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Abstract

The overall aim of this thesis was to apply an OMICs approach to investigate the various
effects of broiler diets supplemented with citrus or cucumber plant extracts under control
and Escherichia coli LPS challenge conditions. Our overall hypothesis was that these diets
conferred an advantage over the normal diet in terms of performance and resilience to a toxic

challenge mimicking a gram-negative infection.

To investigate this, samples were collected from two in vivo trials on broiler chickens which
were performed at the Cochno farm facilities at the University of Glasgow. The first dietary
trial (10birds x 4replicates x 3diets) is described in Chapter 2 and was carried out to test the
hypothesis that a baseline diet (CTL) supplemented with citrus (CTS) or cucumber (CMB)
extracts improves the gut health of broiler chickens through the modulation of the gut
microbiota leading to improved growth performance over a period of 28d. The second
dietary trial (12 birds x4 replicates x3 diets) was performed to test the effects of CTL, CTS
and CMB diets on the acute phase response (APR) of broiler chickens, in terms of a range
of acute phase proteins (APPs) plasma biomarkers (traditional and novel) (chapter 3). The
APR to an E. coli LPS challenge at 15d old was monitored in plasma and tissues over a
period of 48h using different sampling time points (T0,12,24,48h) pre and post challenge as
a means of gauging whether this response was altered by the extract diets, this included study
of the proteome of liver and muscle (described in chapter 4) and the metabolome of liver

and muscle (described in chapters 5 and 6).

For the microbiota investigation (Chapter 2), performance data and tissue samples were
collected to evaluate the gut health of broilers on CTL, CTS or CMB dietary administration.
Data on body weight (BW), feed intake (FI) and feed conversion ratio (FCR) were collected
at day 0,7,14,21 and 28d of age to evaluate growth performance, while gut samples were
collected at 14 and 28d of age to study the effects diet on the gut microbiota composition
and gut morphology (villus length, epithelium height and crypt depth). In this study neither
CTS nor CMB diets showed any difference in gut morphometric measurements or significant
improvement in growth performance. Likewise dietary treatment had little or no effect on
the overall bacterial taxonomy of either the jejunum or caeca, but subtle and potentially
beneficial treatment effects were revealed in terms of the abundance of certain bacterial
strains in one or both tissues. These results suggest that the use of citrus and cucumber
extracts in broilers diet produce only very subtle effects in terms of promoting gut health in

broiler chickens.
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The following chapters 3,4,5 and 6 used data and samples collected from trial 2 where
broilers underwent LPS challenge at 15d old. In Chapter 3, the APR response of broilers was
evaluated in plasma samples using two established Acute Phase Proteins (APPs) biomarkers
(Alpha 1 acid glycoprotein (AGP) and Serum amyloid A (SAA) and three novel APPs
(Hemopexin (Hpx), Extracellular fatty acid binding protein (Ex-FABP), and MRP-126) at
T0,12,24 and 48h pre and post LPS challenge. SAA, AGP, Ex-FABP and Hpx concentration
were evaluated using the enzyme-linked immunosorbent (ELISA) assay while MRP-126
was measured using a novel SPARCLTM assay. No dietary modulation of the APR was
identified in terms of either the novel or established APPs despite there being a strong LPS
influence on their relative abundance at either 12 or 24h post challenge. While SAA showed
the greatest response, Ex-FABP showed a strong response to LPS at 12h, and we believe can
be classified as a major APP. While both Hpx and AGP peaked at 24h post challenge they
were classified as moderate APPs. The results for MRP-126 were inconclusive and

suggested that the diagnostic assay requires further refinement.

In Chapter 4, | report the proteomic investigation of liver and muscle samples collected from
broilers fed each dietary treatment pre (T0) and T12h post LPS challenge. The LPS challenge
caused an increase in abundance of a range of liver proteins including so called heat shock
proteins (Hsps) at T12h. Interestingly no effects of LPS were observed in muscle. In terms
of dietary treatment, the CTS diet revealed promising results in terms of modulating the APR
post LPS challenge in that those proteins associated with heat stress were less abundant (e.g.
< Hsp90), whilst others associated with accelerated metabolism were increased in liver (e.g
> lactate dehydrogenase (LDHA) and muscle (e.g > Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH)) compared to the CTL samples. Western Blot (WB) validation
for 3 selected proteins (HSP90, LDHA and GAPDH) was inconclusive, so at best it can be
concluded that the CTS dietary effect was subtle but promising. Only minor dietary effects

were revealed for tissues obtained from the CMB dietary treatment.

