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Abstract

Posweaning diarrhea (PWD) is a serious chal
with significant i mpacts on antimicrobi al us e
mu Htaict or i al di sease are i nfl uencteodr sbywhnmacnhy anfi

the colonization and expansion of gastrointes:?
to the effectiveness of common nutritional st
i mpact functional cmhar @adit et ias taisc swed fl talse hguwtt
elucidate the effects -mifcrtolbhood asothr atctriadey,| ¢

(BA) and enzymes, an -akldaiin ifvaet tby eancdi dvsa t(hMGrFeAdsi )L

rati osaoMerexamined in one of three studies cor
To examine the effects of BA, dietary enzyr
and metabol ome, pigs were assigned to one of
di et witthi ameofadldenzoi c acid, dietary enzymes
days. Decreased diarr hea -1li4n cwadse nocbes efrrvoend e xnp epri
and enzymes. Benzoic acid alter ed-dicveecrasli tnyi,c rwh
dietary enzyméerimeot eagedatilereal t axa. Met ab
by compound identification constraints, howev

diets demonstrating tdhee nezfyfneecst sono fg ubte nmaiod rco bai

met abolites.
I n the second study described, the effects
t arrgeltease butyrate, organic acids, and a phen

i n micr aneitatbao |l amk wer e compared between the M

7 and -vielampMasgy pronounced changes in meedbol or



ani mals HMwedayysngpostncl ud-bodyi mptabedi syimpl al t e
asoci ated metabolites, and increases in bene-
met abol ome were identified dlactngpdaapge |[Anutsehdes
intestine, and i mproved 1indi cartioa smiodr onbiicortoab.
toget her, these results indicate that MCOA n
mi crobiota succession through supweani mdg. bil e

To assess the mechani smg ilby ewliagh caineg tr a by
out comes, the final study descri bepdrivhsedoddae
Results of this work identified many <critical
response to a m)t amasatridn g | diwe tp.r oWteiil e pat hogen

common concern with respect to feeding high p

t he cecal mi crobiota with no indication of P
mi crobiota were observed. This study <chall en
detri ment al effect of decreasing dietary ©pro
pat hways. The | ack of Ssubstant isalggelsdrmrsget hian
carefully chosen ingredients, higher protein
The metabolite and microbiotaomhangeshriegu

provide a deeper understhnedengt oét &dieesi mpmacyg
met abol i sm, and host response. Through focus
recoverywéaonmngostress, these studies further
in holobiont kmettahbaal incayneundoer |y the mechani s

strategi es.
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Chapter 1: DietaryWéeanengebDtaonkeé&dor Po

1.1 Introduction

Poweaning diarrhe-fdac¢tdvVD) ali sdias emauslet i of si gl
swine productionfpldystwhims ewembt ewiodiexi@eaofcat ho
responsible for most cases of PWD, many ot her
di sease severity and prevailfferde alnl, dJi.otWrctsi lh al
strategy to decreph8ed4diheWinbhideowengfcelWbder ns
to antibiotics and changes to usage regul at]
strategies to manage PWD [1,3,5,6]. One area
di esarpnwtegies that hel p address the alteratioc
during the weaning transition.

1.2 Physiological Changes Foll owing Weaning

Abrupt weaning at a young age is a multipl
stress, changes in housing, and dietary chang:t
[ 7] At this age, piglets are physiwelaongiincgal |
transition is associated with mManyctchaege$ unm
infl ammatory status.

Decreased feed intake is common in newly w
in the gastrpBhtedhisalreloweess i nal amobepkdl|l ogy
surface areae famrd dibgeodtpli ved ntesttnahs epithel
extremely metabolically active, wi t h -paa stsi gh
metabolism [10]. This | ackwoferdtinénkeaatbba
transient alterations in cellular turnover, g



recrufj fim@lnConcurrent to reduced feed intake,

alterations i n digestgvehendymgestsieam eooifonpr a
carbohyii#@a]t.esAll these critical changes in the
mat er nal i mmunity is waning and the pigbs o

underscoringetrtveenrneeodsf dwoiisnenpgei othi s hi gh

The soci al stressors of weaning themsel ve
function t hr orugglhe acsarntgi cfoa atogpri n( CRF) and serot
activation ofpitthueg thayrpyo tahdaleanmilc[ &480F. ahdcekasat
has been shown to alter intestinal per meabil.
rel ease of pirjol.2laAsletse raerdd sTeNFot oni n s ing rmoalhleirn g,
mammal s durreilnagt esdt rdeisasr r hea and has been more r
after weaning [18,19]. Serotonin release from
can result in incr eansuende |cueniiln arle csreucirteneinotn s[ 1adn]
and secretory profidpeocombimheadal wiemki aonment eh
for the commensal microbes within the gastroi:l
pat hogersiexp
1.3 Gut Microbiota Following Weaning

With the abrupt transition from sowsdé mil
turnover in both composition and functional
adapted to mil kveolwagyostacechhosdesadgpte&dA]t o wut
hall mark of this period is a Laocstso beafcpniilculiseaida |
to a highly disrugt7¢g dwWhmilcer osbol nael ocfo mmnhuinsii trcyh an g e

available substrate i n -tahned g ansftlraoninmatteidotnicmaln g



described above also contribute to the | o0oss ¢
nitrous oxide generated duritnhgati nifs armeta aweldl b
many of the anaerobic constituents of the gut
commuph22)l)y. As these factors | essen and feed i
aPrevatn€l batspgiomm t o predominate ilm tthe Isamrad
intesacnebagp.l lrusbound foll owing tHi2s5,t2réadnsi er

However, in the period of microbiota disru
t hggut |, reaching sufficientThdeearsfiotrye,t mnyauwsiet
expedites the assembl y ewe atnhien gf umicctrioobniaoltlay ccaon
ri sk and the need for antibiotic treatment [ 2
1.4 Dietaeg Strateg

Dietary interventions for weaned pigs have
reducing pathogen |l oad in the gastr evmemtnd sntgi n a
mi crobiota, or enhancing | mmbn.e Iqayd dgtirgaetsd g ives
formul ation include reducing dietary protein,
ingredients such as medium chain fattwyf edci ds
mi crobials whicsht imay anttp@@hsniTdese additiyv
di fferent aspects of the physiological and mi
individual additives or in blends aimed at su

1.5 Organic Acids

Foll owing weaning, pigs are unabl e to mai n
activity and opti mal protein digestion [28].
pat hogen growth and i mprove pdioetse ihnavdel gsehsotwinb itl



of
t h

c h

[ 1

Ad

organic &ci colimod sd eSrad enaosneeil diatf 9P hi mHdo we wme r

e true antimicrobialnadtisvovaryi abfl et hedeg enad
aracteristics oft {BO]I, umiimgdll i @mti mgnme need
ganic acids to changes in microbial met abol
. 6 Mecdhiauumtm Fatty Aci ds

Medi-whmai n fatty acids are another dietary
t hegeansion following weaning [24]. Their at
i sruption of phospholipid membranes, and t he
nergistic compounds [ 33,34]. sThravwegltbetemi s ha
ovide benefits during pathogen chall enge [ 3
en shown to i mprove growth and feed effici
asures of i mmune funmgitcoaci®$, 37¢ésediomhl| o
oduction and disease challenge outcomes r e
derstanding of their effects is stildl neede
.7 Dietary Enzymes

Abrupt dietary changweaamdigh owbtuéedtiont akver
igestive enzymes needed to break down and a

4,15,38]. Codegrmndnnhpgycapheitiyboé the micro
dition of dieltmrtyo einmpyrnoevse ctalmne havail abil ity
e availability of easily fermentable substr ;.
clusion and gut barrier function [5e3@jy W
zymes on i mportant i4ni]c,r otbhieoitra nceocnhsatniitsune notfs n
i crobiota or mi crobi al met abolism requires



products in the weaned pisge ean zbyeme serc aumtdreirbsu tae
and host effects are needed [41, 43].
1.8 Low Protein Diets

Lowering dietary protei-weami ndrei pea i ©ammaenm
help reduce-wtelaeai migski aff rpeat {BdugfiAthitsoi hi mirtve
of undigested protein wutilized for fermentat.
ammonia [44]. However, these effects are highl
affected by dietliguwaloift yf earnmde nd4a#jl lea bcta rthaosh yalr
shown that these | ow protein diets reduce pig
ti ssue mor phol ogoyf f[ 418a,y4 9nJo.t Tbhei sn etcreasdsear y i f ar
fdr e iwe amoisntg di ets could be described with cor
met abolism as well as diarrhea risk [45]. How
these protein fermentation imetaalyolpirtoetsei an da nt
expansion to support the development of such
1.9 Conclusion

Whil e many dietary strategies existhasealt.
i's a great deal of var ieant itome sien setfrfaitceagciye sa nadr
di fferent pr p@bpclthiiesn isetltiikneglsy due to the dif
mi crobiota and[®lcosalrthmmuomindegr standing of t
strategies werlk neialtle Ibelsg tpo actices for their
hamper their eflfeesct ievmprheasss .s Thoa sd abteee,n pl aced o
of the gastrointestinal tract thattacali mnpderet

and how this is[@]fffected by nutrition



1.10 Project Objectives

To elucidate the i mpact s of three of t he
met abolites, and host response, threecstoecdides
and enzymes, an additive blend with MCFAs, an
omics techniques were utilized to provide a

strategies on gut microbiesponmecwbbhah Mmetab
characteristics i ndiweatniwneg oft rressov élthye sfer asmup
future recommendati ons for feeding weaned p i

mechani stic undespitonimgseocomenespmonls et ary str
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Chapter 2: Microbial fermentation of dietary protein: An important factor in

diet-microbe-host interaction

2.1.Introduction

The gut microbiome Iis composed of a diverse
mutualistic relationshiprwigenebke Ipesf oamd mew:i
greatly beyond those[ EnTheee i @matthieohsstr ganer
that can be beneficial or harmful . The abili

carbohydrates and produce beneficial [s2ho3r]t ch

Mi crobi al met abolites arerea@al 8or i nbeemasi mgbyt &
host met abol i c dmd 4iMommthn & ersess pposnskenown about
fermentation by gut microbes plays in h-ost he

term dietary patter nisorm uafh parsoti enicr ears edle ccroenas sue
can shift the composition of the microbiota,

most abbhdoretse system | evel shihfithng ian ddnep csoim
of metabolic interactions occurring in the gut
on the processes underlying these changes. De ¢
some n-cbnbgening icommplhenidnt estine are metabol
due both to the di-Bpedenl ehzyiméati ont bé bmakh
proteinp6] hhakbde-poaodgeinf wki ght | oss i mdis, pr o

greater than the dai[l7y Udideetrasrtya nrda cngmnienned a tait cen



protein is an important consi-termtidoetianydeptte
heal t h.

Amino acids are bui lrditreg nh | amakks nfgo rt hmimc ri anpio
gr owt h, however, they can al 8¢ Unai gesment @adt pd

broken down ky eprnat eamnldy tsiudbskeaquentl y used eith

form microbial cell components. Mimhabinalampmo!
acids, though exact composi8Bi] Cmatwdroile s mbetewwaid
met abolites that affect the host beyond amino
on ecol ogical, and dietamayofua¢tsomds ®phat eiohfyl u
For exampl e, |l ow dietary fibre may resul't i n

amount of ferment abl e [ ®&rShoihfytdsr at ewarnd tihrecr e
fermentation can alter the reltatande qeruenrdaatnec eb
potentially deletégB]jous metabolic products

Limited information is available about the role of proteolytic fermentation in the complex
metabolic networks between gut microbes and their host. More information is needed regarding
what products are generated, which species are involved or affected, and how these changes come
together to affect the host. In complement to other reviews, Wwel@stribe how pathways of
proteolytic fermentation, metabolites produced, and dietary pattern converge to affect health. In
particular, this review will focus on compartment specific effects of proteolytic fermentation in
different segments of the intas#i along with metabolites such as ammoniergsol, and amines

that may shape health.

2.2.Proteolytic Fermentation Involves Many Metabolic Pathways:



Modeling of host and microbiota metabolic ne
3,499 distinct reactions; of these, 1,267 are
hog4] When these reactions are attributed to
hoahd microbiota metabodquamt éorex oanfe alvli deatt h wary

and microb[{dldahiesacwoildmabborati on of host and mi

of dietary protein in the gut, and the over al
( Fi gadarn)e The i nterrel atedness o f met abol ic r
fermentation dynamics in the gut environment

fermentati on.
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Figure 2.1. The fate of dietary protein in the gut is determined by a network of metabolic processes
including both host and microbial digestion and utilization. Dominant effects for each compartment are

bolded and shown with dark blue arrows

Protein that escapes $toenzymatic digestion in the small intestine can be hydrolyzed by
bacteria using extracellular proteases and peptidases, resulting in free amino acids and peptides
that can be taken up by the bact¢ti@,11] Culturebased experiments suggest that gut bacteria
preferentially assimilate and ferment peptides over amino aeidstocess which is more
energetically efficienf6]. Once in the cytoplasm, amino acids can be incorporated into microbial
protein or they can enter a catabolic pathway involving highly specific enzymes which perform
deamination and decarboxylation folled/by alpha and betimination[8,11]. Deamination, the
first step of he catabolic pathway, removes the amine group from the amino acid, freeing the

carbon skeleton. This can be performed on single amino acids, pairs of amino acids (Stickland



reaction), or on one amino acid in combination with a-nifogenous compounfl2]. The
products generated by dearaiion are ammonia and kedgids [12]. Paired amino acid
catabolism, via the Stickland reaction, occurs when one amino acid is decarboxylated and the other
is reduced; alanine, leucine, isoleucine, valine and histidine are preferentially reduced, while
glycine, proline, ornithine, argine and tryptophan are preferentially oxidiZ&é8]. Ammonia
generated through amino acid catabolism can be used as a nitrogen source for de novo protein
synthesis or may be excreted. Keto acids proceed through decarboxylation reactions and can be
used to generate shanain fatty acids (SCFASs) includirtutyrate, acetate, propionate, lactate,
succinate, and formaf&3]. Sulfur is also liberated from amino acids during these prosf<3e

Not all amino acids are equally suitable for fermentation, and differences in bacterial growth are
observed when single amino acids are compared as solgy eswirces in culture media. The
highest growth is observed from catabolism of glutamate, arginine, glycine, serene, phenylalanine
and tyrosine; though tryptophan, aspartate and alanine can also HéJudéds complex series

of reactions paired with éspecific enzyme requirements for catabolizing different amino acids
makes predicting the overall metabolite pool in the gut challenging. However, the available
information on metabolites generated from catabolism of specific amino acids may help inform
future work focused on understanding what luminal metabolites are generated from proteolytic

fermentation when different levels and types of dietary protein are consumed.

