarrhoea (PWD) [2]. Much research
has investigated ways for making the weaning transition easier for piglets, including provision
of creep feed during lactation [3] and the inclusion of ZnO or in-feed antibiotics in post weaning
diets as a preventative for PWD [4,5]. Research has demonstrated some benefit from creep feeding;
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however, with weaning ages as young at 18 to 21 days, the impact of feeding creep is minimal [3].
While ZnO provides benefits to piglets by reducing PWD and increasing growth performance, it is an
environmental pollutant and as such its use is restricted in some countries [6]. Both antibiotics and high
levels of ZnO are associated with antimicrobial resistance [7] and this necessitates the development
of alternatives.

Microbiota are communities of microorganisms colonising all body surfaces. These microorganisms
include bacteria, fungi, archaea and viruses [8,9]. The microbiota within the gastrointestinal tract
has been demonstrated to be involved in nutrient metabolism and immune system development and
function, and disruptions of the microbiota cause long-term health problems [10]. Some of these
problems include necrotising enterocolitis, a reduced immune response following infection and an
associated higher susceptibility to disease, reduced growth and diarrhoea in pigs [11-14]. As such,
the development or maintenance of a healthy gut microbiota is important for health and survival.

One method that has been successful for the treatment of enteric diseases such as Clostridium difficile
infections in humans is faecal microbiota transplantation (FMT) [15]. FMT was first described by Ge
Hong in fourth century China for treating food poisoning and severe diarrhoea [16]. FMT involves
transferring faeces from a healthy donor to a sick recipient with the aim of re-establishing a healthy
microbiota through the competitive exclusion of pathogenic bacteria. The aim of the present study was
to determine whether a dysbiosis caused by weaning could be corrected via FMT from healthy piglets
from a previous weaning. We hypothesised that the microbiota of the donor pigs would be in a state
optimal for the post-weaning changes of diet and environment, therefore providing a benefit to the
naive, newly weaned piglet. As a result, the weaning stress associated with enteric dysbiosis would be
corrected by administration of FMT post weaning.

2. Materials and Methods

All procedures were conducted at the University of Adelaide Roseworthy piggery with the
approval of the University of Adelaide’s Animal Ethics Committee (AEC number: 5-2017-063).

2.1. Experimental Design and Sample Collection

A total of 19 Large White x Landrace sows (parities 2 to 4; mean + standard deviation: 2.8 + 0.8)
were used in the study. All sows were group housed during gestation and received no antibiotics.
Sows were moved into the farrowing house at day 110 of gestation where they received a commercial
lactation diet (14.2 M]J DE/kg) twice daily and had free access to water. Prior to farrowing, sows
were fed 2.5 kg/d, which was gradually increased to 7 to 8 kg/d by day 7 after farrowing. Two days
before their due date, sows were induced to farrow using split-dose vulva injections of cloprostenol
(125 pg at 7 a.m. and 2 p.m.). At weaning (18 days of age), 2 or 4 male piglets per sow were selected at
random to be focal pigs and were assigned equally to one of two treatments:

e  FMT: Faecal transplant administered two days post weaning (n = 21; FMT)
e  Control: Saline administered two days post weaning (n = 21; CON)

To ensure that the effect of sow was not confounding, the focal piglets per litter were assigned
equally to treatments. Sows farrowed over two days and piglets were cross fostered to achieve
10 or 11 piglets per litter 24 h post-partum. Weaning occurred on day 18. Focal piglets were weaned
into two pens with slatted flooring according to their treatment. Both pens were in the same room
and had a walkway separating them to prevent faecal transfer between pens. Heat lamps were set
over one corner of the pens and feeders were placed in the other. Piglets had ad libitum access to
antibiotic-free weaner feed (14.5 MJ DE/kg) and water throughout the experiment. All focal piglets
were individually weighed at 3, 18, 20, 24 and 35 days of age. Faecal samples were collected from
each focal piglet at weaning (18 days), prior to FMT (20 days of age) and 4 and 15 days post FMT
(age 24 and 35 days). Faeces were placed on ice immediately, transported to the laboratory within 4 h
and stored at —80 °C. For FMT, donor faeces were collected from eight clinically healthy male piglets
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from a previous weaning (7 weeks old) and blended 1:2 with saline. Donor piglets were housed in
a slatted floored pen with ad libitum access to antibiotic-free feed and had no previous contact with
antibiotics or antibiotic-treated animals. All faecal blends were collected within an hour of FMT and
were at room temperature before being delivered by oral gavage at 3 mL/kg [16]. Piglets were fasted
for 3 h before FMT to minimise gastric acidity. All piglets were monitored for any adverse reactions,
such as vomiting, but none were noted. Scratch scores as an indicator of fighting and the presence of
diarrhoea were recorded each time the piglets were weighed post weaning. Diarrhoea was defined as
the presence of liquid faeces as described previously [17] and scratch scores were recorded based on
the system used by Seyfang et al. [18]. A schematic of the experimental timeline can be seen in Figure 1.

Weaning FMT
Lactation Post-weaning
[ N
Day 0 Day 3 Day 18 Day 20 Day 24 Day 35
Farrowing Focal piglet Weights & faecal Weights, scratch Weights, scratch Weight, scratch

weights collection score, presence of score, presence of score, presence of
diarrhoea & faecal diarrhoea & faecal diarrhoea & faecal

collection collection collection

Figure 1. Schematic of the experimental timeline. Piglets were divided into two groups at weaning,
control animals (CON; n = 21) or faecal microbiota transplantation (FMT; n = 21), the FMT procedure is
described in the materials and methods section. On day 3, 18, 20, 24 and 35, all piglets were weighed.
Faecal samples, scratch scores and diarrhoea incidence were collected from day 18 onwards as stated in
the figure above.

2.2. DNA Extraction and 165 rRNA Amplicon Sequencing

Total nucleic acid was extracted from freeze dried piglet faecal samples using a proprietary method
(South Australian Research and Development Institute, Adelaide, Australia) [19-21]. The V3-V4 region
of the 165 rRNA gene was sequenced using the illumina MiSeq platform using 300 bp paired end reads
(forward primer: CCTAYGGGRBGCASCAG and reverse primer: GGACTACNNGGGTATCTAAT),
following a standard protocol by the Australian Genome Research Facility for next generation
sequencing (Melbourne, Australia). The obtained reads are available under the accession number
PRJNA634575 of the Sequence Read Archive of the NCBI. For bioinformatic analysis of raw sequence
data performed by AGREF, the paired-end sequences were merged by aligning the forward and reverse
reads using PEAR v0.9.5 [22] and the primers were identified and trimmed. All trimmed sequences
were processed using Quantitative Insights into Microbial Ecology (QIIME 1.8) [23], USEARCH
(version 8.0.1623) [24,25], and UPARSE software [26]. Sequences were quality filtered and full-length
duplicate sequences were removed and sorted by abundance. Singletons or unique reads in the dataset
were discarded. Additionally, chimeric sequences were clustered and removed using the “rdp_gold”
database as the reference. Sequences were grouped into operational taxonomic units (OTUs) based on
97% sequence similarity. Using QIIME, taxonomy was assigned using the Silva database v132 [27].