In Chapter 5 and 6, plasma and liver samples from all dietary treatments, pre (Oh) and post
LPS challenge (12,24 and 48h), were analysed using Untargeted metabolomics with one
pooled study on plasma comparing all dietary treatments and 1 individual sample study on
plasma comparing CTL and CTS only, and 1 pooled study on liver comparing all dietary
treatments. The pooled studies were based samples from pens 1-12, diets (CTL, CTS and
CMB) and LPS challenge time points (0,12,24 and 48h) while the complete study only
compared individual samples from the CTL and CTS diets as the CMB diet did not show
any metabolome/metabolites modulation in the pooled pilot study. These pilot studies
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revealed that the overall plasma and liver metabolome were modulated by the LPS challenge
over the 48h with the biggest change found at 12h post challenge. In particular the CTS diet
showed a strong modulation of adenosine, along with multiple amino acid, carbohydrate,
and nucleotide metabolic pathways all of which again suggest a modulation of the immune

response for CTS.

In summary, this thesis applied an Omics approaches to investigate the use of novel plant
extracts in the diet of broiler chickens. While there are some potential beneficial effects of
these dietary treatments, especially CTS, further study of some of the latter’s individual

constituents seems warranted.



Extended abstract

Introduction and objective

Novel plant extracts, citrus and cucumber, were identified as possible alternatives to
antibiotic growth promoters in broiler diets (Savoia, 2012). The presence of active
compounds in citrus and cucumber makes them potential candidates for modulation of the
immune system, bacteria, proteins and metabolites of broilers (Ndayishimiye et al., 2018;
Goliomytis et al., 2019; Nema et al., 2011; Tang et al., 2010). Omics technologies can be
used to explore these interactions in detail. The overall aim of this PhD was to apply an
OMICs approach to investigate the effects of broiler diets supplemented with citrus or
cucumber plant extracts under control and Escherichia Coli LPS challenge conditions. To
investigate this aim, the following studies were conducted 1. An investigation of the
microbiota composition and growth performance of broilers in response to experimental
dietary supplementation with citrus or cucumber plant extracts 2. A study comparing the
APR of broiler chickens which have been fed on one or other of these dietary regimes using
existing and novel Acute Phase Protein Biomarkers pre and post being subjected to LPS
challenge 3. A proteomic and metabolomic investigation of two key tissues (liver and
muscle) sampled from broilers pre and post LPS challenge that had been fed diets

supplemented with either citrus or cucumber extracts.

Materials and methods

Samples were collected from two in vivo trials on broiler chickens which were performed at
the Cochno farm facilities at the Glasgow university. The first dietary trial (10birds x
4replicates x 3diets) was carried out to test the hypothesis that a baseline diet (CTL)
supplemented with citrus (CTS) or cucumber (CMB) extracts improves the gut health of
broiler chickens through the modulation of the gut microbiota leading to improved growth
performance over a period of 28 days. The second dietary trial (12birds x4replicates x3diets)
was performed to test the effects of CTL, CTS and CMB diets on the APR of broiler
chickens, in terms of a range of APP plasma biomarkers (traditional and novel), the proteome
of liver and muscle, and the metabolome of liver and muscle pre and post E. coli LPS
challenge at 15 days old. The APR response was monitored in plasma and tissues over a
period of 48 hours using different sampling time points (T0,12,24,48h) pre and post

challenge.