2.3. Proteolytic Fermentation Produces Diverse Metabolites
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carbohydrate fermentation and bacteri al gr owt
due to higher incorporatfiah] of nitrogen into

In addition to BCFAs and ammonia, increasing interest is being paid to other metabolic
derivates of prieolytic fermentation. Some of these products are implicated in diseases including
colorectal cancer, while others such as dietary polyamines play an important role in small intestine
mucosal cell physiology and immune system developde22,23] Polyamines are produced via
a diverse set of pathways which result in the decarboxylation of amind2¢ja5] Many amine
producing species from genera incluglirBifidobacterium, Clostridium, Lactobacillus,
Escherichia and Klebsiellg have been identified in the gut microbig26]. Bacteria utilize
polyamines in RNA synthesis, as structural components of cell membranes or peptidoglycan, and
to protect against damage from reactive oxygen species or an acidic envirg@iijemthis
production of amines during times of physiological stress can result in changes in bacterial
pathogenicity, as well as host susceptibildyirifection making these compounds candidates for
further exploration with respect to their roles in gastrointestinal infection as well as carcinogenesis
which is further discussed in subsequent sec{@ris.

Ten putrefaction pathways generating these diverse end products have been identified thus
far, and have been attributed to many of the major microbial phyla in the gut including Eésnicu
Bacteroidetes, and Proteobactg¢?8]. Fermentation of aromatic amino acids may be particularly
important biologically, as this generates a wide range of bioactive end products such as phenol and
p-cresol (Tyrosine), or indole and skatole (Tryptophfdd) Probabilistic pathway construction has
identified three microbial pathways catabolising tryptophan and generating a total of 10 products,
six of which participate in host metabolig4]. Evidence of the role of microbes in production of

these products is demonstrated by their ne@r@ltundance in the cecal contents of giga mice



[4]. Microbiota metabolism of tyrosine can produce phenol, a product which is not detected in the
absence of microbdd]. These metabolites are excellent candidates for further exploration and
validation to identify which microbial species may be important in generating specificatitesab

in viva. Currently, little is known about how changes in the microbiota impacts the production of

these bioactive molecules.

2.4. Many Microbial Species Contribute to Proteolytic Fermentation

Identifying the bacterial species responsible for prgteofermentation has primarily used
correlative methods and culture on amino acid containing media. Typically, these experiments
have used branchathain fatty acids as a marker of proteolytic fermentation. Culture of digesta
obtained from the human col@uggests that isobutyrate forming species may account for up to
40% of the total anaerobes in the intestine, while abundance of isovalerate producers is more
variable[6]. The relative abundance of these species may be altered iprbigin diets, wher
increased isovalerate production is obsefi&d. Specis implicated in proteolytic fermentation
in vitro include bacteria in the gene@ostridium FusobacteriumBacteroides Actinomyces
Propionibacterium,as well asPeptostreptococcj6]. Clostridium ae important for lysine and
proline utilization via fermentation in the colon, whiReptostreptococatlrive tryptophan and
glutamate catabolisii29]. Aromatic amino acid metabolismaactions are thought to be primarily
performed byEnterobacterand Escherichiaspp.[4]. BCFA abundance has also been correlated
with decreased Firmicutes and increases in unknown Bacteroidetes, as Rl atellaspp.,
Bacteroides ovaty8acteroides thetaiotamicromndClostridiumspp. in al'lM-2 model of high
protein dietd16]. These changes oated despite acidic fermentation conditions, which likely

inhibited some bacterial proteaésl6]. Another method, examining the presence of putrefaction



pathways in gut microbes silico, have also implicateBacillus spp. in protein fermentation,
despite not being identified in culture experimd@gj.

A newer approach, using KEGG pathway analysis of annotated human gut bacterial genomes
and probabilistic pathway construction shows that Proteobacteria possess the broadest gene
coverage of aminacid reactions, thougbnly 9% are unique to this phylup]. This can be
explained by the many metabolic functions that are conserved across species, resulting in high
functional redundancy in the microbiorfe30]. When KEGG classification is performed on all
predicted microbial reactis, the largest identified category is amagid metabolism (16% of all
reactions), however it is important to consider that approximately 21% of reactions are
unclassified, highlighting just how much work is still required to determine the true furictiona
capacity of the gut microbionjd]. Given the high number of unculturable species in the gut, and
the simplicity of single or paired amino acid media, it is likely that not all species contributing to
proteolytic fermentationin vivo have been identified. Likewise, the species with the greatest
capacity for proteolytic fermentation cannot be identified in acampetitive environment. Due
to the differences in substrate abundance, community membership, and species richness in
different locations of the gut, it is important not only to establibith species are participating

but to examine how processes may differ in the small and large intg3tine

2.5. Proteolytic Fermentation in the Small Intestine Afects Host Amino Acid Balance

Despite the fast transit time and high degree of host absorption of peptides and amino acids,
evidence suggests that microbial utilization of amino acids begins in the small inf@&irjeA
shift in ileal microbiota structure has been demonstrated in response to dietary pvetsi32¢.
Compared to a high protein diet (16% crude protein), moderate dietary protein (13% crude protein)

decrease£lostridiaceaeand biogenic amines in the ileum of pigs while also increasing tight



junction proteinslaudin and occludif33]. This contradicts other studies showing a beneficial
effect of amines on gut function and suggests that there may be a threshold effect beyond which
amine production is detrimental to gut barrier function. Polyamines angyrabdorbed from the

gut lumen and are important regulators of cellular metabolism, growth and prolifei@tion
However, at high concentrations amines have been shown to cause inflammation and epithelial
shedding of gastrointestinal mucosa as well as disorganization of pancreatic tissue in young
animals[35]. New evidence also shows that30% of essential amino acids may be utilized in
first-pass metabolism occurring in the small intestine; microbial utilization is thought to play a
role, though the extent of utilization is not knowhigure 1)[20]. This is an important
consideration as microbial and endogenous proteins resulting froapdsst metabolism are
poorly absorbed once they pass the ileocecal jun20y36] Sequential suioulture experiments
demonstrate thatlebsiella spp., Streptococcuspp., E. coli, and Mitsuokellaspp. from the
porcine small intestine utilize amino acids at an appreciable rate@%0over 24 hours, which

may impact overall small inséine amino acid metabolisfB1]. These microbes preferentially use
lysine, threonine, arginine, and glutamine for growth but also demonsptiake of leucine,
isoleucine, valine, and histidi&1]. Importantly, this study demonstrated that the availability of
specific amino acidsould alter the population of intestinal bacteria that were able toigraitvo.

For example,Acidaminococcus fermentangrowth could only be supported by arginine,
glutamate, or histidine presence in the m¢slij. A limitation of this study is the long incubation

times and high concentrations of amino acids compared to what would exist in the intestine.
Additionally, disappearance rathéian metabolic fate of the amino acids in these mixed cultures
was observed and their relative use for energy or protein synthesis was not established. Further

experiments have shown that in mixed microbial cultures, overall amino acid utilization is lower



than in pure cultures d. coli or Klebsiellaspp. alond37]. When the fate of these amino acids
was examined in more detail, mixed cultures of ileal bacteria showed large amounts of lysine
catabolism when compared to incorporation into microbial pr¢8ih Threonine is also highly
oxidized byKlebsiella sp. andE. coli, compaed to mixed cultures, which is an interesting
difference compared to the overall microbial community which preferentially oxidize glutamine
and argining37]. This suggests that in pathological conditions whereoli or Klebsiellaare

highly abundant in the gut, amino acids may become lesitable to the host, while protein
fermentation byproducts may contribute to disease pathology through increased inflammation.
These findings also demonstrate that amino acid utilization by small intestinal microbes may be
an important consideration. Hower, our current understanding of the physiological relevance is
limited as it is unclear what percentage of required amino acids are sequestered as part of normal
intestinal microbiota function. Furthermore, the culture conditions may not completett teée
communityin vivo. Future work feeding N labeled amino acids to animals colonized with
defined communities of microbes (elg. coli free or colonized38]), could help to further
elucidate how these findings translate in the complex guir@maent. However, nitrogen
recycling is a major limitation to the use of labelled amino acids. Linking proteolytic end products
to specific microbes in defined communities may be a more robust way to identify markers of
proteolytic pathway. Once markerspooteolytic fermentation are well established, this could also

then be evaluated in humans.

2.6. Proteolytic Fermentation in the Large Intestine Generates Bioactive ERBroducts
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2.7. Diet Affects Proteolytic Fermentation

Whi | enetttadol i ¢ pat hways and microbi al speci e
been described in culture and modeling experi.
dietary patterns stil] | argel y rbesmaians taos alid a
host absorption, and production of gl ycoprot e
fermentation, maki ng methodical dietary studi

that the effects ofgbhighl proweih daptd obang

met abolites observed within 24 hjob6.,s18Mnt bwonlhy

do&ds gh protein intake need to be considered,
diets may complicate dietary studies due to a
gu[t5] Low f er noehnytdarbaltee cianrtbake results in | ow s

higher pH. This change may cause the |l ength o
conditions off 4.3 hBea cdtiesrtiaall cporlootneakepHwoahkdbase
be inhibited by SCFA producti on, t herefore tt
protein may resul't i n ¢ h2adngheiss tios ffeurrnehnetrat $ «
experiments comparing dvihfifcenr esrutg gteysge ¢ haft dii étr
in altering the rethaimedpfatduygtiaondsefthranogh
|l ocati on wiidhbhiihhedhe ctoeswihts are someywphat ei m¢gorl
| ovar bahgeddi ets have shown an overal/l decr eas:
rel ative abupd.@hlchei sofc BlWCFAshave been due to th
observed in|[t4dl6dHsg@gmel esveldy of dietary protein
for organi sms that are more bile resid89&ant,

|l ncreasing bile tolerant organi smpeciaesl, deecg @«



that close exami-sipeciohi ofecbempastmantr eveal
throughout the gut.

The suppression of protein fermentation by dietary fibre is thought to be due to decreasing the
demand for amino acidsan energy source, and lower pH from SCFA production inhibiting
proteolytic enzymefS]. These effects result in a reduction in the amount of potentially undesirable
metabolites formed47]. Carbohydrate presence alters amino acid utilization by microbes,
reducing the uptake of some amino acids such as tyrosine and increasing the use of others including
valine[6]. Carbohydrate fenentation can also strongly inhibit formation of specific products such
as pcresol, which is further described below, even when degradation of their amino acid precursor
(tyrosine) is still occurringd4]. This may be specific to aromatic amino acids as their complexity
lends itself to a vder range of degradation pathways and metabolic end proffijct$he
importance of this dietary context is demonstrated in a study comparing diet and fecal microbiota
in African-Americans, a population with a high incidence of colorectal cancer (CRC), to rural
South Africans, a population witbw incidence of CRC. Higher levels of proteolytic fermentation
products were observed in rural South Africans, however this was observed alongside increased
carbohydrate fermentation and a lower incidence of colorectal p§#gis This finding of
increased proteolytic fermentation despite lower CRC incidence suggests that the increased
carbohydate fermentation observed in rural South Africans may exert a protective effect against
the effects of proteolytic metabolites on CRC development. When metabolic networks are
examined, branchechain amino acid fermentation appears to be increased dfrihan diet,
however urinaryp-cresol is higher in Africashmericans before dietary interventi¢#8]. This
supports the suggestion that high fibre intake may alter protein fermentation pathways and provide

protective effects against inflammation and disruption of cell cycles (Fig@ere mechanisms

s h



underlying this shift in proteolytic ferentation away from deleterious metabolites remain to be

elucidated. Possible mechanisms could include inhibition of particular fermentation pathways, or

fermentation by specific microbial species. Likewise, fibre fermentation and resulting changes in

digesta viscosity could alter interactions between metabolites and the mucosa limiting these

met abolitesdéd detri ment al

needed before strong recommendations can be made.
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Figure 2.2. Abundant proteolytic fermentation generates a multitude of compounds that may cause

inflammation and proliferation of colonocytes and in turn colorectal cancer. Increased fibre fermentation

and shorchain fatty acid production appears to be protectiarag colorectal polyp development, even

when protein fermentation products are abundant.



2.8. Protein Fermentation is an Important Consideration for Host Health
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Figure 2.3. High casein diets cause an increase in microbiota density and a decrease in microbial diversity.

This change in the microbiota results in an increase in DSS colitis severity. High casein diets do not have

this effect in gerrfree mice or if microbial deiity is controlled using metronidazole.
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The role of proteolytic fermentation in health goes beyond robtathisease, as metabolites
of aromatic amino acid metabolism are capable of binding the aryl hydrocarbon receptor (AhR),
an important transcription factor which may implicate them in endocrine regulation, cytokine
signalling and, unlike free ammonia otQuesol, they may decrease cancer developide®®].
Indole in particular, may have important effects on the nervous system and may enhance
neurodevelopmental or psychiatric disea$e8,71] In cases of a moderate and chronic
overproduction of indole by the gut microbiota, rats display increased afikietyehaviouf70].
Indole has also been shown to be protective in mouse models of multiple sclerosis, further
demonstrating its importance in connecting the gut microbiota to health outcomes in the central
nervous systenfi72]. Indole is only produced when tryptophan is in its free amino acid form,
highlighting the need fotonsideration of how overall diet and microbiome affect the production

of important bioactive molecules from dietary protein.