2.3. Statistical Methods

All data were tested for the normality of residuals and outliers before analysis, no outliers were
found or removed, and all weight and average daily gain data were normally distributed. Outliers were
defined as data points greater than two standard deviations from the mean and were deemed as
aberrant data. All weight, average daily gain, diarrhoea incidence and scratch score data were analysed
using SPSS, v26 (IBM, Armonk, NY, USA). A linear mixed model with repeated measures design
was used to assess the effect of treatment on piglet weight and average daily gain. The fixed effects
included in the model were treatment, age and treatment*age, with age specified as the repeated
measure. Scratch score data were analysed using a generalised linear model, repeated measures design
with a Poisson distribution, and diarrhoea incidence data were analysed using a generalised linear
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model, repeated measures design with a binary logistic regression using the same model. Data were
expressed as estimated marginal means + standard error of the mean, and a p-value threshold of 0.05.

Multivariate statistical techniques (PRIMER6, PRIMER-E Ltd., Ivybridge, UK) were used to analyse
the faecal 16S rRNA bacterial taxonomic data. Similarities between faecal bacterial communities of
piglets from the 16S rRNA data metrics were analysed using Bray—Curtis measures of similarity [28],
following standardisation and fourth-root transformation. Analysis of similarity (ANOSIM) [29]
was used to test if there were significant treatment and age differences between faecal bacterial
communities. In order to determine which individual bacterial taxa contributed most to the overall
dissimilarity among treatment and age groups, similarity percentages (SIMPER) [29] analyses were
done and the overall average dissimilarity between piglet faecal bacterial communities were calculated.
The contributions (%) of significant OTUs (average dissimilarity/standard deviation > 1) to the top 60%
of the average dissimilarities were calculated. Non-metric multidimensional scaling (nMDS) [30,31]
was done to graphically illustrate relationships between ages.

Alpha diversity metrics; Shannon diversity (H’) index, Pielou’s evenness (J’) and number of taxa
(S) were calculated using DIVERSE (PRIMER6 PRIMER-E Ltd., Ivybridge, UK). Normality was tested
within RStudio software (Version 1.1.456, Boston, MA, USA) using the Shapiro-Wilk test. Those alpha
diversity metrics that were found to be normally distributed were analysed using an analysis of
variance (ANOVA) and those not normally distributed were analysed using the Kruskal-Wallis test,
with corrections for multiple tests using false discovery rate (FDR) and a p-value threshold of 0.05.

3. Results

3.1. Production Characteristics

No significant differences in piglet weights were evident between treatments at 24 (CON:
6.8 £ 0.2 kg, FMT: 6.5 + 0.2 kg; p = 0.391) and 35 (CON: 9.0 + 0.3 kg, FMT 8.9 + 0.3 kg; p = 0.776) days of
age. Average daily gain was higher for control animals from 20 to 24 days of age (CON: 0.07 + 0.01 kg,
FMT: 0.02 + 0.01 kg; p = 0.003), but no significant difference between treatments was observed for
average daily gain between 24 and 35 days of age (CON: 0.20 + 0.02 kg, FMT: 0.21 + 0.02 kg; p = 0.664).
A post-weaning growth check was observed for piglets regardless of treatment; average daily again
from 3 days old to weaning (18 days) was 0.30 + 0.01 kg, from weaning to 20 days was —0.12 + 0.01 kg,
20 to 24 days old was 0.04 + 0.01 kg and from 24 to 35 days of age was 0.21 + 0.01 kg. No significant
difference for the occurrence of diarrhoea was observed at 24 days or 35 days of age (25% CI (14, 40)
and 0.9% CI (0.01, 88), respectively; p = 0.385). Those animals treated with a faecal transplant had
significantly lower scratch scores at 24 days of age when compared to control animals (CON: 0.86 + 0.19,
FMT: 0.05 + 0.04; p < 0.001).

3.2. Age Related Effects

On average, 50,578 16S rRNA sequenced reads were retained after quality control per faecal
sample. Faecal bacterial genera significantly differed as piglets aged, with all age-wise comparisons
being different (Global R = 0.538, p < 0.001; Figure 2). Alpha diversity metrics such as Shannon’s
diversity, Pielou’s evenness and number of taxa, differed between ages (p < 0.001; Figure 3). Shannon’s
diversity and number of taxa increased from 18 to 20 days of age (p < 0.001), thereafter decreasing to
levels similar to 18-day-old animals by 35 days of age. Pielou’s evenness increased significantly as
piglets aged (p < 0.001; Figure 3).

The dominant phyla in the faecal microbiota of piglets at 18 days of age were Bacteroidetes (26.69%),
Firmicutes (29.72%), Proteobacteria (15.67%), Fusobacteria (6.30), Actinobacteria (6.22%) Synergistetes
(3.78%), Tenericutes (3.34%), and Spirochaetes (2.61%). These made up 94.55% of all bacteria found
in piglet faeces at 18 days of age, with 10 bacterial phyla comprising the remaining 5.45% (Figure 4).
The proportions of these phyla changed with age, collectively representing 91.51%, 90.95%, 92.24% at
20, 24 and 35 days of age, respectively. The three most dominant phyla represented as piglets aged
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(Bacteroidetes, Firmicutes and Proteobacteria) remained the same; however, Fusobacteria, which was
the fourth most abundant phylum at 18 and 20 days of age, declined and was not represented at
35 days of age. The average dissimilarity in bacterial phyla between age groups ranged from 18 to 24%.
The main phyla driving significant change between 18 and 35 days of age were increases in Spirochaetes,
Tenericutes, TM7, Bacteroidetes, Deferribacteres and Fibrobacteres, and decreases in Fusobacteria,
Proteobacteria, Synergistetes, Lentisphaerae and Firmicutes at 35 days of age.
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Figure 2. nMDS ordination of faecal bacterial genera from piglets at 18 (triangle), 20 (inverted triangle),
24 (square) and 35 (diamond) days of age. nMDS ordinations attempt to place all samples in an
arbitrary two-dimensional space such that their relative distances apart match the corresponding
pairwise similarities. Hence, the closer the two samples are in the ordination, the more similar their
overall bacterial communities. “Stress” values (Kruskal’s formula 1) reflect the difficulty involved in
compressing the sample relationship into the two-dimensional ordination.

4.8 b a b b
0.970 ab .

g46] a b ] a 1 g1 ac ab
3 . £ 0.965 8 c
2 & <
844 S ]
c W 0.960 5 100
5 o
£ 3 s E
§42 B 0.955 . E}
7] [ Z 75

40 0.950 :

18 20 24 35 18 20 24 35 18 20 24 35
Age Age Age
(@) (b) ()

Figure 3. Comparison of Shannon diversity (a), Pielou’s evenness (b), and number of taxa (c) between
piglets at age 18, 20, 24 and 35 days at the genus level. Means with different superscripts (a, b, c) are
significantly different (p < 0.05).