For the microbiota investigation, performance data and tissue samples were collected to

evaluate the gut health of broilers on CTL, CTS or CMB dietary administration. Data on
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body weight (BW), feed intake (FI) and feed conversion ratio (FCR) were collected at day
0,7,14,21 and 28 days of age to use to evaluate growth performance while gut samples were
collected at 14- and 28-days of age to study the effects diet on the gut microbiota composition
and gut morphology (villus length, epithelium height and crypt depth). the DNA of each
sample was extracted using the DNeasy PowerSoil Pro kit (Qiagen, Manchester, UK) and
amplified by a 2-step 16S specific-PCR which used the VV3-V4 region as target (Bukin et al.,
2019). Following the PCR, the amplicons were quantified and diluted to an equimolar
concentration, the Illumina library was prepared, and samples sequenced using the Illumina
MiSeq platform (Illumina, San Diego, CA, USA). Once sequences were obtained, they were
then analysed using QIIME Software v2. o and [ diversity analysis was used to study
respectively the within and among samples diversity. Linear discriminant analysis effect size
(LEfSE) was used to identify specific bacterial strains in samples of the bacterial community

modulated by one of the experiment variables (e.g diet, tissue, bird age).

Plasma and tissue samples from trial 2, where broilers underwent LPS challenge at 15 days

old, were used for the APPs, proteome and metabolome investigations.

The APR response of broilers was evaluated in plasma samples using two established Acute
phase proteins (APPs) biomarkers (AGP and SAA) and three novel APPs (Hpx, EX-FABP
and MRP-126) at T0,12,24 and 48 hours pre and post LPS challenge. SAA, AGP, Ex-FABP
and Hpx concentration were evaluated using the ELISA assay while MRP-126 was measured
using a novel SPARCL™ assay. Proteins of interest were validated using the Western blot
(WB) procedure.

Two proteomics studies were performed to evaluate both the effects of CTS and CMB vs
CTL diets at T12h post LPS challenge, and the effect of LPS challenge during the first T12h
post challenge in CTL, on the liver and muscle of broilers. Samples were extracted,
quantified in their total protein concentration by bicinchoninic acid (BCA) assay and then
processed by trypsin digestion using the filter assisted sample preparation (FASP) protocol
and tandem mass tag (TMT) labelling. High resolution LC-MS/MS analysis of TMT-
labelled peptides was performed and acquired MS/MS spectra were analysed for protein
identification and quantification using the SEQUEST algorithm implemented into Proteome
Discoverer. Statistical analyses were performed in RStudio. UniProtKB ID mapping tool

and DAVID conversion tool were used to convert GI accession numbers into official gene



8

symbol. Gene ontology enrichment analysis was performed using Protein Analysis Through

Evolutionary Relationship (PANTHER) classification tool.

Three untargeted metabolomics studies (LC-MS based) were performed on plasma and liver
samples from all dietary treatments, pre (Oh) and post LPS challenge (12,24 and 48 hours)
(1 pilot study on plasma comparing all dietary treatments, 1 complete study on plasma
comparing CTL and CTS only, and 1 pilot study on liver comparing all dietary treatments).
In the pilot studies, samples were pooled based on pen (1-12), diet (CTL, CTS and CMB)
and LPS challenge time points (0,12,24 and 48 hours) while the complete study compared
unpooled samples from the CTL and CTS diets only as CMB diet didn’t show any
metabolome/metabolites modulation in the pooled pilot study plasma. In all the three studies,
samples were extracted using chloroform/methanol/water (1:3:1) and separated by liquid
chromatography (LC) before the MS identification. Data obtained from MS were
investigated using Polyomics integrated Metabolomics Pipeline (PiMP), which identifies
metabolites, and MetaboAnalyst which allows statistical analysis. The last stage of analysis

includes the biological interpretation of the results and discussion.

Results

Focusing on trial 1, CTS and CMB diets didn’t show commercially valuable results in terms
of improving growth performance and there was no difference in gut morphometric
measurements. Likewise dietary treatment had little or no effect on the overall bacterial
taxonomy of either the jejunum or caecum, but subtle and potentially beneficial treatment
effects were revealed in terms of the abundance of certain bacterial strains in both jejunum
and caecum. The biggest effect was found associated with the use of CTS where a number
of beneficial bacteria including Lactobacilli increased in the jejunum, and Blautia increased
in the caeca. Other potential pathogenic bacteria decreased in the jejunum (Enterococcus and
Clostridia) and caeca (Enterococcus). These results suggest that the use of citrus and
cucumber extracts in broilers diet produce very subtle effects in terms of promoting gut

health in broiler chickens.