2.9. Discussion
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Considering the intricate interactions within the microbial community and with the host, more
information is needed that explores beyond microbiota composition anesexigmal studies to
examine specific changes imicrobial species and metabolites when dietary proteolytic
fermentation is occurring. This missing information will strengthen our understanding of the
mechanisms by which dietary change alters the functional profile of the microbiome and in turn

affectshost health and metabolism.
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Chapter 3: Di etary benzoic acid and sup

fermenting taxa and met alpolgistes i n the

3.1 I ntroduction

To decrease the wuse of anpirbimoti og iamtporl
replaced with other nutritional and management
growtlh Two such strahnhegfesrgapi thaecids] uwhbch
pathogenic bacteria in the gut, and 2nzymes t

Benzoic acid is known to exert antimicrobi
compensateedoabitlhiet y ionfi tpi gs to achieve a baci
weaning, preventing paweéearbii g tfdbe&krprahpesdar an c a h d
decreBsehemicbumat £oilm cecal digesta and feces
di etary incl us[i6on7 Tohfi sb ensz acimcnsatdeidde e s wholwi ng |
growt h ofE.pa@thborg.eHFa,lamanel | a, tgpdéhi ecnomimdmms al st
coamdact obfa®, YHauweven, vieclsaugebsemaygti mate the ai
activity of benzoic hp8lAddnti oemaptegsenberefid

of the microbial mechaay sasf bgt whosth physi aldda

in microbial metabolism in the cecum.
Supplementation with feed enzymes i nACreaseée
nutritional factors and breaking downuspelfaunit ¢

for weaned pigs as secretidemgrafdi dggeatpiace t ¢r
mi crobiota ar e n[oltO.,ylelith cfruelalsye dd edvieelto pdeidge st i bi |
in diarrhea incidence andrider atuooatibonoagd pan

[ 11, 12¢ date, information on effects of these



weaned pigs is |imetatdl. | Rcevbauos|l findbogs$s:

creasemse nt o espzy mg 1Sudpipe menteeatinonstudi es

sequencing have shown ar -gdfufceacnta soef afnede dx yel naznyans
intestine microbiota, i ncreasing theucphres®nc
Lact obamrd | dasr easi ng t he ab uGadnapnycled biigbcitjpedrthle o b i
use of 16S rRNA sequencing has also shown an ;
[ 1.8] However, the combinatiiommg @fndc emealabmil ©omo loi
further di scernment o f how previously descri
availability may ddiwtrli9Qute to these effects

To gain insight how these feed adpddssdivielse i
mechanism for i mproved performance in young p
acid or feed enzymes on mi crobi al community
met abolism twhntmemge toad I gas c h r-oofimiplt to g rmeapshsy
spect r(oGext-BGFMS met abol omics) were evaluated.
gain a further understanding of the i mpact 0
community and met abolism using an unt arget ec
effeevely i-deducég dieerations in microbiota
understanding of the effects of[26fkd additive

3.Materials and Met hods

Al

on

I ani mal procedur es wwetrhe tchoen dguuci tdeed iinne sa cocfo rt

Ani mal Care (CCAC, 2009) . (tThe Wmii vmad s iptryot



Ani mal Car e and Us e Commi ttee for Livestock
Technol ogy Cent rfe Adfbetritea UnEidwmeornstiotny o©0AAB, Canad
Di et s

To evaluate the effects of benzoic acid (B

di ets weresfaogmwsleatodd 28. 5% wheat, 27. 0% barl e
me al , 2.5% soy protein concentrate, 5.0% | ac
mi neral s, vitamins, synthetic amino acids, ar
Candda ., Ayr, ON, Canada) . Growth performance
are reportfed]Eéhsewhaesal diet was served as col
included in any diet. Benzoi c Eacaitd( Measstdysi upap Il e
DSM Nutritional Product s Canada I nc. , Ay r , |

(RonoZyme (CT), “Rohozwvmain (GPA, (G@NHHd; RDEMzNmET I
Products @ama&dasledc.i)n dietsgEMZtanadal BAE ©o00¢g:
diet. These enzymes proviidddcanhmbG e/ K O0x yWI/ &krga :
80 U amyl ase. Enzyme data were based. on | abor
Experi ment al Design and Housing

Pi gl etwe awenrdelatdalys of age .-daFyola doawi tnagt 1d s epve
(Large White/Lpndlrate) wer ®uranodomly assigned
40/ treat ment) . Groups were balanceg¢grberdedx ad
' i bitum throughout t he -sepxapcedr ¢ wwbleafd @afd 24 r iCo ¢ su |
Spring, MB ,a nC aandaj duas)t aabnlde hei ght nippl e drinker
in floor | evel pens c(kl.f1 onorxipmd Yavnnuh ysioilcihd pt a d e

Ani mals were grouped by diet in with a total ¢



in 3 nursery rooms in a randomized complete b

an audomabm environment al controller and set
down -20fC lpeAr wieekci al |l ight was provided using
46vatt fluorescent | i ghhhtotbaip ébrsi oidn eeda cuhsmanugn sae rtyi

mai ntained at 121900rB) ofahdgh?2 IKOTO® of dar ki
Sample Collection

Di arrhea was recorded daily for eae8h aussi ng
folllowsery hard andqudairyesomteh ekt betedo erpe
l eft of grounzZ wWwhem,pibaukedoup ;har d, pliabl e, S
residue | eft on @r duwrgde ,whein tpliec koerd nuop ;segment a
|l eavesi due but hol ds4 f eemywimen spi clkoedgyp; di st

residue and | oses fvoerrny wnioeins tp ibcukte dhausp ;di sti nct

t han | ogs, l eaves residue doaméultesedbufonm wleér
occurs as piles or spots, WwWatery, rerci dert whe,
pudd8eatery with | ithtilagr heanbnciodemce was ca

percentage of daa ssdmr evhdfc h6 fcerc egsr evdttenr was ob
growth performance, feed intake (measured as |
pigs were weighed weekly. A description of t |
di aarmeasurements has leenTiparivi etAshif hpepPpOdB g
experi ment al peri od, 40 piglets (n = 5/sex/tr
selected for blood and digesta col Iseecdtaitoend. bPyr
injection of azapeMo@teo quSArcelsmi.l, 16a vwgl/ tangideB, (

xylazine (RompumBayer2 MogskgsBWMgap!l [ONwe dCamya d



me

s a

Mi

f o

Fo

of lurane gas anesthetic. Bl ood was Pbgsecte

re euthanonbeddabyi npecti on of 106 mg/ kg BW o

omeda, Cambri dge, Ontari o, Canada) and exs.
aced in dorsal recumbency, t heir mi dline s
eingd fand i mmediately c¢clamped to prevent miXi
cal digesta was <collected into 3 x 2 mL mic
d st80AC antil further anaobelcktiesd. cTehcea | r edniagie
mogeni zed, and digesta pH was measured by i

ter (Accumet Basic ABl1l5, Fisher Scientific
mpl es.

crobiota Composition Analysis

Tot al DNA was isolated from cecal content u
ntreal, QC, Canada) with 2t2h|8eaddibteiadm ngf wa s|
ing R&stMPepi omedical s, OH, USA) kfkomadgeni z
| l owi ng extraction, DNA concé&€nPrabvoGopaewads
nvitrogen, CA, USA). Amplicon |l ibraries of
cording to Il lumina protocolrdgdarSatMeana)g emnsil

Il l owing pri mers:

rwar d:

S-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCBACGGGNGGCWGCHA

Re

verse:

S-TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCT



Sequencing was performed on the Il 1l umina Mi
and all raw sequences were uploaded to the
Sequence Read Archive (BioProject acataswasa n
analyzed using the [Q2.3 ME2mupitp epllienxe n(g2 0 2q2u.a )i t
and chimera removal were pdgrRfAdgimerdnamy ngas ha-c
using the napve bayes cl ass) fwiet-tftfa a@ unte9d9 % ni d €
[ 257] Diversity metrics for alpha diversity we
of 1900 reads/ s-menpil ecasmaghodeamcadrei sual i zed
Al pha di ver siutsyi nwgas ogaxharmiandadh é6s Phyl ogenetic D
compared usWalgl ias Kreistkal Beta diversity metric
feature on unrarefied -daad swhmpleesi hgéad ode p-
remed and visualized by PCo02A8]iDn ftf ea emicyelso s eng by
were compared by PERMANOVA within the QlII ME2 |
identified using the Linear di saclraixnyi nrnaznejulaen a l
Significant diffRgs ehcks, wehiel e etfR<enrddlsladdser e def
Met abol omics of Cecal Digesta

Sufficient volumes of digesta werleOFOMS ai ne
on cecal co/ngrecrztpg(anmpidd e& per group were compr
storage process, theref o220 weg eofnoweti nscd mpdlea . v
for 72 hour =,riaemdd stahmp | ferBDeALa enst bredeaanal ysi

The freeze dried cecal sampl es were wei ghe
met hdm®®Il9. 9%, -SMgimli, p@Wrak vi | | e, ONnya sCapnraedpaa)r esdo |v

dei onli8Bz gavMt(eel ga PURELAB flex 3 system,AB/,WR |



Canadalhhe dried sampl-eLwBppendiEmfcd edlb rifs | @Qagn &2d a
Mi ssi ssauga),. ONye Csaannapdlae was vortexed (Benchm
Sayreville, NJ) for 3 min, ceaLt oniff dded sfuprerh®m
transferred to a 2 Qbroastolgramai cgiSaelcy avital
Canpdand dried(Bndeai miCaongea | ncusi BdmMant on,
EV2412So0Gl aHeat ed Anaf € b6Haeranhe rEv aQuoerbaetct, 5®C,A Ca
A vol umeL odf 1t0dlIuleSpeg nia , Oakvill e, ON, Canada)
anhydrous sodi u8i gmbhf aOaky¢ Miwayg pOdNcke dC ath@a dtahh e s
and dri edgeunndter rneamoawe t Methesydmahemboobube.
mg/ nmi,l | Spgma, Oakvi lilne,p yQN,d iNhaénlaiSigalg mean e O@k vi |
ON, Casnoalduat)i on was added to the dried siaaémpl e,
Foll owi ngL tbhfi-&i,s (1t0rOi met hy !l si Il yl )tri fl uoroacet s
(Fi sher ScientificwaEBEdmddednt coABacGasada@) e, i n
The derivatized sampl es wiene€hrmmamastf egrrephi et Dp
| nc, Brockvi)l laen,d QGWe,r eCasnuabd# @R M3 & ma ltyhsei G.CI GC

A Leco PegasTOFMP® GLCESE I nstrument s, St . J

0.25 mmml REMEH(r omat ographiccBpetlal ) OBl Canmad.

as first dimension andm aS{1BR ¥9 m( Vi pod. H2cpog, mam, | (
Oakville,)Obpl Cmnada the second di mension wer
Edmonton, AB, Canadap wasausedsasanthél oar oif e
of the sample was injected in both the splitle
an inlet temperature set at 270AC. The pri mar

min, andamped at 9. 7AC/min to 280 AC with a fi



of 41.65 min. The secondary oven and the modu
of +10UC relative to the pri mar yesopveecnt,i vaend .t
modul ati on period was 2.0 s with 0.4 s hot pul
transfer |line temper aotffdrieghwasnasest sptec2 7 O ME 1t r 3
el ectron-786nenNgy aacfQuiODi tHizan trheaet emacs®0 & ;andjet eodt ¢
voltage with the optimized voltage offset of
delay time of 300 s.

Al | GTIOE®S data were processed using Chror
with theéeé odadl Nanstitutes of Standards and Tech
The baseline offset was set to 0.9 above the
pedk nding threshold of S/ N 21pOela: kls,r déttoraebrermidn iwrats Im
at 6, the mass spectral match required for th
wi dths for peak picking criteria were set to

di mensi on.

Chromatograms weampherdnmay i weidgibty and al i gne
and retention time using the statistical com
aligned pealxtpobltedwas tahemsv file for furthe

(The Mat hwoNkRs$ilcke MA). The dataset was aut osc
was performed wusing PLS Tool box (R8.51i2; Eig
MATLAB. -PAmusien al gorithm was used to perform
optzatii on on the peak tsatbe pe.h yThhriisd ab agcokrwa rhdm e |s
selection approach that relies on cluster res

[ 3®2] Principal component anal ysis (PCA) was



treat ment s. PCA models were performed using P
selected features was manually perfornmerdd i n t
and reverse similarity indices and comparisor
Tables A1l and A2).

The normalizedstdapaF8rwans tihmpo woed i nto Met
anal ysi s. Datal evéy evaanydNniGgved oper f or med t o i dent
compounds that differed among th-adfogtedi pt s |
Met abol ites identified through feature sel ect

visuali zed apihgntthieomeat m

3.3 Results
Performance and Heal th
Comprehensive performance data on[ 2bhgl full

summary, pigs fed the BA diet had a greater d

experi ment apli gpserfieodd tthheancontr ol di et (aRPerage
0.037); there were no differenclexl]iAntgmeweh f e
di arrhea incidence was observed fod aWwb gfotuhp

experi ment followed by a declinePi &. wéék.tReer
| evel di arrhea incldendeci@awveek20®Woi i dpiygs8 f
contr cPl= Di. OATDI ndi cat ilug i oaniwleideliproggetsio ar r hea i
BAE than CON the first weeks following weanin

Cecal Mi crobi ot a



Dietary inclusion of BA -dil o@aesirtesudbt edec al
(Figure 3.1). Using Fai tnhnéosn Pihnyd iocgeesihaeht hi dcs aDti kviset
cecddaliversity was different foP=1th.e0BAPrEhasUBO

0.041) and showed a statistical PEré@nd8éompara

3.1b) . Amn-ai yaiys tof determine the effect of a
composition and structure, revealed that only
on measures of overall community composition
P=0. 04%, 0R07; Figure 3.2). Further, the cecal
than those fed a di et which also conPained e

0.084). The inclusion of enzymkevéeENmHMeasuBAE) ¢
mi crobiota composition compared to the contro
(Figure 3.3a) wer d ndlegernwed cafrttedret ncuelctuinp loef pi
acid. These features, which were decreased inr
Streptandcctlmmydiypel ot Teohaecsaei minative featu
hi gher rel ativd edbuwndcamcecoint apings®g enzymes (
i ncreased abundance wer e C |Parsesvioftied o ch ¢ @a et ehre

Bacteroidal es.
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Fi gur22C8A of the cecal mi crobiota of pigs fed one
using Unweighted Unifracidiseirmiltlariwtey eancesdiefdlf el
Benzoic acid (BA) exerted asbBitganfcomparetifeoctaoanc
(R 0OPH®70.047) but did not affect dispersion, whil
enzymes (ENZ) or both benzoic acid and enzymes (

bet wereomPEs 0( 86) .
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Met abol omics of Cecal Digest a

A typical contour pl ot of aT@FrMRAli sasmipd wn
Figure 3. 4. Each sample preseghaeld/ mbiosme B3a&ti00
100. Al | chromatographic peaks were searched
compound name was tentatively assigned for pe

(where 1000 is a peirdrecitndmax crhgt am d( athso Iruettee n

|l ibrary and the experimental retention index
not meet these criteria, the compound name wa
gi ven.