At the genus level, the average dissimilarity in faecal microbiota between 18- and 35-day-old
piglets was 44.21%. Of the genera significantly contributing to the top 60% of dissimilarity, Bacteroides,
Butyricimonas, Escherichia, Parabacteroides, Fusobacterium, Lactobacillus, Bilophila, Oscillospira, Enterococcus,
Clostridium, Ruminococcus, Veillonella, Streptococcus, Rothia and Collinsella were more abundant at
18 days and Roseburia, Prevotella, Lachnospira, Succinivibrio, Lachnobacterium, Treponema, Anaerovibrio,
Sarcina, Bulleidia, Coprococcus, Butyrivibrio, Mitsuokella, Megasphaera, Faecalibacterium, Campylobacter,
Acidaminococcus, Catenibacterium, Turicibacter and Dialister were more abundant at 35 days. Of the
taxa which could be classified to the species level, Bacteroides fragilis, Escherichia coli, Parabacteroides
distansonis, Lactobacillus delbrueckii, Clostridium perfringens, Streptococcus luteciae, Clostridium hathewayi,
and Bacteroides uniformis were more abundant in the 18 day old piglets and Prevotella copri, Roseburia
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faecis, Faecalibacterium prausnitzii, Prevotella stercorea, Ruminococcus bromii, and Ruminococcus flavefaciens
were more abundant in 35 day old piglets, contributing to the top 50% of dissimilarity between
these groups.
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Figure 4. Abundance (%) of bacterial phyla present in the faeces of pigs at 18, 20, 24 and 35 days of age.
The bacterial phlya within the legend are arranged in the same order as they appear in the bar chart.

3.3. Donor Sample Composition

The main phyla present within the pooled homogenate of eight donor pigs were Actinobacteria,
Bacteroidetes, Fibrobacteres, Firmicutes, Proteobacteria, Spirochaetes, TM7 and Tenericutes. Of the
taxa that could be identified to genus level, the top 6 bacteria present were Prevotella (60.16%),
Roseburia (6.36%), Oscillospira (2.63%), Faecalibacterium (1.7%), Lachnospira (1.54%) and Dialister (1.06%),
while 53 other genera comprised the remaining bacteria present and all individually represented
less than 1% of the total bacteria present. Of the taxa that could be identified to species level, the
donor sample homogenate contained Prevotella ruminicola, Streptococcus luteciae, Defluviitalea saccharophila,
Bacteroides plebeius, Helicobacter equorum, Clostridium hathewayi, Asteroleplasma anaerobium, Coprococcus eutactus,
Ruminococcus callidus, Oxalobacter formigenes, Clostridium piliforme, Eubacterium biforme, Mitsuokella multacida,
Lactobacillus reuteri, Butyricicoccus pullicaecorum, Ruminococcus gnavus, Faecalibacterium prausnitzii,
Roseburia faecis, Collinsella aerofaciens, Escherichia coli, Eubacterium cylindroides, Lactobacillus mucosae,
Ruminococcus flavefaciens, Ruminococcus bromii, Desulfovibrio D168, Prevotella stercorea and Prevotella copri.

3.4. Treatment by Age Effects

Faecal bacterial genera differed between treatments at 24 (Global R = 0.168, p = 0.002; Figure 5)
and 35 days of age (Global R = 0.110, p = 0.001; Figure 5). For alpha-diversity metrics, Shannon’s
diversity was also different between treatments in both age groups (p < 0.001; Figure 6), while Pielou’s
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evenness and number of taxa only differed with treatment in the 24-day-old piglets (p = 0.040 and

p < 0.001, respectively; Figure 6).
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Figure 5. nMDS ordination of faecal bacterial genera from control (square) and FMT (circle) piglets at
(A) 24 days of age and (B) 35 days of age.
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Figure 6. Comparison of Shannon diversity (a), Pielou’s evenness (b), and number of taxa (c) between

piglets in treatments CON and FMT at 24 and 35 days of age at the genus level. Means with different
superscripts (a, b, c) are significantly different (p < 0.05).

The main phyla driving the change between treatments at 24 days of age were increases in
Spirochaetes, Deferrbacteres, Synergistetes, TM7, Elusimicrobia, WPS-2, Fibrobacteres, Tenericutes,
Firmicutes, Verrucomicrobia and Lentisphaerae, and decreases in Proteobacteria, Bacteroidetes and
Chlamydiae for those animals treated with FMT. The main phyla driving the difference between
treatments at 35 days of age were an increase in Proteobacteria, Deferribacteres, Fibrobacteres,
Elusimicrobia, Actinobacteria and Bacteroidetes and decreases in Spirochaetes, TM7, Synergistetes,
Terenicutes, Verrucomicrobia and Firmicutes for those animals treated with FMT.

The average dissimilarity in bacterial genera between treatments in piglets at 24 days of age was
27% (Table 1). Of those taxa which could be classified to genus level and significantly contributed to
the top 60% of dissimilarity, Acidaminococcus, Dorea, YRC22, Butyrivibrio, Pyramidobacter, Mucispirillum,
Streptococcus, Actinobacillus, Anaerovibrio, Butyricimonas, Oscillospira, Lachnobacterium, SMB53, Fibrobacter,
Lachnospira and rc4-4 were more abundant in animals treated with the faecal transplant and
Succinivibrio, Prevotella, Mitsuokella, Lactobacillus, Faecalibacterium, Megasphaera, Catenibacterium,
Collinsella and Roseburia were more abundant in control animals of the same age. The average
dissimilarity in bacterial genera between treatments in piglets aged 35 days was 22% (Table 2).
Of those taxa which could be classified to genus level and significantly contributed to the top 60%
of dissimilarity, Dialister, Shuttleworthia, Acidaminococcus, Mitsuokella, Campylobacter, Megasphaera,
Catenibacterium, Bulleidia, Streptococcus, Mucispirillum, Actinobacillus, Anaerostipes, Faecalibacterium,
Escherichia, Ruminococcus, Fibrobacter, Collinsella, Oscillospira and L7A_E11 were more abundant in
animals treated with the faecal transplant and Succinivibrio, Treponema, Lachnobacterium, Sarcina,
Prevotella, Roseburia, Phascolarctobacterium, Parabacteroides, YRC22, rc4-4, SMB53, Lachnospira, Dorea,
p-75-a5, CF231, Oxalobacter and Coprococcus were more abundant in control animals.
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Table 1. Genus contributing to the top 60% of significant dissimilarity of bacteria between FMT and CON at 24 days of age as determined by similarity percentages
(SIMPER). Overall average dissimilarity between treatments is 27%.