Based on trial 2 and the LPS challenge, no dietary modulation of the APR was identified in
terms of either the novel or established APPs despite there being a strong LPS influence on
their relative abundance at either 12 or 24 hours post challenge. Ex-FABP showed a very
strong response to LPS at 12 hours, comparable to SAA. Under these experimental

conditions Ex-FABP can therefore be classified as a major APP. Hpx was comparable to
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AGP peaking at 24 hours post challenge and can therefore classified as moderate APPs under
these experimental conditions. Unfortunately, the results for MRP-126 were inconclusive

and suggested that the diagnostic assay requires further refinement.

In the proteomics investigation, the LPS challenge was found to cause an increase in
abundance of a range of proteins in the liver including heat shock proteins (HSPs) and actin
at T12h. Interestingly no effects of LPS were observed in muscle. In terms of dietary
treatment, the CTS diet revealed promising results in terms of the APR in that proteins
associated with heat stress were less abundant (e.g < HSP90), whilst others associated with
accelerated metabolism were increased in liver (e.g > lactate dehydrogenase (LDHA) and
muscle (e.g > Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)) compared to the
CTL samples post LPS challenge. These differences however could not be fully validated
using Western Blot (WB) and so at best it can be concluded that the CTS dietary effect was

subtle. No dietary effects were revealed for tissues obtained from the CMB dietary treatment.

Based on metabolomics results, the pilot studies revealed that the overall plasma and liver
metabolome were modulated by the LPS challenge as anticipated at all time points with the
biggest change occurring at 12 hours post challenge causing a decrease in the abundance of
multiple amino acids, carbohydrates and causing significant changes to entire pathways.
Comparing dietary treatments, CTS diet was the only treatment which showed potentially
interesting results with a strong modulation for adenosine pre and 12 hours post LS challenge
in the plasma. A possible interaction between the bioactive compounds in the CTS diet (i.e
pectin, flavonoids, limonene) and adenosine was subsequently hypothesised and
investigated but not proven. Adenosine, along with multiple amino acid, carbohydrate, and
nucleotide metabolic pathways were also shown to be influenced by CTS dietary
administration (mainly increasing their intermediates) in the liver. Future work should focus
on investigating the significance of the CTS modulation of adenosine a compound which is
known to play an important role in the modulation of the immune system in humans and

animals.

Conclusion

These studies described are aimed to evaluate the effects of two novel plant extracts, (CTS
and CMB) on broiler performance during normal physiological conditions and also
following an LPS challenge condition. These two novel extracts were chosen on the

recommendation of our industry partner NuScience who reported that because of their



10

bioactive components showed considerable promise as alternatives to the use of antibiotics
as growth promoters in broiler diets. Based on our experimental findings, while there are
some potential beneficial effects of these dietary treatments, especially CTS, further study

of some of the latter’s individual constituents seems warranted.
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Extended abstract

Uvod i ciljevi

Novi biljni ekstrakti, limuna i krastavca, ustanovljeni su kao moguce alternative antibiotskim
poticateljima rasta u obrocima tovnih pili¢a (Savoia, 2012). Prisustvo aktivnih tvari u limunu
I krastavcu €ini ih potencijalnim kandidatima za modulaciju obrambenog sustava, bakterija,
proteina 1 metabolita tovnih pilica (Ndayishimiye i sur. 2018.; Goliomytis i1 sur., 2019.;
Nema i sur., 2011.; Tang i sur., 2010). Omika tehnologije mogu biti upotrebljene za detaljno
istrazivanje ovih interakcija. Cilj ovog doktorskog rada bio je primjena OMICa pristupa
istraZiti u€inke obroka tovnih pili¢a s dodatkom biljnih ekstrakta limuna i krastavaca u
odnosu na kontrolnu skupinu i tretman s LPS-om podrijetlom od bakterije Escherichia Coli.
Da bi istrazili ovaj cilj, provedena su sljedeca istrazivanja: 1) Istrazivanje sastava mikrobiote
1 ucinaka rasta tovnih pili¢a kao odgovor na eksperimentalno dodavanje obroku biljnih
ekstrakata limuna i krastavca; 2) IstraZivanje usporeduju¢i APR tovnih pili¢a koji su hranjeni
s jednim ili drugim obro¢nim tretmanom, primjenom postojec¢ih i novih biomarkera proteina
akutne faze prije i1 poslije izlaganja LPSom; 3) Proteomska i metabolomska istrazivanja

.....