Chemometric investi gat i-hoonu swa sF Sp eprrfootronteod uas
aligned and normalized peak tabl e. Using the
the metabolites responsi bl e afrgr tmakitmgnsepdIl
Principal component analysis (PCA) was empl oy
compounds and to visualize the clusters on t hi

pl ot where the f ouor pdiientcsi pade compuoumed.t sTve Xxp!
variability of the dat a. Principal component
diets versus feed with enzymes and benzoic &

component c2onstepdr aatneds f eed with enzymes ver sus

enzymes diets. Il n Figure 3.5b, the PCA biplot
peaks driving separation. Benzoic acadid;s ael
sugar is related to the diet with enzymes.



Table 31. Compounds identified via feature selection as driving separation between all four experimentddig¢ntified compounds, library match

scores, retention index match (RRiexp) and CAS identification number are provided.

Met aboliteCoul Average Quant Library ??tmintl $?tm2nt2 Rii Rixp CAS
Anal yte 4828 42 60310 222 1658 0.900
Analyte 4433 20 14065 203 1505 1.061
Analyte 1837 8 55540 268 888 1.443
Analyte 4681 39 39011 180 1589 1.317
3Hydroxyisob 30 64137 177 8§81 529 1.358 7.7 55582
Sugar C36 13 64106 452 1562 1.035
Benzoic Acid 50 47068: 179 952 614 0.059 9.9 20788
Analyte 1798 49 56981 265 650 872 1.3414 10. 4 5168%
Analyte 4345 39 27438 297 1480 1.093
Analyte 4199 50 25434 281 1432 1.628
Analyte 1024 23 7534 164 676 1.690
Analyte 2291 46 42199 255 986 1.555
22Ket oval eric 30 234936 147 888 698 1.222 16. 4 n/ a
I-Monopal miti 10 13035 385 698 1516 1.030 24 .1 1188
Analyte 4690 40 51400 2638 1591 1.034
1-Propanedio 26 15208 117 882 332 1.181 10. 6 17838
Analyte 2216 31 17369 157 969 1.228
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Figure 3.4.The total ion current chromatogram of a typical cecal sample. Axes are in seconds, and a colour scale gives the inéepeiif
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Analysis of individual metabolite differences by emay ANOVA identified benzoic acid,
phosphate and one unidentified analyte as significantly different between diets (Figure 3.6).
Phosphate was significantly decreased in diets containguyeiezymes (FDR adjustéd= 0.03).

Benzoic acid was detected as increased both diets containing added benzoic acid (FDRPadjusted

= 0.03).
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Figure 3.6.Heat map of metabolites identified during tat@p FS on all four diets. Metabolites driving separation between cecal digesta of pigs
fed one of four different diets including a control diet (CON), with added benzoic acid (BA), enzymes (ENZ) or botiwéBAE)ngescaled

and heatmaps were generated using Metaboanalyst 4.0 in R. Colour scale was generated ustogethéoZ each row.



Twetep feature selection identified diff el
treat mentt ocdrmparceodhtr ol diet (Supplementary Tae
benzoic acid, the microbial metabolite 1,2 pr
than the control diet (Figure 3.7%3edThbunddnt
of fucose derived from plant polysaccharides,

heptadecanol (Figure 3.8).
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Figure 3.7.Metabolites identified as driving separation in cecal digesta of pigs fed either a control diet (G@iK)aalded benzoic acid (BA)
were identified using a twstep FS. Heatmaps were generated based on separation results using Metaboanalyst 4.0 in R. Colour scale was

generated using thegtores for each row.
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Figure 3.8.Metabolites dentified as driving separation in cecal digesta of pigs fed either a control diet (CON) or a diet with added feed enzymes
(ENZ) were identified using twetep FS. Heat maps were generated based on separation results using Metaboanalyst 4.0 in Ral€olaar sc

generated using thegtores for each row.



3.4 Discussion

Il n the prbesaegmti cstawdy,i scprlacsment htei @m esence
in digesta beyond the primary site of absorpt
i's absorbed in the smal/l i ntestine by monoc
subsequentl y dorjeung aptpetzdm alt yee xtchree { 8 8, BAhius i neve
finding indicates that tahi & heompadnudatreaa dh eed a
undi ssociated form when snop gl dreearztoec. aThids iisn
can be absorbed by MCT1 transporters in the
previous|[ g4iEpoeadsxrdbenzoic acid is conjugated
' iver and excreted by t he edalln edyisg e sN\toa cvwearneg edse
fed benzoic acid which may indicate t Hhatd no i
pigs. However, it iIis not possible to ascertai.l
intestinepwi ofii hhiBessaoady. The | ack of feed ef
study could be due to the se[nX5]tLiowi tpyatdfogemgd:
intensive sanitation between batd¢chkRgy bdfutpirgesu
the ability to detect differ-wraeasngndgaowhbap
suppl ementation of organic acidsamay braé¢é quicree
fermentable carbohyyYyrheeel evef opgadijcasaciddet
di gesft &a5]pH Further, the dose of BA approved f
protecting against feed spoilage but .may be i

At the anesusmotmhe present study, ftelealn enzy
benzoic acid on the abundance of i ndi vidual

mi crobi al Omnehtearb osltiusdm.e s have shownLaan obfafce ¢ 1 v



species that is dependent on the cereall- type
glucanase hmhad Ixeggd mnalsewn on di[e3t6s] ,f ocarsmuilsa ttehde \
current | aitcwadcatscebkalcrund aasce hasrbheed dEmogsi de
fecal c aleisfpommse it @l uylhaaset.8 pimpilse xef f ect 1 s
t gl ucan degradation, which is further demons:
on gut mi crtoibvieotoaf iernrzeysnpee cf eedi ng, whe&®]Tchoinsp ar
is Ilikely due to enzymes altering the avail al
manner that i's dependent on the plant pol ysa
consistent with the chawngdési nnt hihe sttwedy. micr

Taxa i1 dentified with increased r dleat ipviegsab
included fibre f erPmeenvtoitnegnldaacmealteh eerss saifc horagder
Key taxa found to be decdriecasaerdy ienm ztylhme sc @ cmwcrh u
known protein fermé&elienghkegasplhadecdsdiacrmhi nacsc o c ¢
[ 3F39] Decreased abWwrhdaamromd ao fcd o@saccitlal xogsupmvih iacle a e
are known to decrfeearsmenntnaldlie tcamwiddhmhy &wateet wask .
2015)Whil e it 1is not possible to differentiate
of this study, previous studi ey elvaou & |1d8dhavera ei n
decredMegasiplhhiefr ar esponse to supplemental xyl ar
may play an i mportant role in the results obs
and degrading compl ex pl ansti Icyelfle rwadnt[adb® e ocnoen
It is also notable that many of the taxa aff
producer s Vainlcll ardeslaljee neaMemass p, hAaceirdaa mi n o caorcd u s

Prevot d13l1998dalkkowever| @evy®olps oaméeé enot different I



sug

res

gesting that t her ewvatr elals acdezaydieanidrainrcge odif et s

ponsi ble for a shift in primary propionate

ids orOvVvacabhte this pattern suggests that i

fermentabl e plant polysaccharides in resp
ducing propionate without a dwdas.i ment al e f
Met abol omic results indicated that, in the
strates may affect mi crobi al met abolism i

et her , me t-layp o dhiyg y radt eh i agin gt anfthammat o
roduct of micr c3ihiyalr ooyt yi rmat eneh saasb o @ esrm, i d e nt

i nfl ammatory conditions affecting[ 44.,e45]Jut

i s metabolite was found in greater abundanc:

n thogei Eedcbée diets. This suggests that I
sence of benzoic acchlaiim dmienceazaimd Mt &b d

eresting when consi dperrcepda nad doinaogpsii gdees & ehdee ki enincr

id cont &i mincg odfi @d &icnrgoksmRroadpuacnte di ol i'sS gene

radation of plant cell wall 46¢Mp olmeclmaicsh esd c

ino acid metabolism itsoa bglhmdgrbbpscbei d

ortant avenue for further i1 nvesdmnigag i @inarmif |
s fcereadsisng i's an i mportant function within t
efici alh timi or obhesgut as welMU43ad8production
The producthannofashypyracids by the microbi
mentati on, and therefore may reprepbéidif. a b

twhheern, t he effects of ENZ are compared to th



glycine and phenyl alanine in the cecum. This

hi ndgut, and therefore avail abl e nf oBNZs ucbosnetqgaui en
di et s, may also be i mportant to diarrhea ou
heptadecanol . Previous studi es -hdptwvadeshmvon €

Proteobacteri a-hempd asdledaooné¢adealtiliomwl md tahe oimbti n
| i Befi dobdatce nibubmit lelr o.maomdBaed Inl ia model of dy s |
i mmunosuppi9elThieomecr easeckkepaladrdcamoed ofn T he p
enzymes along with a bbwgosaboahadande Dlicodhe 9
support the development of fermentative capac
With increased abundance of fermentable ol i go
plant cell twalmayc dmpomeanr readily degraded by
support fibre fa®mewti rghigehe @arga amucihmport ant

weaned pidg 5mi]Jcrobi ot a

These differences in the prekBenpeoddctfiidrm
met abolites from polysaccharide degradation s
establishment of microbial met abolic pathways
components in the weaneéad pimproVebds rresadidrigon
di arrhed easmeibmg@ species establish and expa
pat hgdgenisn concl usi on, this demonstrates an e
mi crobi al c o mapboosliitsinmo nd uarnidn gmetthe sensitive per.
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Chapter 4: A blend of medium-chain fatty acids, butyrate, organic acids, and a

phenolic compoundaccelerates microbial maturation in newly weaned piglets

4.1 I ntroduction

Medi-whmai n fatty acids (MCFAs), phenolic com
used in dietary adwedanivreg tbrl &amdist idourr iinrg p@gihgs ;
mi crobiota are thought to reduce the risk of
outcomes during this vul[nler2aMeldeih@gienr i foat tiyn gadig
antimicebbeats through di sr u[p3]i,onand hawve pbheodr
suppress gastric and B&andleesrtiianhe@llaopadihiadg earms piem ¢
[B] . -Shairh organic acids are ofguetn puHs eadn df opl a tof
colonization in the gastrointestinal tract [ |
contr ol pat hogen colonization and i mprove gut
t he abundance of mamyccobéotan$®ijtuents of th

Synergistic effects othdilmndsgarni cMC&Aisd anl
demonstrated compared to MCFAs or organic aci

positive effect of a bl endcoonfmenostal MG FeAasl amidc r

pat hogen challenge [9], as wel/l as on d-i arrhe
chall enge conditions [10]. l nclusion of these
i mprove growth, &a&reedneffiemendigestibility [1:
While there are many studies demonstrating
weanling pig diets, the mechanisms by which
confer these benexamsnedem@dongaion an i ncrease:



of MCFAs, phenolic compounds, butyrate, and o
met abol i sm, welempearhf ocrhnaerdacareriimeati on of the me
poalt pl asma, and systemic plasma at multiple t
results were combined with microbiota sequen
explore how modul ati on of mi cr @ i @ti ag sa If teadr ead
diet. This approach provided novel i nsights i
i mprove performance outcomes.
4.2 Materials and Met hods
The study was approved by the Dutch Ani mal E
caried out at the Swine Research Centre of
Net herl ands) .
Ani mal Performance Dat a

At weanzbngday2s2 of age with average body wei
(Hypor Maxter I Hypom 2.0 blriat)t ewesr eo fs ed reicgiend a rre
treatment groups (Table 4.1), those receiving

di et with the addition of a bl end of medi um ¢

targeatser eblug yr at e and a phenolic compound (N
Amer sfoort, NL) suppl emented at 0.2% on top
i sonitrogenous (Table 4.2). Groups wexr.e Foiagsan c
were housed in one of six pens with 18 pigs/p
water intake data were collected using electr
GmbH, Austria). Body weirglotrs twe rwe amad Inlge ¢ taendd @
13 andw2anpaoagt as wel | as at time of euthanasi



using the PROC MI XED procedure in SAS (SAS
fixed effect mared fpen .as a rando

Tabl eDide.tl f or mul ati on of basal di et .

Ingredient %*
Barley 12.3
Wheat 35.0
Maize 10.2
Wheat bran 2.0
Soybean meal 48 20.0
Potato protein 2.5
DL-Methionine 99% 0.18
L-Lysine HCI 98% 0.51
L-Threonine 98% 0.16
L-Tryptophan 98% 0.03
L-Valine 96.5% 0.08
Na Bicarbonate 0.26
Ca Carbonate 0.73
Monocalcium phosphate 0.75
Salt (NaCl) 0.44
Premix 1.0
Lactose 6.5
Sugar 2.5
Soybean oll 4.7
Vitamins and other 0.2

LIngredients listed constituted the control diet, while the MCOA diet was identical except for
the addition of 0.2% MCOA (Presan FX, Trouw Nutrition, Amersfoort, NL) on top.

Tabl2eNudt.ri ent analysis of experimental diets.

I



Nutrientt CON MCOA

Net Energy, kCal/kg 2550 2550
Moisture % 10.7 10.7
Crude protein, % 19 19.1
Crude fat, % 6.4 6.5
Crude fibre, % 2.7 2.7
Ash, % 4.6 4.6
Na, % 0.25 0.26
K, % 0.75 0.76
Mg, % 0.2 0.21
Ca, % 0.67 0.67
P, % 0.45 0.46
Zn, mg/kg 117 108
Sorbic acid, mg/ky <1 130

! Diets were formulated using a wheat, barley, maize, and soybean meal base to meet or exceed
all nutrient requirements. Nutrient levels were determined using standard analytical methods.
Moisture was determined accardi to method 930.15 (AOAC, 2007) and nitrogen was
determined by the combustion method (method 990.03; LECO FP 528 MI, USA) using the LECO
Nitrogen analyzer and crude protein calculated as nitrogen x 6.25. The crude fat was determined
as an extraction method 920.39 according to AGAOAC, 2007) The ash content of the diets
was measured according to method 94ZA6AC, 2007) Mineral analyses were completed
according to NENEN 11510(EN) specifications (2017). This method uses the inductively coupled
plasma atomic emission spectroscopyRIBES) method to determine minerals in animal feed
after dry ashing. Sorbic acid was determined using the method described by Canale et al. (1984) .