Group FMT Group CON

Phyla Class Order Family Genus Average Abundance Average Abundance %
Actinobacteria Coriobacteriia Coriobacteriales Coriobacteriaceae Collinsella 0.26 0.27 0.69
Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 0.82 0.68 1.24
Odoribacteraceae Butyricimonas 0.27 0.25 0.75
p-2534-18B5 0.46 0.29 1.09
Paraprevotellaceae YRC22 0.61 0.38 0.94
CF231 0.9 0.9 0.81
Porphyromonadaceae Parabacteroides 1.02 0.79 1.25
Paludibacter 0.37 0.24 1.18
Prevotellaceae Prevotella 2.12 231 1.13
Prevotella 1.19 1.03 1.09
Prevotellaceae 0.69 0.58 0.82
RF16 047 0.36 0.81
Rikenellaceae 0.25 0.2 0.73
524-7 1.77 1.64 0.99

Deferribacteres Deferribacteres Deferribacterales Deferribacteraceae Mucispirillum 0.4 0.21 0.8
Elusimicrobia Elusimicrobia Elusimicrobiales Elusimicrobiaceae 0.26 0.12 0.77
Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter 0.36 0.22 0.7
Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.46 0.5 0.98
Streptococcaceae Streptococcus 0.41 0.32 0.78
Clostridia Clostridiales Christensenellaceae 1.1 0.9 1.27
Clostridiaceae Sarcina 0.82 0.67 1.02
Clostridiaceae 0.49 0.41 0.81
SMB53 0.48 0.37 0.72
Lachnospiraceae 1.43 12 116
Shuttleworthia 0.37 0.13 1.02
Dorea 0.75 0.63 0.96
Butyrivibrio 0.54 04 0.94
Lachnobacterium 0.38 0.25 0.73
Roseburia 0.84 0.93 0.69
Lachnospira 0.71 0.65 0.69

Mogibacteriaceae 0.82 0.72 0.8
Peptococcaceae rcd-4 0.33 0.26 0.66
Ruminococcaceae Faecalibacterium 1.01 1.14 091
Oscillospira 1.52 1.45 0.73
Ruminococcaceae 1.69 1.56 0.66
Veillonellaceae Mitsuokella 0.43 0.53 1.07
Dialister 0.54 0.2 1.06
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Table 1. Cont.
Group FMT Group CON
Phyla Class Order Family Genus Average Abundance Average Abundance %
Veillonellaceae 0.63 0.61 1
Acidaminococcus 0.57 0.43 0.98
Megasphaera 0.63 0.64 0.9
Anaerovibrio 0.95 0.91 0.75
Clostridiales 1.07 0.91 1.01
Clostridiales 1.17 1.02 0.66
Firmicutes Erysipelotrichi Erysipelotrichales Erysipelotrichaceae p-75-a5 0.77 0.67 0.82
Catenibacterium 0.65 0.71 0.8
Proteobacteria Alphaproteobacteria RF32 0.33 0.21 0.82
Alphaproteobacteria 0.3 0.16 0.76
Deltaproteobacteria GMD14H09 0.72 0.68 1.1
Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter 0.91 0.75 1.08
Gammaproteobacteria Aeromonadales Succinivibrionaceae Succinivibrio 1.18 1.44 1.85
Succinivibrionaceae Ruminobacter 0.63 0.39 1.51
Succinivibrionaceae 0.52 0.15 15
Enterobacteriales Enterobacteriaceae Escherichia 0.76 0.54 1.33
Pasteurellales Pasteurellaceae Actinobacillus 0.37 0.3 0.76
Spirochaetes Spirochaetes Spirochaetales Spirochaetaceae Treponema 131 116 114
Synergistetes Synergistia Synergistales Dethiosulfovibrionaceae Pyramidobacter 0.36 0.26 0.87
Dethiosulfovibrionaceae 0.33 0.27 0.66
Tenericutes RF3 ML615]-28 0.38 0.27 0.75
™7 T™7-3 CW040 F16 0.33 0.17 0.8
Verrucomicrobia Verruco-5 WCHB1-41 RFP12 0.33 0.18 0.66
WPS-2 0.31 0.21 0.74

90f17
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Table 2. Genus contributing to the top 60% of significant dissimilarity of bacteria between FMT and CON at 35 days of age as determined by SIMPER. Overall average
dissimilarity between treatments is 22%.

Group FMT Group CON

Phyla Class Order Family Genus Average Abundance Average Abundance %
Actinobacteria Coriobacteriia Coriobacteriales Coriobacteriaceae Collinsella 0.37 0.28 0.77
Bacteroidetes Bacteroidia Bacteroidales Paraprevotellaceae YRC22 0.21 0.28 0.9
CF231 0.75 0.88 0.74

0.7 0.55 0.69

Porphyromonadaceae Parabacteroides 0.52 0.59 0.94

Prevotellaceae Prevotella 1.19 13 112

524-7 1.32 13 0.82

Bacteroidales 0.43 0.41 0.9

Deferribacteres Deferribacteres Deferribacterales Deferribacteraceae Mucispirillum 0.35 0.26 0.99
Elusimicrobia Elusimicrobia Elusimicrobiales Elusimicrobiaceae 0.21 0.07 0.79
Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter 0.31 0.2 0.78
Streptococcaceae Streptococcus 0.45 0.32 1.01

Firmicutes Clostridia Clostridiales Clostridiaceae Sarcina 0.53 0.73 1.31
SMB53 0.86 0.88 0.84

Clostridiaceae 0.94 0.95 0.82

Lachnospiraceae Shuttleworthia 0.53 0.41 1.64

Lachnobacterium 0.56 0.79 1.63

Lachnospiraceae 1.32 14 1.39

Roseburia 1.47 1.55 11
Anaerostipes 0.4 0.32 0.87

Lachnospira 0.95 1.08 0.81

Ruminococcus 1.06 1.03 0.79

Dorea 0.68 0.71 0.78

Coprococcus 0.94 0.96 0.72
Peptococcaceae rc4-4 0.11 0.28 0.87

Ruminococcaceae Faecalibacterium 1.18 1.08 0.82
Oscillospira 1.28 1.23 0.77

Veillonellaceae Dialister 0.91 0.34 2.29

Veillonellaceae 0.71 0.66 143

Acidaminococcus 0.53 0.34 14

Mitsuokella 0.65 0.53 1.35

Megasphaera 0.7 0.53 1.28

Phascolarctobacterium 0.72 0.96 0.99

Clostridia 0.24 0.04 0.86

Erysipelotrichi Erysipelotrichales Erysipelotrichaceae Catenibacterium 0.75 0.58 113

Bulleidia 0.98 0.91 1.09
p-75-a5 0.64 0.68 0.77

L7A_E11 0.33 0.25 0.74
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Table 2. Cont.

Group FMT Group CON
Phyla Class Order Family Genus Average Abundance Average Abundance %
Proteobacteria Alphaproteobacteria RF32 0.36 0.45 1.09
Betaproteobacteria Burkholderiales Oxalobacteraceae Oxalobacter 0.14 0.15 0.73
Tremblayales 0.32 0.26 1.44
Deltaproteobacteria GMD14H09 0.52 0.45 1.36
Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter 0.77 0.67 1.34
Gammaproteobacteria Aeromonadales Succinivibrionaceae Succinivibrio 0.93 0.98 1.84
Succinivibrionaceae 0.47 0.2 17
Enterobacteriales Enterobacteriaceae Escherichia 0.34 0.27 0.81
Pasteurellales Pasteurellaceae Actinobacillus 0.32 0.15 0.93
Spirochaetes Spirochaetes Spirochaetales Spirochaetaceae Treponema 0.91 1.01 1.65
Synergistetes Synergistia Synergistales Dethiosulfovibrionaceae 0.22 0.27 0.7
™7 T™M7-3 CW040 F16 0.38 0.41 0.93
Unclassified 0.26 0.14 0.81

Bacteria
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Of those taxa which could be classified to the species level at 24 days, Escherichia coli,
Desulfovibrio D168, Ruminococcus flavefaciens, Mucispirillum schaedleri, Eubacterium cylindroides,
Lactobacillus mucosae and Streptococcus lutecize were more abundant in animals treated with the
faecal transplant and Prevotella copri, Prevotella stercorea, Faecalibacterium prausnitzii, Ruminococcus bromii,
Mitsuokella multacida, Sharpea azabuensis, Collinsella aerofaciens, Roseburia faecis, Ruminococcus callidus and
Helicobacter equorum were more abundant in control animals, contributing significantly to the top 60%
of dissimilarity between these treatment groups. Of those taxa which could be classified to the species
level in 35 day old pigs, Prevotella copri, Desulfovibrio D168, Ruminococcus bromii, Lactobacillus mucosae,
Mucispirillum schaedleri, Eubacterium cylindroides, Prevotella stercorea, Faecalibacterium prausnitzii,
Escherichia coli, Collinsella aerofaciens and Clostridium hathwayi were more abundant in animals that
had been treated with a faecal microbiota transplant and Mitsuokella multacida, Roseburia faecis,
Ruminococcus flavefaciens, Lactobacillus reureri, Ruminococcus callidus, Oxalobacter formigenes and
Coprococcus eutactus were more abundant in control animals, contributing to the top 60% of dissimilarity
between these treatment groups.