LPSom koji su hranjeni obrocima koji su obogaceni bilo ekstraktima limuna ili krastavaca.

Materijali i metode

Uzorci su sakupljeni u dva in vivo pokusa na tovnim pili¢ima koji su provedeni na Cochno
farmi Sveucilista u Glasgowu. Prvo istrazivanje (10 pilica x 4 ponavljanja x 3 obro¢na
tretmana) provedeno je kako bi se testirala hipoteza da osnovna prehrana (CTL) dopunjena
s ekstraktom limuna (CTS) i krastavca (CMB) poboljsava zdravlje crijeva tovnih pili¢a
modulirajuéi crijevne mikrobiote §to dovodi do poboljSanja rasta tijekom razdoblja od 28
dana. Drugo istrazivanje (12 pili¢a x 4 ponavljanja x 3 obro¢na tretmana) provedeno je kako
bi se testirali u¢inci CTL, CTS i CMB u obroku na APR tovnih pili¢a, u smislu vrijednosti
APP biomarkera u plazmi (tradicionalnih i novih), proteoma jetre i misSi¢a, 1 metaboloma
jetre 1 miSi¢a prije 1 poslije izlaganja LPSom, 15. dana starosti. APR odgovor je pra¢en u
plazmi i tkivu tijekom perioda od 48 sati koriStenjem raznih vremenskih to¢aka uzorkovanja

(TO, 12, 24, 48) prije i poslije izlaganja LPSom.

Za istrazivanje mikrobiote crijeva prikupljeni su podaci o performansama i uzorcima tkiva
kako bi procijenili zdravlje crijeva tovnih pilica na CTL, CTS ili CMB prehrani. Da bi
procijenili performanse rasta sakupljeni su podaci o tjelesnoj tezini (BW), unosu hrane (FI)

I konverziji hrane (FCR) 0, 7, 14, 21, i 28 dana starosti, dok su uzorci crijeva prikupljeni 14
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i 28 dana starosti da bi istrazili obroka na mikrobiotu crijeva i morfologiju crijeva (duzinu
vila, visinu epitela i dubinu kripte). DNA svakog uzorka ekstrahiran je pomoc¢u DNeasy
PowerSoil Pro kita (Qiagen, Manchester, UK) i umnoZen dvostupanjskim 16S specificnim
PCR-om koji je koristio V3-V4 regije kao metu (Bukin i sur., 2019). Nakon PCR-a,
amplikoni su kvantificirani i razrijedeni do ekvimolarne koncentracije, Illumina biblioteka
je pripremljena, a uzorci su sekvencirani koristenjem Illumina MiSeq platforme (Illumina,
San Diego, CA, SAD). Nakon §to su dobivene sekvence, analizirane su pomoc¢u QIIME
softvera v2. o i B analiza raznolikosti koriStena je za proucavanje raznolikosti, odnosno
unutar i medu uzorcima. Veli¢ina ucinka linearne diskriminacijske analize (LEfSE)
koriStena je za identifikaciju specifi¢nih bakterijskih sojeva u uzorcima bakterijske zajednice

modulirane jednom od eksperimentalnih varijabli (npr. prehrana, tkivo, dob peradi).

Uzorci plazme i tkiva iz pokusa 2, gdje su tovni pili¢i bili podvrgnuti LPS-u u dobi od 15

dana, koristeni su za istrazivanja APP-a, proteoma i metaboloma.

APR odgovor tovnih pili¢a procijenjen je u uzorcima plazme pomocu dva dokazana
biomarkera proteina akutne faze (APP) (AGP i SAA) i tri nova APP (Hpx, Ex-FABP i MRP-
126) i to na TO, 12, 24 i 48 sati prije i nakon LPS izazova. Koncentracija SAA, AGP, Ex-
FABP 1 Hpx procijenjena je pomocu ELISA testa, dok je MRP-126 mjeren pomoc¢u novog

SPARCL™ testa. Proteini od interesa potvrdeni su koristenjem Western blot (WB) metode.