2 Net Energy calculated using Bestmix® (Adifo N.V., Maldegem, Belgium) formulation
software.

3 Analysis of sorbic acid content was performed in order to confirm the addition of MCOA
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mpl e Coll ection
On the day prior to weaning, 10 piglets we
i ght, colostrum intake,r eafnedr enex. gTioiusgp drhau |

posed to weaning strwesani mOn, Da 3sulbs et7,o fandi
mpl e coll ection based on representative fee
X (n=10/groeouptomy CONSampmal s only were al so
eut hanasi a, jugul ar veni puncture was perf
al ysi s. Bl ood was stored on ice immediatel

ntrarf u(@lhQ@ i mi nutes at 20001 G at 4AC) within

ood sampling, pigs were euthanized, and sa
tabol omics anal ysi s. First, port aslolvaeiend Kloa
tabol omi cs anal ysi s foll owing t he s ame pr
strointestinal tract, contents from the (I
mogeni zed, while in the-clodragreew snanmpltdd.e,Alclo
re snap frozen -868C durnyt iilc ef uarntdh esrt carnead yasti s .

tabol omi cs

Pl as ma and di gest a sampl es wer e processe
tabol omics (Leiden UniversitdgsMedndalsuBentt
targemMSddMSLGwi th a positive and negative 10
mogeni zed, and protei®Mepabol pmiatiammal per Eon
i ng -MSn MISC based SWATH met hodX2vi $ Wws taend h( $naidm
rtrogenbosch, The Netherlands). The MS was a

V., Ni euwer kerk aan den | Jssel, NL) operate



identified wusing data i)ndespiemgenhe agyghlisct me
dat abase to align[ a#apd identify metabolites

Foll owing peak identification, met abol ite
analyzed using MetaboAnal yst 5.0. Metuamad li il tee
nor mali zation and range scaling. Foll owing pr
using PCA and ANOSQuV tainsal dyiss tsa nocne sBrpaeyr f or med t
met abol omes. Differences i®ednds$ivmg u&tDRsntasd p b ¢
where significamrree. WasadeckepPenli@ed®mserrepresent
was performed on jugular metabolite samples u
to identify metabolic pathway differences bet
Mi crobiota Anal ysi s

RNA extractrimend wars Ipegsdd cell s (MagNA Lyse
using as the MO BI O RNA isolatiobm&icapgptCaetl s dm

and DNase in steps(las)Apupd\icowns Il yiVodl erga geisb modo ft

rRNAeweronstructed following the 1Tl lumina prot
[ 1.5]
Sequencing was performed on the |1l umina M

Raw sequence data was processed ande amelroged,ke d
filtered for qguality, dRdB ) aldipdadtlsiegn evdy tt dads
further filtered to exclude chi meras -oafnfd ocfl us
97 % i deln7t]iSeyuence data wasquuemlcoea dreeda dt oa rtchha viNC
PRINA928417) . Processed OTU tables and phyl og

the effects of MCOA on both alpha and beta d



phyl osed 1BdAkphgae dixaeni mietdy uwa®nge both Chaol an
compared usi ng -sau nWitl esotx.o nDirfafne&kreednces i n beta

the adonis2 function (PERMANOVAuritmstlaedRUPpARA

matrices. Di fnfte rteanxtai awelrye aebxuanndiah #.8] usi ng LEf Se
Due to the high number of | ow abundance an
of pigs sampled on D3, 5 and 7, a successione

pigs and userds fofr cormpami soobi ota assembly i
ti mepoiOnt2a2ddlie t o the disruption of weaning, <co
in > 60% of D14 individuals with > 5% relati?
betewe groups at D7 usumgt eastWi | Twm xfonr trraenrk eads s e s S
met abolites and core microbes in the small/l i n
(rCCA) was perfoamedattsong(erigday s wmat hoac i or t1
mi x Onfi2z, 23] . Results were visualised wusing a
threshold of 0.6 and a cluster i mage map show
and metabolites [id&elntified using rCCA
4.3 Resul ts
Pig Performance

Average daily gh3I n(C@WG) £rDdDm DMACOA n = 22
fed MCOA (111P¥s07Q4 g/ HEi guurten 4. 1) , this growt |
pigs of this ageuentdhtilbse faccl eayed | akeliyt dof

experiment al protocol . Feed efficiency was no
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Figure 4.1. Comparison of growth performance. a. Average daily gain (ADG) and b. average daily feed
intake (ADFI) for pigs fed a control diet (CON) or a control diet supplemented with blend of medium chain
fatty acids and organic acids on top (MCOA) for the firsti¢élein days posweaning. ADG was
significantly different P = 0.04) while ADFI was not significantly differenP & 0.19) between groups

(n=19 for CON and 22 for MCOA) for the thirteelay period.

Met abol ome

Amverall shift in the global metabolite po
noticeable difference at D7. Al t houwearnieregd iim
both diets (Suppl ement al Fi gCuet Ad) di anahgess
smal | but significant differ encP= e Bveeddn 2@ as

anPl= 0.RF670.29 respectivel y; Figure 4.2). N o



intestinal met abolites at D3 or 5. A more ©pr
significantly different metabolitR=s 008&% obser
0.82Pand®.RG&EL,0. 70 respectively, Figure 4.2).
compared, key metabolite groups with noted d

included markers of tissue dedp.o3)i,timinl eanacifdatd

(Figure 4.4), tryptophan metabolites (Figure
Met abol i c pathway results showed two signific
tryptophan met abol i smsnmndl nmi BONI aavniinma me t a bt ohl
overrepresented pathways for purine met-abol i s

chain fatty acids were detected (Suppl ement al

very | ong icdhsaiann df aptytryi micdi ne met aboli sm wer e a
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Figure 4.2. Summary of overall effects of MCOA on weaned pig metabolome. PCAs of metabolites on D3, 7, and 14 in jugular plasma; Group

names indicate treatment (CON vs. MCOA) and day of samplingX#)ocroup names indicate treatment (CON vs. MCOA) and day of sampling

(7 or 14).
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Fig 4.3. Whole-body metabolic indicators of tissue deposition. Differences betweengaring, MCOA, and control

groups shown on D7 and 14 include a. Creatine; b. Creatinine; c. Acetylcarnitineicatnitine; e.f -
Hydroxybutyrate; f. Homocysteine. Metabolomigas performed using LMS/MS with a SWATH method for peak
identification and analyzed in Metaboanalyst 5.0. Compounds shown in figures 2b, d and f were not captured in

intestinal LGMS/MS. Group names indicate treatment (CON vs. MCOA) and day of saniplardl4). Preveaning

samples are denoted as PW. Groups with statistically different nfean3.05) are denoted by different letters
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a Tryptophan; b. Indot8-carboxylic acid; c. NAcetyltryptophan; d. Indol8-carboxyaldehyde; e.-3

Indolepropionic acid. Metabolomics analysis was performadgusC-MS/MS and a SWATH peak

identification method. Statistical analysis was performed in Metaboanalyst 5.0. Compounds shown in 4b,
d and e were not identified in intestinal metabolomics. Group names indicate treatment (CON vs. MCOA)

and day of sampling/(or 14). Preveaning samples are denoted as PW. Groups with statistically different

means P < 0.05) are denoted by different letters.
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Weighted UniFrac distance of colon microbiota on D7 and 14; b. Alpha diversity measures of colon
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Anal ysis of colon microbiota showed diffe
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those at D14 (CONOD. ¥61) ,COWMHi4l, e t hat of MC O/
significantly different from=DQA4l&ni mals ( MCO
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explored in pigs sampled at al | ti mepoints wu

corel ati on PwasO.o0b8s,errvheod = 0. 21; Figure 4. 7¢c) .
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Figure 4.7. Microbe-metabolite relationships. a. Network analysis of core Sl intestinal microbiota and
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network analysis results for all significant correlatioRs<(0.05) with core small intestine microbial taxa
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(P=0.08, rho = 0.21).



4. 4 Discussion
Patterns of metabol ome differences

The overall tpholieta o h a nngee s , wi t h t he st
met abol omes obweamedgati ®7ppaostcularly releva
ti me whenE.t haeo $roicsi kevtoech imags tdi arr hea i1i-swelhghgand
i nrtveenti ons may be i mportah6]Dhi prie ealts oo ga dti
initial acute stressors of weanifjg@®6dHeghesof &
intake at D7 and 14 wouldtréebulttngntbi gher gMEg¢
observed on these days as well as to the pote
intestinal met abol ome observed at D7.

The fact that differences observeddéent hée
additive components themselves is not unexpe
shown most MCFA digestion and absorption occur
and abundance of t heser eloen®oeu nddrso, p se xscheaprtp | fyo ri
sections off5,th"a®o6Gbki stant with our results, it
woul d not be observed in total smal/l i ntestine
changiensdiivni dual met abolites observed demonstr
net works beyond the metabolism of additive re
Met abolites reflective of 1 mpacts on tissue d

Sever al notable differences tiarbome tsanb alnidc t
deposition were detected i-weanugnugl.arT hpel apsrneav aat
suggests i mproved energy bal ance and muscl e

catabolism in MCOA fed piigs.t Keyp atvti @drem cef sdig



creati brhyer anydbut yrate observed in MCOA fed pi
and e). -wAdami7np,0sdecr easead nacsdtnyel,c arnrdi thiorme,c yls t
this find3aoag dFagdre&) 4. Except for homocystein
al so observed on D14 indicating ongoing- effec
weaning. Carnitine abundance is an imperahht
metabolic status due to its[e@Bf &Bfrsnian nlei piedve
tightly regul at eldody muwtsrpioenrste s eon swhnog,e mat c hi
met abolism to what | ssnha&tEusgdhetol pbwegcualrbne ete hmeet ai
MCOA fed pigs may indicate | esnveatni sgue At att daile
ti mepoints, | ower <circulating creatinine obse
hi gher musml eTmies aibb® |l f s8rt her supportedl1By the
of pigs fed MCOA. There was -weae adiri amrgatiinc GONc rfee
consistent with reduced feed intake al[@hgsi de
whil e MCOA fed pigs did not exhibit this incr
al so seen in MCOA fed pigs, while CON fed pig:
indicating decreased methbbadnceaichi COMNyghamgping
[ 31, 3RPhis is further supported by significant
oxidation of fatty acids (Suppl ement al Figure
at D7 and fledd ipni gCOQASuppl ement al Figure A2) ma
energy bal ance. tlaew elss nofact me Bi bofl avi n, ano
synthesis as they pr[o3.3]da rri enqgu if raesde inmeegt t hsym & tognry at
met hi onine cycle must be met through r-emethy

vitamin §dd4]Thibs lnesyul ts in an inverse relatic



andviBt amin met abpB,bfans aohisremtvagAltveeBni pgst ri bof
met abolites were found to be significantly &en
4. 6¢c) , while nicotinamide and pantothenic aci

Figur &h Ww@noxybualsatel waaated i n CON-wleeadhi migg s

(Figure 4. 3e), i ndicating ongoi ng[ 3n6e|gdaetsipvie e e
comparable feed intake between groups (Figure
t oget hreart el ldeucsrteased body fat mobil i-waamiomg, n
which could in part be due to i mproved nutrie
in nutrient sensing in the gaff§7ointestinal t

MCOA Suppl eahetnbirdseimmponent s

At D7wearsitng, MCOA fed pigs had increased ¢
plasma, jugular pl asma, and col on, suggesting
(Figure 4. 4avas HRlticomplahange by a decrease in
precursor taurine in portal and jugular plasm
i n osmor[ely&u]laantdi oomay t hereforewebhprpi agsedemaedDw
plasma choline in MCOA pigs may also be due t
i s the precursor to phosphatidylcholine, t he
regul ator of <chjo3 ®,54 ®riod rhlopmeirossdtiagsribsi | e met abc
at Dl#wepaonshg, showing an effect of MCOA on bi
poweaning period as skdwn ni f akFitgurae i 4s Medakdi Kkn
production of pmipiamaerdy thboi | cet haecri dds4.kdtdahriys scoouwrlcde

particularly adweemtnd gnggo wpseriim dt wehepestbi |l e aci ¢



i nade[g4d4]e and decreased feed intake may alte

resuilnidegcreased nfuds,iden]t digestibility
MCOA suppl ementation increases generation of
Al ongside changes in bile metabolites, pig

tryptophaweani Bg past he pma,t awhialne a ulgawanr @d
detected in the <colon {pkigure h4d gha). |Atvel Be o
met abadliinddgsder boxyl i-ntet hgl dx yméntdloyyleagxy2 nHol e,

carboxal demyddod epmcd p8 ¢ niP&A) awere detected in tF
MCOA on D7 (Figure 4.5b, d, e ; Suppl ement al F
supported a significant increaftedipi gheonr Dpt

weaning 4d&)l.gurercrdeas@sarn moxylAnetilaydiodxey i3ndol e,

met hyl oxyindole were also observed in plasma
Ad) . l ndol e and its derivatives can bees aabnsdor b
readily move i nt4e7 ]podt alt cisrcoulhatriedmomr e, not s

did not differ in the -adegteysltaat. e dF utrrtyhpetrq p haann ,i n
[ 48]was detected IinCODAefedabligsn({(é&sgune df 5d)
indicative of an increase iIin tryptophan degr ¢

pigs. As tryptophan metabol|i4®,s5&@&flra&ndenpoirrn atnrty

avail abiductyi andoprdi oactive molecules via mi
interest to ani mal heal th outcomes. These tr)
mature pidgb5mijandbaonéeatherefore of iend etreespgosfto
weaning microbiota assembly in this study.