4. Discussion

Our data support the hypothesis that weaning stress would cause enteric dysbiosis that is corrected
through FMT post weaning and, to our knowledge, this is the first study investigating FMT in pigs
that has demonstrated an effect after a single FMT post weaning.

It is accepted that an increase in microbial diversity is beneficial for the gut health of an individual
(for reviews, see: [10,32,33]). The greater the diversity of bacteria present, the less chance pathogenic
bacteria have to colonise and cause disease. It is not the presence of pathogenic bacteria that causes
disease, but rather whether they proliferate to an extent that overwhelms the commensal microbial
population [32]. In the present study, treating piglets with FMT post weaning resulted in a significant
increase in faecal microbiota diversity at both 24 and 35 days of age. This increase in diversity likely
indicates that the piglets within the FMT treatment may have an improved ability to cope with and
adapt to the challenges associated with weaning. Indeed, this was corroborated by the observation of an
increase in bacterial diversity and improvements in goblet cell mucin stores, and a reduced necrotising
enterocolitis incidence in those pigs treated with FMT during the first few days of life [34]. Furthermore,
Geng et al., [35] observed improvements in bacterial diversity and a reduced susceptibility to epithelial
injury in those piglets treated with EMT for the first 14 days of life. Both studies demonstrated the
positive implications increased microbial diversity can have on intestinal barrier function.

The gastrointestinal tract (GIT) microbiota undergoes dysbiosis post weaning, which is a leading
cause of increased GIT permeability and PWD, both of which are associated with an increase in
mortality and a reduction in feed intake and growth in pigs, known as a post-weaning growth check [1].
In common with the prior literature, the pigs within this study also showed a post-weaning growth
check irrespective of treatment. Although the treatment did not improve body weight in the present
study, it provided no hinderance either. It is possible that the increase in diversity caused by the
FMT provided benefits to the piglets that were not observable with the current animal numbers.
Average daily gain was reduced in FMT-treated animals at 24 days of age (four days post FMT);
however, this was somewhat expected as the piglets receiving the FMT would have had to undergo
some adjustment to the rapidly changing GIT microbiota. Incidence of PWD did not differ between
treatments at this time either, while scratch score was reduced in FMT-treated pigs, indicating no
negative effect on the GIT and a reduction in piglet fighting. Fighting at weaning is common and can
add to the stress associated with the weaning event; therefore, the fact that the treatment reduced
this may provide additional benefits. Studies have indicated that behaviour is influenced via the
gastrointestinal microbiota, so its alteration via FMT may partially explain the outcome observed [36].
By 35 days of age, there was no significant difference in ADG between treatments. As no differences in
weight were observed at any time-point, it indicates no long-lasting negative effect of FMT on piglet
growth. The present study differs from previous studies in that FMT was conducted post weaning and
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piglets were only dosed once. Earlier works [17,37] observed positive implications for piglet health by
demonstrating both an improvement in average daily gain and a reduction in diarrhoea incidence
during lactation when multiple FMTs were administered to piglets in early life. It is likely that no effect
on the incidence of diarrhoea was observed in the present study because the animals were weaned
into pens of 21 piglets rather than the large numbers often seen in commercial production and as such,
the incidence of diarrhoea was relatively low in our study.

Escherichia coli is the primary infectious agent of PWD in piglets [1] and, although the piglets treated
with FMT in the present study had a higher abundance of E. coli in their faeces at 24 and 35 days of age, no
difference in diarrhoea incidence was observed. Not all strains of E. coli are pathogenic, with some having
probiotic qualities [38,39], and as 165 rRNA amplicon analysis does not distinguish between strains, it was
not possible to determine whether the E. coli observed in the present study were beneficial or potentially
pathogenic. The presence of E. coli in this instance may have provided benefits to the microbiota stability, as
a reduction in serotype diversity may allow for a pathogenic monoculture to develop rather than a beneficial
one. Additionally, as previously mentioned, infection is not only due to the presence of a pathogenic bacteria
but occurs when numbers proliferate to an extent that overwhelms the commensal microbial population.
Therefore, it is likely that if the E. coli present included a pathogenic strain, the potential pathogenic nature of
the bacteria may have been negated by the presence of other bacteria. For example, Lactobacillus mucosae was
one bacterium that was more abundant in FMT-treated animals at 24 and 35 days of age. Lactobacillus mucosae
is known for its ability to competitively attach to the epithelium of the intestine, produce antimicrobials
and inhibit pathogenic bacteria and, therefore, could have provided additional benefit in preventing the
potential pathogenic properties of E. coli [40].

Those animals receiving FMT also had an increase in beneficial Fibrobacteres and Bacteroidetes at 35
days of age. Fibrobacteres are known as adept fibre degraders which could provide great benefit to the
weaned piglet as weaning introduces a large dietary change from primarily milk to solid food [41]. Therefore,
it is not surprising that FMT-treated animals had a higher abundance of Fibrobacteres as it was in the donor
faeces given and would have provided these animals with a microbiota more developed for the digestion
of solid feed. Additionally, the increased presence of Bacteriodetes in FMT-treated piglets at 35 days of
age may have also provided benefits to piglets; a higher relative abundance of Bacteroidetes in healthy
pigs after weaning compared with those that developed diarrhoea has been observed [42]. Additionally,
control animals had a higher relative abundance of Prevotella at 24 days of age, which may explain the
improvements in average daily gain observed at this age. Previous studies have documented Prevotella to
have a positive correlation with body weight [43]. However, by 35 days of age, no difference in average
daily gain was observed between treatments, while Prevotella remained more abundant in control animals.
Interestingly, the donor faeces contained large amounts of Prevotella, therefore the opposite would have
been expected. Treponema, a potentially pathogenic bacteria which is associated with swine dysentery [44]
was present in higher amounts in control piglets at 35 days of age, which may have reduced the benefits of
Prevotella. These results demonstrate the importance of community composition rather than the presence or
absence of any particular bacteria.

Recently, studies investigating the use of FMT in pigs for the improvement of health and production
outcomes have increased in number. However, current techniques can be quite stressful for the pig as they
involve administration of multiple faecal doses over a number of days and use interventions to reduce
gastric acid in order to improve post-gastric bacterial survival. The results from this study are the first to
indicate that FMT is successful if done post weaning and that minimal intervention is needed in order to
influence the microbiota of piglets. Only two previous studies administered a single dose, as opposed to the
multi-dose approach usually implemented, and these studies were conducted during lactation. McCormack
et al.,, [45] administered a dose at birth and observed a negative impact on growth and an altered faecal
microbiota, while our research group administered a single dose at 7 days of age and saw no effect on the
faecal microbiota [46]. This is likely because the GIT of a newly born piglet is relatively immature and hence
would be susceptible to colonisation, while a 7-day-old piglet would have bacteria already colonised which
would compete directly with the FMT. Our data indicate that weaning caused a large enough disruption
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of the microbiota to enable the colonisation of new bacteria, as is likely the cause of PWD. While it makes
for an optimal time for pathogenic bacterial colonisation, it also offers an appropriate time to implement a
treatment targeted at influencing positive microbiota development, such as FMT.

When assessing the effect of weaning on the microbiota of piglets, it is evident that diversity does not
increase linearly with age. In the present study, Shannon'’s diversity and the number of taxa increased from
weaning to 2 days post weaning and, thereafter, by 35 days decreasing to levels similar to those observed on
day 18, while evenness increased steadily from 18 to 35 days of age. The reduction in bacterial diversity
observed post weaning is likely the result of dietary and environmental changes induced by weaning.
Similarly, an earlier review documented weaning’s negative impact on the GIT microbiota and its impact on
alterations to the resident bacteria [47]. Therefore, the change in microbiota we observed may be due to GIT
stabilisation during the post-weaning period. Hence, it is probable that the increase in diversity observed
at 20 days of age are when the bacteria needed for milk and solid feed digestion coexist. Thereafter, the
microbiota required for the digestion of solid feed remain while those bacteria required for milk digestion
decline, resulting in a drop in diversity. This GIT stabilisation can also be observed when looking at the
variability between piglets at each age stage. It is evident that as age increases, the variability between
piglets decreases. This is to be expected as the influence of the sow is removed at weaning and all piglets are
housed in the same environment on the same feed.

5. Conclusions

Our findings document that FMT significantly affected the piglet’s microbiota post weaning and
reduced the scratch scores observed at 24 days of age. As such, our data suggest that administering FMT
after weaning from a healthy donor piglet that is 4 weeks older is an effective tool in altering the microbiota
in piglets. Whether this change is transient or stable cannot be determined within the current study design;
however, the aim of the study was to identify whether FMT could cause a change that would positively
impact the pig within the period where they are most at risk to enteric dysbiosis post weaning. Hence,
further studies are required to elucidate the durability of the effect of FMT beyond 14 days and to determine
whether FMT has any long-lasting production outcomes. To our knowledge, this is the first study to
document a change in the microbiota of piglets after a single FMT post weaning. The findings from this
study provide valuable information for the development of future work investigating FMT in the post
weaning period.
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General discussion

These studies addressed factors influencing the colonisation and development of the gastrointestinal
microbiota in piglets, primarily within the lactation period. The overall hypothesis for this thesis was that
enteric microbiota acquisition in piglets occurs in late gestation and during the immediate post-natal period
from seeding by the sow. This, then, would allow for the piglet’s gastrointestinal tract (GIT) microbiota to
be influenced via the addition of a treatment either through the environment or the sow. The approaches
used to address this hypothesis included: (1) investigating the GIT microbiota of piglets at different life
stages, (2) investigating the impact of environmental manipulation and the sow on the piglets GIT
microbiota, and (3) investigating different methods for altering the GIT microbiota of the piglet directly, to
ensure optimal microbial colonisation. The major outputs of this thesis and their potential applications are

summarised in Figure 1 and described below.

It is well established that initial microbial colonisers play a determinant role in the health of their host, with
studies demonstrating that dysbiosis during early life can have negative health consequences (Rautava
et al., 2012, Nowland et al., 2019). As a result, research into identifying and understanding when initial
microbial colonisation occurs and what the first colonisers are has expanded, with the idea that this
information can assist in the development of methods that ensure colonisation is beneficial. Studies in
mice (Younge et al., 2019), rhesus macaques (Chu et al., 2017) and humans (Collado et al., 2016)
indicate possible colonisation of the GIT tract in utero. Even with these findings, this is still a topic of
debate with some studies refuting these claims (Perez-Munoz et al., 2017, De Goffau et al., 2019).
However, no research to date has investigated this in pigs and none exists surrounding the initial microbial
colonisers prior to colostrum ingestion (see literature review, Chapter 1.2). Therefore, the aim of Chapter
3 was to determine the GIT colonisation before and after birth in piglets that had or had not sucked.
Chapter 3 reports on microbial colonisation in the spiral colon of stillborn piglets suggesting that
colonisation occurs in the piglet at least immediately prior to parturition. Additionally, Chapter 3 identified
the main microorganisms colonising the spiral colon within the hours proceeding birth, demonstrating

rapid and diverse microbiota colonisation with exposure to the environment and sow colostrum. These
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findings identify that the GIT microbiota of piglets is largely influenced by the microorganisms present in
the environment, not just the ingestion of colostrum. Therefore, providing the basis for developing
approaches to improving early microbial colonisation within the piglet that involved both manipulation of

the environment (Chapter 4) and through the sow (Chapter 5).

Recent research into environmental microbial exposure in the days after birth revealed that exposure to
sow faeces in the first 10 days of life improves white blood cell counts by 25% and increases feed intake
and weight gain (Aviles-Rosa et al., 2019). Unfortunately, this study did not explore the GIT microbiota of
the piglets so a connection with GIT microbiota can only be speculated. The findings of Chapter 3 further
corroborate those of Aviles-Rosa et al. (2019) by confirming the importance of the sow and environment
on microbial colonisation of the GIT in piglets. Additionally, given that primiparous (P1) sow progeny are
born lighter, remain lighter throughout each phase of production and have a higher mortality rate than
multiparous (MP) sow progeny (Craig et al., 2017), it was pertinent to investigate the cause of these
differences and whether microbial exposure from the environment (e.g. sow faeces) was a driver for
superior performance in MP sow progeny. Additionally, as piglets are housed within a pen exclusively
with their sow, environmental manipulation would be an easy to implement strategy for the pork industry.
Hence, Chapter 4 investigated the effect of sow faeces present within the environment, however, given
the previous knowledge surrounding the differences between MP and P1 sows, treatments were applied
that involved the movement of faecal material from MP sows to P1 sow pens. This was done with the aim
of determining whether contact with faeces from an older parity sow could improve growth and survival of
piglets reared on P1 sows and if so, whether these differences were associated with GIT microbiota. The
findings of this study demonstrated that faecal microbiota populations differed between sows of different
parities, supporting the findings of Gaukroger et al. (2020b) who observed sow microbiota differences
between parities throughout gestation and lactation. Additionally, faecal transfer from MP sows provided
no benefit or hinderance to piglets born and reared on P1 sows, while the removal of faeces from the pen
for the first 10 days was beneficial. Piglets housed in a pen that was cleaned daily for the first 10 days of

life exhibited better growth, survival and an altered faecal microbiota then those exposed to faeces.
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Figure 1. Major outputs from this study and their potential applications.