Accumul ating evidence shows thahydndoaebom
receptor (AhR) binding and are i mportant regul
in modeil sabfeibow4d] 8¢esemsiendol e and | PA have
to be decreased in active <col i[t9.1s],Thwhki lsauppalr
positive effect of MCOA on gastrobppesttmeapatt
i s observed at a time where [gaS.t5BiBaaledoxynlail c i
acid is also capable of binding [ARvR],Metthhoyd g hn dtot

katole) i s an itnitcer me3diliadtedhoylidee i8-a @enp a ndlwoad red
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(72}

(7]
c

bsequently met dlydloixzeé dc diorhteo i [h4.7n]Aréh oluigvhe mouwi 4d

to be related to weaning outcomes, this metahb
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avionurpsor k product s.
Mi cr obsisoetnalh If y er e@seesns e t o MCOA

Given thactobapgpmflaiss i mportant membger8s of t
which are | ong known t[o5%let hseeinrs iitnicvree atsoe dh oasbtu n
fed pigs is an I mpor taarste mbndi ¢ atl p & .QvpTrhgm ivpeoase btin
correlation between t hi si ngteenruess ta,n di ncdhiocl a tci rmage it
MCOA and resulting increase in cholic acid proc
rassemhbygt obpacwddmnuisng (Figure 4. 7c). Further
evi denclei tienr atthuer e of increased | actobacilli c
response to a blil[edrldd 1&f 6dughg2dstyi ™MfC OtAhat a pr ot e
occurs through shaping a ¢ utacd ro\bixrgoarinisal mtn tphoast

weaning.
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I n the -waaniyngpgoperi od, alterations in trypt

MCOA and CON fed pigs suggests that MCOA may

generate i ndfo6.2] Pmeotdaubcaotliiotnd €0 f c olrRAel aad d coma cwil tl h
abundance, may be of particular interpgp§2] due
requires microbi al enzymatic machiLaetypybaamndl a

C. S p o raongieenpet soosct or @apis S € S S t he capab[ Bt 3 ,t604] g

Encapsul ated MCFAs habkactbelksagps.hloaMsnu nt doa nicnec riem st

of pBygsupporting the possibility that tryptorg
t he ipmadx gastrointestinal tract i n MCOA fed g
acetylated tryptophan in the smal/l i ntestine

The tendentgdopi IEOAt D7 to have a colonic
t hat of ®KONsipmiglsar ato that of D14 samples, de
expedient assewsdryi ngf ctoHe npostmi crobi ot a, re
mi crobiota composition with fewer i ncident al
mi drimta i n both the smal lweiamti emgt iimse aa npdo tcemlta
MCOA, which wil|l allow pigs to move through
transition period is a critical attiemeo pwhoerrteu ng
pat hogen growtdweaepbsobgtfdin.griheme sits an opportu
ani mal health and growth outcomes during this
assembly of a micr chbei gwmeesattihnag dise ta,d atpht eerde btyo st
exclusi on, and promoti[nlg, 6dbp teidmalovedmumeef ahatl
mechani sms by which MCOA modul ate the gut mi

application fafert wesanaddi.ti ve a
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This papearhedeesfcfreichess of a bl end of medi um c
release Cl12, target releascese mMutyoheése, amdt abph
interactions. While theéhaehfdatttgf abi dedsandf
l actobacil i popul at i on[sl 1lh alv2e, ,6ble ¢6m2 , @rf7¢eic ® u ®If y
bile acid dynamics offers novel insights into
benefits dweanigng hpempioasd. The <cor rLaalcatoibaarcib d tu
relative abundance provides a possible mechan
Lastl vy, the rélaatiobmrehi heessemabéni nt esotliinsem and

presents a new understanding of the generatio

tract . Whil e these metabolites are abundant [
mi crobial tryptophan met abtoeliins ni ebrengeinntsa.t i hunma m
colon is the primary | ocat[i@&]hofwemiear, olihal ppre

gastric microbiota changes the dynamics of di
stufgb&FE nally, the relationship between MCOA,
provides an interesting area for further expl

typically-weadiangd mpangdt the effepbweadniMCHOPApiIicO U

maintain its ability to digest -weaniarmg oc ot 4 b @l
This is an interesting avenue for further res:¢
body metabolism in the weaned pig.
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Chapter 5: High protein diets support key met .
5.1 I ntroduction

Despite extensive resear-wéaminngdideitarrryh eiantr
serious chheals winge itmdustry worl dwide, with si ¢
and productidn Odc otnhoemi nocss t common dietary str
feeding diets with Jjpowteriwmdaiprntct diaveé GRleNKk Isdh
of -weaning diarrhea @&ue ¢&dEENt3E]rotlxwagvearn c t
transitiowmprfotemna (R i6-§htCtPe ro nb-laa sdardy, dimpt &t ei a |
(12B84% CP)apleantdi et i s known to detrimentally
intestinal tissue morphology [4,5].

Threol e of hi ghwe@mMmidnigetdsi airnr hpeoasti s t hought t
production of protein fermentation nMeBtlalcdliietre.
et al. ,TRIOR1li)s suqpppeneddadnhby &fPh e phdisatd fc uhiagh vy r
availability of fermenti@a]Dietaaybdhypdratie itrhot
benefici al effects throught 1.0Fudrutchteiron iitn ipsr oit
recognized thatnt hermeheatvof opr metabolites is
these metabolites are not always correlated w

This suggests that there i s -a@aoniphghmaddretrsafti

woul d support opti mal growth and intestinal t
weaning di proheani ditkitgh[ 10]. However, more I
homt crobi al mechani sms urder | yainndg tthkee 9 enpmicttisg
on host gene expression and metabol i sm.



To study the effects of dietary pmioc¢rdome and
host interactions, this study-pempfogdddi bBesust:
effects of alterations iinntdeisettianrayl pnrioctreoibn oa nad
alongside host metabol ome and transcriptome.

the form of purified pectin which is highly f

tr pdB,ilnd]r,etassienfgf écti veness in reducing protei
protein was increased by addition of purified
insight into the role of -weaniamgh i@ireoticsindg randd i

alterations isrhamtimegr dmiedraacbyi dtaact or sn wturciht iasn @l

factToimowugh this approach we aimed to gain fur

and metaboliceceaspdhmse prottehenr @afnfd fi bre ratio
5.2 Maaehde tah sd s

The ani mal work conducted in this study was a
and Use Committee for |l i vestock € ARPSHOAOBH 4G

Technology Centre at the University of Al bert.
Di et s

To determine the effects of protein and
composition and npeutraibfoileodmed ifeotusr wseernei we e @ . Th

control tpG DN )e,i nh4if(gHbPr) e  (hH Fg)h,o t een ch -fhmibgrie K IHGEMH P ) .

control di et was formul ated to meet cu+trent
weaning. Diets were for mul ateeds ttaon dbaer di sideenadr go
l ysine, met hi oni ne, threoni ne, and tryptophan



weaned pigs. Diets were formulated wusing a w!
dietary fi br euogwasi nenlcuseiacsne do ft hirioghl 'y f er ment ab

Cargill, USA), while dietary protein was 1incr

Veendam, the Netherl ands).



Table 6omposition of experi ment al et s.
|l ngredi ent s, % CON HF HP HFHP
Wheat 40 40 40 40
Whey Permeate/ 80% 6 6 6 6
Soybean Meal (dehul 12 12 12 12
Corn Starch 16. 34 17. 42 11.55 9. 21
HP30O0 2 2 2 2
Herring meal 6 6 0 0
Canol a oil 4 4 4 4
Potato(Protasnar) 0 0 14 14
Pectin 0 7 0 7

Li mestone / glass r 0.9 0.9 1.22 1.22
Mono/ di cal phoshatel 1 1. 1.8
Salt 1 1 1 1
L-Lysine HCI 0.91 0.93 0.25 0.2
L-Threonine 0. 4 0. 4 0 0
DLMet hi oni ne 0.18 0.18 0.03 0.03
L-Tryptophan 0.08 0.08 0 0
AABPIi g vit px dextrcO0.5 0.05 0. 0.5
AAF pig tm px dextr 0.5 0.5 0. 0.5
Chromic Oxide 0.5 0.5 0. 0.5
Choline Chloride 600. 03 0.03 0.03 0. 03
Celite 7.65 - 4. 1 -
Phyt ase 0.01 0.01 0.01 0.01




Ani mal Saenldeucstbiaonrd r y

At weaning, pigs were weighed and 40 mal e
their |itter were selected. Prior to the star
met abolic -degsclfiomata oh period where-mahey we
compani on. During this t-wenenipng sdiwetr.e Thlerdo wag Isc
and the experimental perioe,ouphatrapdriicadalwdsdg gl
Room temperatur e, humi dity, and ventilation we
controller. Feed i ntake, measur ed as feed d
experiment al day zero (DO), pi gsetwwarg Wweeghme
(Tabl e 5.1). Treat ment groups were balanced
selection, companion piglets were removed, an

stressors.

To standardize timatbbnheed,i heakewpsi oest
6 to O0.75 of average overnight feed intake.
removed as the | ight period began and pigs we
Sample Collection

Bodwei ghts were <coll ected at experiment al
calculations of feed efficiency. Fresh fecal

matter assays as measure of diarr helaectOand efxqre

met abol omics analysi s. Foll owing this, pi gs Wwi
perfor med. Briefly, i ndi vidual segments of 't h
samples were coll ecteO0 cfm opm oxhiematle rtnoi niall e o cl eecu
cecum. Contents of the cecum were thoroughly



coll ection. Digesta sampl es wer e80s nfad ufnrtoizle nf L
use. Ti sgswen stahmep lceesc afl ti p were dissected with
before snap freezing for subsequent transcrip

Di arrhea Preval ence

As part of routine health checks, di arr hea
feccadrisng system from 1 (firm and dry pellets)
tinge). Pigs were considered to have diarrhea

(feces has no defined shapehepresekedi nppil &
di arrhea prevalence, fecal scores for each pi
was also collected on day 3 and fecal water <co

A -dram sample onf efacdsipi geawas fwed ghed and pl ac

AC for 2 hours. Foll owing drying, moi sture ca
divided by the test sample weight. AlIIl treat me
compaon of means in R.

Mi crobiota Composition Anal ysi s

Tot al DNA was extracted from digesta using
Montreal, QC) with the [daddAt FediVhBd negag ebnei azde rb e(al
Bi omedi cal s, OHa n dU SkAg a dwalse autsiendg was perf or me

concentration was meBsBredGmuesemgddsDbMA Quiatnt (I r
foll owing extraction. The V3/V4 region of 16
platform (I | Duemgoa CAYx. folSlhawing the 111 umine
construction (16S Metagenomic Sequencing Lib

pri mer s:



For war d:

S5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCBACGGGNGGC

Rever se:

5-TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTAEGHVGGGT
Sequences wer e processed t hrough a qual i1

demul tiplexing, and trimming sequég¢riddnsd wa t h

phyl ogeneti c atmpeee sg eweerreatreadr,ref3 ed t o an even

analysis. Al pha diversity was measured wusing
diversity index. -de&pmhml everwi trlremoowdr édadm t he
anal ytsidsatbau were not rarefied. Beta diversity

Uni Fr ac measur es and di fferences wer e determ

pairwise C¢tammparissadrys.visualization wa<skm@magref or n
[ L Ajmpl i con seguence variant tables (ASVs) f o
di fferentially abundant ASVs between treat me

visualized wusing the Co¢nmpglL dGCkhnerdipdpackagaeave
examined by coll apsing ASVs using phyl oseq an
Met abol omi cs

Met abolites in serum, ileal digesta and cec
Assay (The Metabolomics I nnoabaai analCegsaisewacgd
using Met apa.a@aphdtyastwebr.e0 processed using median
Gl obal met abolite changes for each compart men
LSD comparison of meams f owi t mulathi g-IDER occoomp aercit s

di fferent metabolites identified during metab

M NV



evaluated for metabolic pathway differences u
in MetaboAnal yst.
Trmescri ptomic Analysis

To examine the effects of different combin
gene expr eSxeyi am,alRRNMA s was performed on cecal
each ani mal were groumidtiogewidonadl sybmndeed |
|l i brary constructi on, and mMRNA sequencing at
Services (Montreal, Quebec, Canada) . Library
protocol f or lainbdr asreyq uceonncsi tnrgu cpteirofnor med wusi ng
('l umina Inc., San Diego, CA) . Raw sequencir
(3.6) pipelink2flpRe asds awedreds umaemnmaesdefrteeon cteh eg e n 0 m:
[ 22] The reference genome and annotatipbd3]fil es
mapped using STAR (2.6.1d) [24] anslcgluedtc¢cdumt
of annotated transcripts wereenead eweroqg ait ccan tf io
using edgeR (3.38.4) [26], significant differ

FDR dj usvtad du eps .

5.3 Resul ts
Performance

Pigs on the HP diet showed higher eadvaeyr age
experi ment compared to both CON and HF group
observed in HFHP ani mals. However, when feed ¢
compared, better performance w@parechhsderv ed gisn fl

or HF diets (Figure 5.1).
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Figur@er &wtlh performance and feed efweaacniemge yd ideatt a( d
or a diet with added fibre (HF), protein @HP) or
average daily feed intake (ADFI) were observed be

using ANOVA with a Tukey6vsalHiSeDs caornep asrhi oswonn foofr mnaelaln s

comparisons

When diarrhea prevdvalusnog wasadommgares (Fig
di arrhea prevalence were ®etBFedBR&EB)betFeean tdre
analysis on D3 showed a decrease in fecal dry

animals JFighie 8®i3ference was not observed



forming character-iishiesdioé¢t pecesuml tedei hiagimhm ir

inclusipnookimi ga@d no I mpact on mean fecal wa
A B C
" L]
0. .
6 6 .
o
o
O
n
§ Tx
w4 47 B CON
b B HF
? * B HFHP
o -1, & HP
<
21 21
CON HF HFHP HP CON HF HFHP HP CON HF HFHP HP
Diet Diet Diet

Figbr@ Average Daily Fecal #wseanméngf dpiegs (CON)aost a
fibre (HF), proteiAexpl®)i oa8rDI&IDVD B8 HNFOHRB)i g f i cant
in fecal score were detected during the duration

of di arr hea.



0.6 Anova, p = 0.03
0.0097
|
0.031
. .
I3
T 0.4 s * Treatment
i * 1 B CON
5 B HF
= B HFHP
o B HP
(<]
L
0.21 . *
[ ]
CON HF HFHP HP
Diet

FigurkEeedahadtegr content of-wepagsnfedi at s(@ONprdr pa
fibre (HF), protein (HP) or both (HFHPY) meetrteexrper i

detected using ANOVA with a, Vmkegéd8s aH®8Dsbhommarfios oc

di f feammari sons.