Prior knowledge/practice

Outputs of this study

Application(s) of outputs

No prior review synthesising the
literature surrounding microbiota
development and function in pigs.

No prior review synthesising the use of
faecal microbiota transplants (FMT) in

pigs.

o

No knowledge of whether colonisation
occurs prior to parturition.

No knowledge of microbial colonisers
prior to colostrum consumption.

Primiparous sow progeny are lower
performing then multiparous sow
progeny.

Whether these differences are in part
driven by the microbiota are unknown.

Sows undergo large amounts of
physiological stress throughout
gestation and lactation.

Phytogenics are natural compounds
that have been shown to be beneficial
for animal health and performance.

Limited knowledge surrounding the use
of FMT in young pigs.

No prior knowledge regarding the faecal
microbiota progression of young pigs in
an Australian herd.

No previous study assed the use of
FMT on piglet’s post weaning.

No previous study assessed the effects
of FMT after a single dose.

o Identified the gaps in knowledge surrounding piglet microbiota
acquisition and development.

o |dentified the pros and cons associated with FMT in pigs.

Chapter 1 & 2 - Literature reviews

o The first study to identify the colonisation of bacteria immediately
prior to birth.

¢ Knowledge regarding the first microbial colonisers pre- and post-
partum.

o Demonstrates the potential to seed the microbiota of piglets in
late gestation.

Chapter 3

o Both reviews improved the knowledge surrounding microbiota
development and manipulation within the piglet in an industry
applicable way.

o The identification of current gaps in knowledge from writing the
literature reviews allowed for the development of targeted
experiments for the remaining chapters.

o |dentified that the microbiota is influenced largely by the
environment.

o Knowledge of the timing of initial colonisation provides a basis
for developing therapeutic approaches to improve early
microbial colonisation within the piglet intestine.

o This study identified that MP sows have a different microbiota
from P1 sows, and their progeny share these differences.

o The addition of MP sow faeces to the pen of P1 sows did not
influence their piglets.

o The removal of faeces from the pen of a MP sow improved piglet
growth and survival.

Chapter 4

o Demonstrates the potential to alter the GIT microbiota and
improve piglet productivity via their environment.

o Identifies differences between the microbiota of P1 and MP
SOWS.

o Demonstrates that the bacteria present within the sow’s
faeces influences piglet growth and survival.

¢ Phytogenic feed additives increased litter size but had no effect
on all other production parameters.

o Sows fed phytogenics were more abundant in Oscillospira,
Roseburia and Ruminococcus.

o Sow phytogenic supplementation increased Faecalibacterium in
piglets post weaning.

o Demonstrated the potential for the use of phytogenic feed
additives on commercial farms for the improvement of sow
reproductive performance.

o Shows that piglets are influenced by the sow’s microbiota and
this influence persists beyond weaning when the stimulus of
the sow is removed.

o |dentification of key bacterial communities associated with age
throughout the lactation period.
Chapter 6

o Knowledge of requirements for optimisation of FMT in young pigs.

o First study to identify that a single dose of FMT post weaning can
elicited a significant effect on the faecal microbiota.

o Demonstrated FMT as a potential for alleviating enteric dysbiosis
post weaning.

Chapter 7

o The data generated enables the development of a protocol for
FMT in young pigs.

¢ Understanding the microbial membership throughout lactation
allows for it to be used as a reference for investigating host-
microbe interactions within the pork industry.

o Basis for developing an easy to implement on-farm tool for the
treatment of enteric dysbiosis in the early post weaning period.




Additionally, this study demonstrated that MP and P1 sows not only had differing faecal microbiota, but
MP sows had a higher abundance of potentially pathogenic bacteria, Escherichia, Clostridium,
Campylobacter and Treponema, while P1 sows had a higher abundance of potentially beneficial bacteria
Lactobacillus and Prevotella. However, despite this and similar to other studies, the growth and survival
of P1 progeny was consistently lower than MP sow progeny. Chapter 4 demonstrates the potential to alter
a piglet's microbiota and improve piglet productivity through the environment while also highlighting the

importance of the sow’s microbiota.

After the findings of Chapters 3 and 4, the next step was to address whether feeding a sow a dietary
intervention that has microbiota modulating components could influence the sows’ GIT microbiota and
whether this change could be transferred to their piglets. The overall aim was to see if sow and piglet
performance could be influenced via a dietary additive through the colonisation of beneficial bacteria.
Chapter 5 builds on the findings of Chapters 3 and 4 and assesses the inclusion of a dietary additive
during gestation and lactation in order to measure the effect on the piglet’s faecal microbiota. To assess

its commercial relevance this was tested in partnership with industry on a large commercial pig farm.

Sows experience physiological stress throughout gestation and lactation which often leads to reduced
feed intake, metabolic stress and enteric dysbiosis, hence impairing sow health and reducing their
reproductive potential (Thaker and Bilkei, 2005, Gresse et al., 2017, Cheng et al., 2018). Phytogenic
additives (PAs) are natural flavour and sensory compounds derived from plants which have potent
antioxidant and anti-inflammatory properties and have been shown to improve animal performance when
added to feed (Windisch et al., 2008). However, there is little published evidence on the efficacy of PAs
in reproductive performance of the sow and its role in GIT microbiota modulation. Therefore, Chapter 5
aimed to determine whether the provision of a gestation and/or lactation diet containing PAs would alter
the GIT microbiota of sows, and thus that of their piglets, and so improve performance. The major finding
of Chapter 5 was that the inclusion of a PA throughout gestation increased the number of piglets born

and tended to reduce the wean to service interval in sows. These results have major economic



implications for farmers as this could potentially increase the number of piglets born per sow per year and

reduce the number of non-productive days per sow.

Other results from Chapter 5 indicate that further research into the use of PAs is required before it can be
recommended as a commercial treatment. As although litter size was increased, this did not translate to
an increase in the number of piglets born alive in the current study, therefore further investigation is
essential. The reduction in piglets born alive was the result of an increase in stillbirth in PA treated sows,
however, the reasoning behind why this may have occurred is unclear. Additionally, when investigating
the dietary effect on the sow’s faecal microbiota it was evident that the addition of a PA to a gestation diet
increased the number of potentially beneficial bacteria present. While a combination of potentially
pathogenic and beneficial bacteria were observed in the faecal microbiota of piglets reared on sows fed
PAs across ages (21 and 35 days). This seemed to cause neither hinderance nor advantage to piglets
during lactation, but whether this is the case post weaning could not be determined as weights were not
collected beyond weaning. Hence, further work should be conducted investigating the effect of sow dietary
PA supplementation on piglet performance post weaning. Additionally, the study finding that piglets are
influenced by the sow’s microbiota, and that this influence persists beyond weaning when the presence
of the sow is removed, is interesting and not widely documented. Overall, Chapter 5 demonstrates the
potential for dietary interventions during gestation and lactation to influence both sow and piglet microbiota
development and performance, therefore, identifying a potential industry appropriate way of positively

influencing both sow and piglet microbiota and subsequent production performance.