Mi crobi ot a

I 1 eal mi crobiota compositibpwdidedsnoy dskfde
5. 4a). Shanndnvemgiitcesalofo showed no differer
evenness in the il eal mi crobiota between the
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i ncAwnmweiggmead uderBSmdondnstdanees

cccenepad s i mii corno bs hoa vae d - adnifdf f er e n c

wei ghtriedi vaenrds i urywe ii gnhd

di fferences PretOwWd®® Gma@alpsespecbhDi ypéysi Bhgmeas

using toe fPemendion in QI I ME2 was not differen
met PFc 0-Q 19%Bai.r wi se comparison further reveal ec
cecal mi c rfoebdi ogiagsCOWas di fferent thamghalld ot
Uni Frac, and differ enweifgltmed héniHFrHPc dwas aodres
The HP diet differed fromdither siFtgdi €Talbnhe bt &
di ffer from the HFHP diR=t0.f0dbr) -duirdhegrirsghtt ye,d ntenai
using Shannon diversity 1index, showed a decr
compared to the CON or HP diets (Figure 5.5¢)
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Tabl ePa5.r2wi se compar i sbedn voefr sc et cya | mi crobi ot a

: Pval ue
Comparl Unwei ghted Weighted
COMF 0. : 0. (
COMFHP 0. ( 0. (
COMP 0. : 0. (
HFHF HP 0. ¢ 0.«
HFHP 0.0 0.0
HF HRP 0.« 0.
Ampl icon seqgluewnmele diafrfiearngances were compar

identifying 198 differential 2y abdrdcarintAIVYE y
ASVs were vheaamapedpbiymarily showingdiatdiff
compared to al/l ot her s. Of interest within th
presence of ASVs Beétvovmp&@&higat oFtbemMgeke®l , wher

the ASVs were collapsedivntdoal dA8Yidi efdegeme e :

an overall shi fPtr eivioot€keHd saa.bu@fd atmtce D4 gener a i
the sampl es, significant differences in 4 ger
were inopawb deeeta with high abundance in th

i ndi vi dual s Wavi sabrd dn aPae pgtroocdpec d aTwe@ eotriceltr di f fer e
taBa)| |pliédda® Bwudyri ci coccuswpuéel degbevpet megubnl
Butyricicoccuwsaspwlilgindaeaccoarndney bpbogwser compahed HI
groups based on DESeq contrasts of coufnead dat a
group where the medi asipecilag iive adWndameer off a
ot her groups wWad |lpehiGdea® wbamdaiwce was affected
both the CON and HP diets differing from the
abundant, wtthelbaei hegahbundance detecttelde i n t

cecal mi crobi ot a.
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Weissella
Order Diet
Clostridiales [ coN
red-4 M Erysipelotrichales || HF
Lactobacillales I HFHP
Relative Abundance W HP

1
IU_E
0.6

Butyricicoceus 0.4

0.2
I Bulleidia
9]
2
(@]
g

0
Fi ur ¢dledt mmap of di fferentially abhumnda&ntcemiadr aiicalobg ®n ¢

st andaweaamiorsg di et (CON) or a diet containing added fi

days. ASVs were collapsed into known genera u<®igrRg phyl
in R. Colour scale represents the within row (Genus) r
| l eal Metabol ome

While there was substantial overlap in the

for the compounds evahuptréedcupah evrmmpbnahbht om
compounds were identified as significantly di
LSD comparison of means (Figure 5.8b). The pa
predomi nantaref fpcot @ifn.diledoar fPasiede mabhtdi aciyhea

observed pnobeih HDighs. The increased dietary
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HFHP
HP
trans-Hydroxyproline I1
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heat map of metabolites -fownldettoembms isnd
bet ween means identified by Fi
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each row
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Figur®hasanmon |idindex soft y. Normalized concentrations of cr

fed a sttamwkamnd nmpodi et ( CONpr e o (-fHieh rde B gditi & ihg (i WHHP) or
protein (HP) diaeti sf vral uewsen epayes.ent scaled concentrati

creatinine obserR<edd. IS}t adriestnectadd,t rrondst gti stiP<ally si

0.05) .
Cecal Met abol ome
Simil ar to the il eal met abol ome, substanti

bet ween diets (Figure 5. 1@a)ifAredl MOI sigii cec
met abol it easdjafsttemenEDR Fi gure 5. 10b) . These me
dietary protein | evel where increased acylcar
di et s contai@img | é@vghsr oPe®h | dwet s showed h
sphingomyelin and glycerophospholipids. These
effect of dietary protein on intestinal met ab

M O
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class
Asymmetric dimethylarginine '
Spermidine 05

Total dimethylarginine
LYSOC 16:1
Tyrosine 05

Methionine sulfoxide I
-1

0

beta-Hydroxybutyrate
Valine

Leucine
Valerylcarnitine
Acetyl-ornithine
Phenylalanine
Histidine
Sphingomyelin (OH) 16:1
PC ae 40:6

PC aa 40:6

PC aa 38:6

Lysine

PC2(14.99%)

Sphingomyelin 20:2
Alanine

PC aa 38:0

Taurine

T T T T
-2 0 2 4 alpha-Aminoadipic acid
PC aa 36:6

PC aa 32:2

PC1(28%)

Fi gur eMed .ablo.l omix idn fjfiegwlnacre serum of animals fed a sta
with-fhbglk (-HFbre hpogédtbigh(HPpHB) eon bOHBHh diet for seve
metabolites examined and b.i gmedtimamtdfy me tf d-teo leintt e thty & AN
indicate significant differences between means -identif

scores for each r ow.

As protein was the key driver loifc smga tummwamy
analysis of serum metabolites for the HP vs.
analysis (QEA). Twelve significafngad ypiegs iicrheldl
for fatty acid biosynt hreasniys ,ha np rnoop aancoi adt eb inoestyanb
(Figure 5.12a). Five significantly enriched p
synt hesi s, phospholipid biosynthesis, l ysine
met abolism (Fiigurtée e5.almd m)o. awiitdh met abol i sm pat
serine, arginine, and proline metabolism were

being different (Figure 5.13)

M O



Overview of Enriched Metabolites in HP

Fatty Acid Biosynthesis -

Propanoate Metabolism <

Valine, Leucine and Isoleucine Degradation 4
Methionine Metabolism 4

Tyrosine Metabolism 4

Catecholamine Biosynthesis

Thyroid hormone synthesis 4

Spermidine and Spermine Biosynthesis 4
Phenylalanine and Tyrosine Metabolism
Ammonia Recycling 4

Aspartate Metabolism -

Urea Cycle

Beta-Alanine Metabolism -

Histidine Metabolism 4

Methylhistidine Metabolism 4

Glycine and Serine Metabolism 4
Arginine and Proline Metabolism

Vitamin K Metabolism 4
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Overview of Enriched Metabolites in CON

Carnitine Synthesis -
Phospholipid Biosynthesis -
Lysine Degradation 4

Biotin Metabolism 4

Tryptophan Metabolism+
Pyrimidine Metabolism 4
Phenylacetate Metabolism 4
Arginine and Proline Metabolism 4
Parphyrin Metabolism 4
Glutamate Metabolism -

Bile Acid Biosynthesis 4

Ammonia Recycling 4

Purine Metabolism -

Urea Cycle

Selenoamino Acid Metabolism 4
Glutathione Metabolism 4

Alanine Metabolism -

Amino Sugar Metabolism 4
Nicotinate and Nicotinamide Metabolism 4
Aspartate Metabolism 4

Warburg Effect+

Methionine Metabolism 4
Sphingolipid Metabolism 4
Taurine and Hypotaurine Metabolism -

Glucose-Alanine Cycle+

3
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Transcriptomics

Af ter-cdrDrRect i on, transcriptomics reveal ed
transcripts in the cectal mariked et r(an sgaurriep t50. nli4c)
bet weenf adhepiHPs and those fed a CON or HF di e
to be decrperacsteedi n ndihetgsh ( HP err oHFeH M) dc cempsa r(eCdO
These includedi genesi naveoywthesi s (PSPH and P
(CHAC1, ASNS, ADM2, GPT2) . Whil e one DE gene
metabolism and satietrtyteas dnhnetsasa@kpyrecisedh
tranwasi ptlenti fi edanbdefttée empmi d he( KMMW2), whil e no
bet weeam dHPHfFeHIP pi gs. The di fference in express
foll owed a shared pattern-pofotcevanrtdha dd gex @drod
di fferences, particularly 16l RSATIanwghei adhe cwaesa sf
3.15 i n Hiegdh apnriontadisn This consistent patterr
observed for three of the cellul ar stuadecslsd r esj

change decreaspspbfsgplmazzhingld2.e4s. The express

the same pattern, however, the HF anipmaltei wer
diets which may be of interest given the role
sesntivity. |l ncreased expressi ofnedofa nAiBniaDi4ds ovbasse

subtle, with smallidrnl dhamfeadg ¢o DsTddrévseed p(altdage r n s

t hat at comparable | evels ofr pobbteransdiiep@aom
in the cecum, while a more pronounced effect
seen.
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5.4 Discussion

Throughmalhiics techniques utilized, many ch
protein were identified. Results of the metahb
i mportant role for increased dietaed pobomasnol
accretion, and intesweanrilngili esc@wn hdimeost ani $h

resul ted i n i npchroesapsheosl | pnm dsli gaslt asphingol i pi d:s

secretion, and may be lonnskeesd deot escereidn ei nd ecperci:e
previous studies, pronounced differences in t
effectsprwmft ehinghdi ets were not identi fied. Tak
support of kodw epdr ame swseeasneidnwi g growth and int
protein diet, anpdr ostuegigre sddi ethatmaomy ak dyow el | ul &

affected.

| mpacts of dietary protein | evel on amino aci
I n both the ileum and serum, di fferences
detected. While most of the increased free am
and tyrosine) detected in thefs$ectmdort &Py ad
alterations in metabolites from the urea cycl
met abolism were also detected.
Perhaps of most interest in the context of

di sypelda i ncreased wseionmatdypioeacitdphad al anine

dietary |l ysine is rapidly transported i nto mu:
forming a |lysine reservoirof2muscAe taker kit ®n
in pigs, increased free Ilysine in serum sugge:



protein syntheamisnoaRurptircergciadl pihsa gener ated f

considered a otftranmngsiurdibec@ata&k down and turnover

di fferences in growth performance between di e
CON and HF pigs [27]. The el evated comicgegsatrat
may also be indicative of this pattern. Mo st

by the liveal ami ndhecygdlueosegarticularly in res
[ 29] . Met abol i c pathway sardalrydies sfupidBrvs. t G¢

ti ssue metabol i sm, highlighting-flay amatmaway g e
to nitrogen balance and amino acid metabolism

The presence of increased sper mihdaitn e nicnr esaes
protein fermentation by gut -pnrioctreoibne swidtihdo uotc cau
[ 30'lhiis is further supported by the increased
di met hyl argbonnnéehi apsdemhsemtytedbomh HP and HFH
met hi onine sul foxide was also observed in the
increased methionine catabol i sm. Met hi oni ne ¢
met hi onine bohbndmi da handdilhygh2iflier dBeand HFHP ¢
contain higher crude methiopioeei( 0. d668t st edp

amount of methionine provided/ kg of di et was

considered. It iI's therefore more | ikely that
mi crobes, especially when considered alongsid
derived metabolites obsertvedredde simnsmétumnit i

identified during quantitative enrichment ana



The increased presence of both asymmetric
indicative of i ncr ecaosnendo na rngei tna bnoel ince tpaabtohl wasym,i n

and microbial [BBdt @wiAme &t NWir-mieesaoslsi goputa deri ved,

intermediate in polyamine synthesi s, correl at
met abolitkek coera¢lksat ewé with oxidative stress
for further i nvestiweaaniomng idni arhreh ecao nrtiesxkt. olfn cpr

(C5) amyldmextxwbutyrate are al soagf rieptresest i m
utilization of abundant | eucine and valine in
Di fferences in glycine, serine, arginine,
QEA analysis of serum. Thi seriesnciers &luiggremd ntv e
depletion in |l ow protein diets. Gl utamate i s
production and was found to be increased in ¢ttt
serine and sphiomgolSiegiichepricduequired for sphi
[ 39,407, and there may be a relationshi-p betw
and-fleE pigs and the alterations in serlaeaeelmet

This increased phospholipid and sphingolipid j

cecal tissue responses observed in CON and HF

While inchgadseadyprahsne was also observed
may biendancator for tissue catabolism [41,42],
[ 43] . Therefor e, in this study it I's i kely t
di fferences in dietary prote@eianteonr odsebDesgi
arginineaminmo adipfhiac aci d suggests that the | o0
|l ow protein diets is due to | ower rates of mu:



opti mal growt h. dlulriisngi ¢ hfi sr tplreari odupported by

serum of pi-gsofeidntdedieeths ghwhil e ot her metabol
cycle pathway are increased in the same ani ma
wee able to utilize Iineacedssgndhesasy apdot éeéiss
Lowrotein diets increase serine synthesis and

Of the seven differentially expressed gene

the serine synthesis pathway or the related I

responser itroe Ldepl eti on. Serine and glycine are
proliferation. They arel ulmprorpaotepsesur saol 8c
purine nucleotides, ATP production, [f4d]ilcn aci

conditions of serine depletionserciedd ss ymtnh ecsoil
glucose via theTRBHBGDH phehiwayee key enzymes in
were found to be differeptotadily eéixetr esBTla expr
shows t he Heaermpeadtengr dtidifrerende| @i decappsexi ma
in botpmohiegm diets compared to those with | ow
in PSPH were significant, but | ess pronounced.
steps of the serine synthedies fpathwpy,odwiten @
compensate for[ 4shgiThesestrasudtispmoggaeapbsgt [
diet, serine starvation of intestinal tissue

Serine deprivation induces &otrti watchgCHAEgQ:
ASNS are 4dl44q 4ddregdatrsanscri pti onal regul ati on
cel lul ar | SR, resul ting i n[ &7 ]das ctahdies osft ucdeyl |Q

ASNS expression were dinetre acsemrdp armed hteo LHF P dar



suggests that there may be increased cellul ar
the weaning transiptoipomt i CHAG@Tttios ,aamdoi ts ove
withtblona degradati on anfd4.4 KkParceevriboautse dw oorxki dhaats
CHAC1 is highly upregul at ed-wieranti mngg jde jawiBlhm aan
and is linked to apoptotic siganhildkemngs amal IERv
di sease[d94ll n ewnigter o studies have al so shown a
reticulum and oxidatifvue8,Silhhese an wellr oastamo)
a | ink between CHIACdAr eeaxsperedd sasttiejoden 8 sat njdo h | eakag
infl ammation in porcfjhe]intestinal epithelial
CHAC1 and-rfgNiId aupg on can be rescued througt
or glycihnhed4]Jtionteelelsg i ngl v, | gl yesisreent ii[@9 &cfodmnd iytoiu
previous studies have shown that increased gl

oxidative stress and apoptosi s wHi5l2dThecpatase

of gene &k@wmrsismonhis study is suggestive of

| SR pathways due to |l ow | evels of serine avai
factor in this response, no diff ernevnecretss ign ysce
to serine, were detected. This suggests that

the responspe ogedm tda eltesw i n -ppahrits bset uddye (tTdi s8h

phospholipids detreucnm eodf ipnipgdso gfeesdh aldeiaveds se@Fi gur

woul d increase demand for 88&¢ . sdhiseatso pbaot
of oxi danelvaet esd ra&lstserati ons in glycolytic pat
dowstream glutathione production [53]. This c¢



weaned pigs that experience high degrees of g
feedtake in the period i mmediately foll owing
Al terations in serine metabolism alter further

ABHD4 i s a séebbheomyiddieorlnadet o have multipl
and has been | inkebdo]Thhemexxabelistc odieh &8 ahbodr, e ansaesd
in bot hprtahteeihn ghi ets (HP and HFHP) compared to
in serine availability suggested above, as se

a key regatgtormphospMNealeinpir s nef @ | sgshgmN

Q
(@]

yl phosphatidyl ethanol amine (NAPE), which ar

o

i et droyadnfdtt herefore influencing satiety and
increased eARR4AU M mMft HP and HPHF pigs suggests
has positivédriammaatxs sosigutal | ing through main
synt hesis of ABHDA4. Further, ABHDA4 ihsi demmpyolr t a
et hanol ami de, an endocannabinoid §8%9pciated w
ADM2, which was dee€ereedaspedgsi,n ihsi gah spor outnedienr

is associated both with responssei $oamrmeél honbae

sign4leloi, ®gdDM2 i s produced by intesti-inmmdueedt h
oxidative stress, and was also upré¢égalmapbmMa i n
has roles in whol es bboedeyn nsehtoanbno Itios m napnrdo vhea i n s |

adi pose tissue deposition throudgl6.3¢dFhethe oan
of this study, decreased ADM2 may contribute

identified in the serum metabol ome of HP and



GPT2 contributes to glutathione producti on

o cellular respp6G4pSitni loaxri dtaact i osteh esrt reelstser ed
tudy, it i s under ATF4 regulsaet ilomownGPIT@ 1 &
omeostasis and is i[nevbogDuedngnperuodseofedeei

i s produced from dietary alarilbs]Bne s eidt $ oi 1

ole in transamesnaitmnmnoar giGRiTR2e hag!l yjod nelgh8Jand s

ol e of GPT2 in gluconeogenesis is particula
specially when considered alongside alterat:.i
atiadwml di fferences. Plasma glucose was not si ¢
or the HF diets which was slightly decreased
i fferences in glucose wouldidebargbsemquedeiment |
i gs. Overall, t hese patterns suggest an i m

omeostatic functions -wefanciencgalp etriisosdu,e wdiutrhi nag

n oxidative stated anhdessl tabponsatwehgen | ow

ncreased dietary protein supwoanisngi ssue fun
Serine availability and metabolism was fou

bserved between ptesnodi Bt gh &hgcloew pnd ser

o be enriched in HP versus CON pigs, I n cont
ssociated integrated stress response genes |
o itnhcer passghol i pid and sphingolipid secretior

nd HF ani mal s. However, it i s not possible wi

i s a key driver of reducadisnaldisnpnata@iehaiodwei s



i mportance of serine to many physiological f
exploration.
Al tered phospholipids and sphingolippdstseugge
di ets

I n cobntmast he effects on microbial composi

di fferences |linn amét athaleiet elso.cati ons sampl ed, [

species were-pobseiwediiensl oWwhe increapedi s es
alongside increased | ysophosphatidylcholine ¢
digesta of pigs on | ower protein diets is hig

deconjugation between kighsasdubbowsphatvei shdw
composition is shaped by dietary protein type
been found to be altered in response to soybe
met hi oni neapapveaarisabtid iheg pla6e]i.cuHawe weri mptohit @an:
alterations in response to methionine suppl eme

in methionine content bet ween the diien sb et mi

the intestinal | umen and systemic circulation
PCs in intestinal i telgarli il aumrbamriear ifndrect i o
factor in intestarnatli cdhmosmeguwitcksliys ,r easngd? @a]l itn c o |

Due to technical | i mwhatlttcdhwer somlfy eraed e retr| y el
throupls®E8 | ipidomics, there is |Iimited infor
at dWheiidual | evel [ 71]. Therefore, it was not

in this study in metababed mat hwdyuanhi gsedsin

to provide this more det aHGse do blsieprivde ds pienc itehse |ie



and plasma in response to differing dietary

weaned pigs.

Al terations in dietary fibre and protein | mpa

Decreased Shabhsenvddvensipl glsr & edi étos hi shi gu
better support of I mportant and highly abund
fermentable carbohyjddaver arteyavai ohbéer. oblsghe:
waning period due to the pr easbeunncdea nocfe am cii dem
(Diether et al ., submitted). Pweanbng woakr lae
al so found higher Shannon di vermgiVey yi s associ

The effect of dietary fibre and protein on

particular interest given concerns around t he
weaning diarrhea in weahedgpti gsowkedupgoggeantr
ri sk through reducing the ability of pathogen
[ 73] . While there is strong evidence to supf
management sttweatndagyy fdararpdsesa [ 3], most of t he

bet ween protein -weamemg adi anr aea poisiti ze di et

di fferences in energy densit-yutplanbagl yéeaot oc¢

from altering the ratios of i ngredients such
di fferences in dietary protein and fibre obta
sepiuri fied diets, all ows ngf fohi @ focusaoa it

without any confounding effects of the differe

of dietary protein in weaned pig diets to a |



mil kndoestself result in substantial changes
pat hobiont species.

Whil e differences in cecal microbiota were
t a-kavel di fferences weerdaudrylry am@loe cward df 0ArS Visw

in each of these gener al ewere iadleBaut gfsbaboedc

pul |l icae®uwlrluehi6d3a®d r e s pBeucltliiededray.t wel | descri bei
gut microbiota but has been identified with i

conditions associated with dysb2odiabetas!| mdi
[ 74, 75] . Thibssndacsccease HP @igs iis mitigated
highlighting the role that fibre can play in
hi gher protelim ¢ eBitlwrsitagriec ofcecdwsa sp U Inlcir eaesear i m
fed either di et containing dddi taninndl sdi eTthairs
producer has been showmodeol dpefcaeBaBtei gliensailolnys ii
from broiler chickens, it thas imedr es sames ssfpwelc
resistance to intebB.tiandlampagt lofdb/giln €pruli Initd atedd anrgu
al so been identified as a native constituent
to -weahi nlgeladi9git t is also of note that bot h t
abundance in tWidecalel mtcvebiabtuadance and re
are not directly correlated, I tl oavbdndéncel t a:
with functional changes in microbial met abol i
any changes in highliyghbsndlaetstlatxlae degree of

to these diets. Théedlachkni of oldiidtfeer @eincer sinty



compositi elnevaenld dgiefnfuesr ences of the cecal mi cr o
further investigation of increasing dietary p
Through t he urdggsulat £l ®efart reifd exctt of di etary
cecal transcriptome was detected. The pattern
growth performance, and increased integrated
demonstrate that wieag®ni hgddaestmngamodt pbet rec
protein for optimal performance and intestinal

dietary protein within ti hgegasimpeovasgmahpri g

homeostasis and growth. While reduced dietary
proliferawieami agddpast hea, alterations in the
were subtdgaeestThi tsh st with careful selection ¢

increased to better -wseuapnpionrgt ppeirgisodd uwiitnhgo utth ei ng

weaning diarrhea.
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metabolic and microbi al net wdrek sofwiplrlotkea nk dyer
versus synthesis in the results seen, and th
Foll owing this, translation into commercially

in chapter 4 washeadnmpmhl esttead usshafreedcairildy hhyo uisn nrga n
fol-upwwork shoul dEtalkcdapl aocgewbehoar any reco
mad e . Finally, dependant on resul ts of chal |l
commer el avantr di ets would be needed.

The useomicsmutéchniques in this thesis dem
increasingly accessible methods to further ou
ability teniexwmbhome dnhneeractions with i mproved
to better understand the application of <curre
Through thibsswpadeanitblfey tkey changes i nocmchwrsi ol
during after andfwsenedandgetteady ddtrategies to

expedient weaning transition.
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Appendi x A: SuppheémEeingadedabl es

Table A1.Compounds identified by feature selection as differing between the benzoic acid and controlr doststified
compounds, library match scores, retention index matgh-BRixp) and CAS identification number are provided.

Met abolite MPCou Average Quant Library??fﬂ;n ?stmzsnt: Rii Rixp CAS
Analyte 4788 26 14256 268 1642 0.349
1 -Propanedi ol 26 15208 117 881 332 1.181 10. 6 178378
Et han@E3dédhyYdroxy 50 56529 267 814 1024 1.092 28. 9 6859®
Benzoic Acid 50 47068: 179 952 614 0.059 9.9 20788
Analyte 1798 49 56981 265 650 872 1.344 10. 4 51685
Analyte 2339 17 12719 232 1000 1.038
Analyte 3231 22 12451 281 1173 1.440
Analyte 1345 37 11997 174 762 1.870
Analyte 164 38 8780 159 368 1.398
Analyte 1210 40 20418 83 722 1.302
Analyte 260 12 7128 145 413 1.134
Analyte 39214 37 16737 129 1352 1.124
Analyte 5000 30 14773 298 1745 1.215
Anal yte 4578 40 32541 399 1557 0.323
Analyte 156 28 24762 159 360 1. 444
Analyte 2576 22 3945 369 1046 1.471




Table A2. Compounds identified by feature selection as differing between the enzyme and contFardastified compounds,

library match scores, retention index matchi{fliexp)) and CAS identification number are provided.

Met abol i Coun Average Quant Library l'T’ietmzsntl $ietmznt§ RiiRéxp CAS

Anal yte 48 29623 242 749 1.701

Anal yte 43 45472 98 1530 0.131

Anal yte 8 55540 268 888 1.443

Anal yte 49 43152 173 1236 1.540

Anal yte 23 7340 158 846 1.433

Anal yte 12 41822 245 848 1.100

I-Hept ade: 34 29167 313 807 1196 0.990 3.9 1443&8
Anal yte 37 81625 222 1329 1.008

Anal yte 20 33965 174 1453 1.064

Gl ycine 45 67658¢ 8 6 805 674 1.147 3.9 56 3@
Anal yte 50 25434, 281 1432 1.628

Phenyl al 34 13280: 2138 899 931 1.396 8.7 28 ¥
Anal yte 42 6751 444 1531 1.4414

L---Fucose 46 483727 117 889 1008 0.974 45 n/ a

Anal yte 15 186814 251 690 1.760

Anal yte 16 18114 82 835 1.282

Anal yte 19 20402 241 913 0.324

Anal yte 21 7128 145 434 1.107

Anal yte 14 9157 258 708 1.695

Analyte 36 10582 271 950 0.373

Analyte 31 40881 58 2496 0. 835




TableA3. Calculated nutrient values for experimental diBists were formulated with semi
purified ingredients to increase fibre (HF and HFHP) as well as protein (HP and HFHP).

Toebprovided pe CON HF HP HFHP
gSI DIlys/ Mcal NE 6.31 6 .21 6 .21 6 .31
Net Energy Mcal 2364 2393 2380 2 371
CP % 1831 1819 280 24. 94
Arg % 0.95 0.95 1.33 1.33
Hi s % 0.40 0.40 0.16 0.16
Il so % 0.64 0.64 1.14 1.14
Leu % 0.40 0.40 0.16 0.16
Lys % 1.56 1.85 1.66 1.26
Met % 0. 46 0. 46 0 .94 0 .94
Cys % 0.72 0.72 0.14 0.14
Sul % 0 .37 0 .37 090 090
Phe % 0.74 0.74 1.23 1.32
Tyr % 0 .84 0 .84 1.03 1.03
Aro % 1.22 1.22 2.36 2.36
Thr % 0.40 0 .04 0.16 0.16
Try % 0 .82 0 .82 0 .33 0 .33
Val % 0 .37 0 .37 1.32 1.32
Fat % 5 .48 5.78 5.53 5. 46
Fibre % 6. 27 9. 42 6 .73 9 .25
Ca % 0 .58 0 .58 0 .58 0 .58
Choline mg 849. 6 849. 6 849. 6 849. 6
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Figure A1 Comparison otlaily feed intake of pigs from Day Bpostweaning for pigs fed a
control diet (CON) or a control diet supplemented with blend of medium chain fatty acids and

organic acids on top (MCOA). Group names indicate treatment and day of sampling (7 or 14).



Overview of Enriched Metabholite Sets (Top 25)

Purine Metzlkolism 4 (]
Betzine Metzholism < .
Oxidation of Branched Chain Fatty Acids = .
Beta Oxidation of Very Long Chain Fathy Acids = .
Pyrimidine Metahbolism = 9
Catecholamine Biosynthesis 5 .
Methionine Metzabolism 4 9

Phenylzlanine and Tyrosine Metabolism 4 @
Enrichment Ratio

.
®:
[

Phenylacetate Metabaolism 4
Homocysteine Degradation 4
Lactose Degradation =

Warburg Effect

Glycine and Serine Metabolism = P-value
Beta-Alanine Metabolism 5
Gluconeogenesis = g;
Micotinate and Micotinamide Metabolism 4 ® 0.2
Taurine and Hypotaurine Metabolism 5 @ 0.1
Phosphatidylethanolamine Biosynthesis 5 @ 0.0
Bile Acid Biosynthesis < .

Glucose-Alanine Cycle 4

o
Thyroid hormaone synthesis 4 @
Phosphatidylcholine Biosynthesis < ®
Propanoate Metzabolizsm < L]
Spermidine and Spermine Biosynthesis <

Lactose Synthesis =

s 1o 15
-log 10 {(p-value)

Figure A2Metabolite pathways enriched in jugular plasma of Qfid¢ on D7 postveaning.
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Figure A3.Differences in bvitamins in response to a control diet or a diet containing MCOA: a. riboflavin, b. nicotinamide, c.
pantothenic acid. Metabolomics analysis was performed usinyl&8@G1S and a SWATH peak identification method. Statistical
analysis was pé&rmed in Metaboanalyst 5.0. Compounds shown were not identified in intestinal metabolomics. Group names indicate
treatment (CON vs. MCOA) and day of sampling (7 or 14kviRg@ning samples are denoted as PW. Groups with statistically different

means (P €9.05) are denoted by different letters.
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Figure A4.Additional tryptophan metabolite alterations in response to a control diet or a diet
containing MCOA: a. dnethyloxyindole, b. Znethyloxyindole. Metabolomics analysis was
performedusing LGCMS/MS and a SWATH peak identification method. Statistical analysis was
performed in Metaboanalyst 5.0. Compounds shown were not identified in intestinal
metabolomics. Group names indicate treatment (CON vs. MCOA) and day of sampling (7 or 14).
Pre-weaning samples are denoted as PW. Groups with statistically different means (P < 0.05) are

denoted by different letters.