Collectively, Chapters 3, 4 and 5 indicate that microbiota establishment in piglets potentially begins prior
to parturition and its development is largely influenced by the environment and the sow’s microbiota.
Although influencing the piglet's microbiota through supplementation of the sow was demonstrated, it is
evident that this may not be an ideal method for many farmers, primarily due to the costs associated with

a dietary inclusion. Therefore, Chapters 6 and 7 went on to investigate a method for altering the microbiota
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of a piglet directly both pre- and post-weaning, with the idea that it could be applied to an “at risk” piglet

or those with enteric dysbiosis as an alternative to antimicrobials.

Faecal microbiota transplantation (FMT) has been successfully used for the treatment of Clostridium
difficile infections in humans and has demonstrated a success rate of >90% in patients with re-occurring
C. difficile (Bakken et al., 2011). As a result, research in production animals is increasing. While not all
results have been positive (McCormack et al., 2018), some success has been demonstrated and FMT
has been associated with a reduction in diarrhoea and improvements in average daily gain, intestinal
barrier and immune system function in pigs (Xiao et al., 2017, Hu et al., 2018a, Hu et al., 2018b, Cheng
et al., 2019). Although these studies demonstrated opportunities for FMT in pigs, they did not address its
use in an industry applicable way, with most studies involving the reduction of stomach acid via proton
pump inhibitors and administering multiple FMT doses over a prolonged period. Therefore, Chapter 6
aimed to provide a proof of concept for the use of FMT on farm for the treatment of enteric dysbiosis in
pigs. This was assessed by the administration of either a fresh or previously frozen dose of FMT to
antibiotic treated piglets at 13 days of age. Results reported in Chapter 6 did not demonstrate any potential
for therapeutic application of FMT in piglets, however, relevant information regarding its potential
application on farm and information relating to microbial membership during the pre-weaning period was
gained. Additionally, while Chapter 3 did not go into detail regarding microbial colonisation beyond 1 day
of life, Chapter 6 outlined microbiota development up to 18 days. The findings of this study demonstrate
the plasticity of the GIT microbiota within the first two weeks of life, suggesting that GIT microbiota
stabilisation occurs pre-weaning in the piglet. This somewhat mimics the existing literature in humans
which identifies GIT stabilisation to occur around the onset of ingestion of solid food (Palmer et al., 2007,
Koenig et al., 2011). Furthermore, piglets are known to exhibit coprophagy (Chapter 4; Horrell and
Hodgson, 1992, Aviles-Rosa et al., 2019) and begin consuming creep feed as early as two weeks of age

(Wattanakul et al., 2005).
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The findings of Chapter 6 also identified other considerations that should be taken into account when
performing FMT in pigs. Some reasons why treatment with FMT was unsuccessful in Chapter 6 include
the possibility that the piglets were too young at the time of treatment administration, the donor used was
a similar age so may not have had a faecal microbiota that was different enough from the piglets to
observe a difference post FMT, and the antibiotic used was ineffective at disrupting the GIT microbiota,
so no dysbiosis was present to correct. As a result of this, Chapter 7 went on to identify the application of
FMT in older pigs, during the immediate post weaning period, when piglets are naturally at the greatest

risk for enteric dysbiosis (Pluske et al., 2018).

Chapter 7 demonstrated that a single FMT dose post weaning was sufficient to cause a change within
the GIT microbiota of piglets. This is the first study to show that a single FMT dose can cause an effect in
pigs. Additionally, FMT post weaning facilitated the colonisation of potentially pathogenic Escherichia coli
and potentially beneficial bacteria Lactobacillus mucosae and genera Fibrobacteres and Bacteroidetes.
Even though the donor chosen would influence this, further studies should investigate its use on larger
animal numbers to evaluate the inferences on production characteristics, such as growth and survival, to

identify potential advantages on a commercial scale.

By combining the results from all experiments, we can deduce that several factors influence piglet
microbiota colonisation and development throughout the lactation period. These studies suggest that
microbial colonisation of the piglet occurs at least immediately prior to birth and rapidly evolves in the
hours proceeding birth (Chapter 3), while GIT stabilisation occurs around day 14 (Chapter 6) and
manipulation via FMT prior to weaning is unsuccessful (Chapter 6) unless the stimulus is continuous for
at least the first 10 days and present in early life (Chapter 4 and 5). Additionally, these changes can persist
to at least two weeks post weaning (Chapters 5), however, if a treatment is applied to the piglet during
the immediate post weaning period, prolonged exposure to the stimulus does not have to occur to cause
a change (Chapter 6). This supports the overall hypothesis for this thesis, that enteric microbiota

acquisition in piglets is initiated in late gestation and evolves rapidly during the immediate post-natal
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period from seeding by the sow. This, then, would allow for the piglet's GIT microbiota to be influenced
via the addition of a treatment either through the environment or the sow. This information allows for
further development of industry applicable practices and interventions that enable optimal microbial

colonisation in sows and piglets for the improvement of pig health and productivity.

Further research

This study has identified a number of potential topics for follow-on and future research, they include:

Increasing our understanding surrounding when initial colonisation begins is required as although Chapter
3 indicates the presence of bacteria immediately prior to birth, the timing surrounding when this
colonisation begins and how it develops needs to be described. Additionally, the role the vaginal and
environmental microbiota have on the intestinal colonisers observed is needed in order to understand the
presence of the pathogenic bacteria noted in Chapter 3. This can be done by conducting experiments
that sample the amniotic fluid of piglets during gestation and immediately post parturition, along with
microbiota analysis of the sow’s vagina, faeces, udder, colostrum and environment. Allowing for an in-
depth identification of the initial microbial colonisers and their origin. This information is important as a
more detailed understanding surrounding initial colonisation would allow for the application of more

precisely timed interventions that are aimed at ensuring optimal colonisation occurs.

Research documented in Chapters 4-6 identifies practical ways of influencing GIT microbiota
development in piglets. However, what impact these environmental and dietary changes implemented
during lactation have on piglets post weaning was not evaluated. This is something that should be
investigated further as it is well established within the human literature that early life microbial colonisation
has implications for long-term health (Cahenzli et al., 2013, Wang et al., 2016, Carlson et al., 2018).
Similarly, FMT was only assessed in a preliminary manner within the current thesis and although success
was observed in regard to changes in the faecal microbiota, further investigation into its use at a

commercial level and its impact on production characteristics such as growth and survival are warranted.
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Additionally, research surrounding encapsulation technologies for the FMT should also be conducted to
reduce the dosage required and to protect the faecal microbial solution from stomach acid. Ideally, studies
should evaluate its efficacy when released within the small intestine not the stomach or via colonic enema
in order to determine the correct dose required. The potential for the use of FMT on farm has been
highlighted within this thesis (Chapters 6 and 7) and by others (Xiao et al., 2017, Hu et al., 2018a, Hu et
al., 2018b, Cheng et al., 2019, McCormack et al., 2019). However, it is clear that more research targeted

at refining the technology and assessing its application at a commercial level are now needed.

Conclusions

The experiments conducted as part of this thesis provide knowledge surrounding the colonisation of
bacteria in piglets immediately prior to birth through to two weeks post weaning. The impact of
environment and sow diet on a piglet's GIT microbiota, and information surrounding FMT in piglets pre-
and post-weaning, support my unifying hypothesis. These studies are the first step and provide evidence
that will aid the development of a suite of industry applicable practices that enable optimal microbiota

development within the piglet through further research at a commercial scale.
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