Provedene su dvije proteomske studije kako bi se procijenili u¢inci CTS i CMB naspram
CTL obroka, i to T12h nakon izlaganja LPS-u, i u¢inak LPS izlaganja tijekom prvog T12h
nakon izlaganja CTL-u, na jetru i misi¢e tovnih pili¢a. Uzorci su ekstrahirani, kvantificirana
njihova ukupna koncentracija proteina kvantificirana je primjenom metode bicinhoninske
kiseline (BCA), a zatim obradeni digestijom tripsinom koriStenjem protokola pripreme
uzorka uz pomo¢ filtera (FASP) i oznacavanja putem izobarnih privjesaka (TMT).
Provedena je LC-MS/MS analiza visoke rezolucije TMT-obiljezenih peptida i analizirani su
dobiveni MS/MS spektri za identifikaciju i kvantifikaciju proteina koriStenjem SEQUEST
algoritma implementiranog u Proteome Discoverer. Statisticke analize radene su u programu
RStudiu. UniProtKB alat za mapiranje ID-a i alat za pretvorbu DAVID koristeni su za
pretvaranje GI pristupnih brojeva u sluzbeni simbol gena. Analiza obogacdivanja genske
ontologije provedena je koristenjem alata za klasifikaciju analize proteina kroz evolucijski
odnos (PANTHER).
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Tri neciljana metabolomska istrazivanja (temeljena na LC-MSu) provedene su na uzorcima
plazme i jetre iz svih obro¢nih skupina, prije (Oh) i nakon LPS (12, 24 i 48 sati) (1 pilot
studija na plazmi koja je usporedivala sve obro¢ne pristupe, 1 kompletna studija na plazmi
koja usporeduje samo CTL i CTS, i 1 pilot studija o jetri koja usporeduje sve obro¢ne
skupine). U pilot studijama uzorci su objedinjeni na temelju skupina u kavezu (1-12),
prehrane (CTL, CTS i CMB) i vremenskih tocaka izlaganja LPS-u (0, 12, 24 i 48 sati), dok
je cjelovita studija usporedivala neobjedinjene uzorke iz CTL i CTS obro¢ne skupine jer
CMB obroc¢na skupina nije pokazala nikakvu modulaciju metaboloma/metabolita u skupnoj
plazmi u okviru pilot studije. U sve tri studije uzorci su ekstrahirani koriStenjem
kloroforma/metanola/vode (1:3:1) i odvojeni teku¢inskom kromatografijom (LC) prije MS
identifikacije. Podaci dobiveni iz MS-a istrazeni su koriStenjem programa PolyomicCs
integriranog Metabolomics Pipeline-a (PiMP), koji identificira metabolite, i programa
MetaboAnalysta koji omogucuje statisticku analizu. Posljednja faza analize ukljucuje

bioloSku interpretaciju rezultata i raspravu.

Rezultati

Usredotocujuéi se na prvo istrazivanje, CTS 1 CMB obroci nisu pokazali komercijalno
vrijedne rezultate u smislu poboljSanja rasta i nije bilo razlike u morfometrijskim mjerenjima
crijeva. Isto tako, obro¢ni tretman imao je mali ili nikakav uéinak na ukupnu bakterijsku
taksonomiju jejunuma ili cekuma, ali otkriveni su suptilni i potencijalno korisni uéinci u
smislu rasprostranjenosti odredenih bakterijskih sojeva u jejunumu i cekumu. Najveéi
ucinak je pronaden povezan s upotrebom CTS-a gdje se broj korisnih bakterija, ukljucujuc¢i
Lactobacilli, povecao u jejunumu, a Blautia u cekumu. Ostale potencijalne patogene
bakterije smanjene su u jejunumu (Enterococcus i Clostridia) i cekumu (Enterococcus). Ovi
rezultati sugeriraju da upotreba ekstrakata limuna i krastavaca u prehrani tovnih pili¢a ima

vrlo suptilne u¢inke u smislu poboljSanja zdravlja crijeva kod tovnih pilica.

Na temelju drugog istrazivanja i primjene LPS-a, nije ustanovljena obroc¢na modulacija
APR-a u smislu novih ili etabliranih proteina akutne faze (APP) unato¢ snaznom utjecaju
LPS-a na njihovu relativnu koncentraciju 12 ili 24 sata nakon primjene LPSa. Ex-FABP
pokazao je vrlo snazan odgovor na LPS nakon 12 sati, usporediv sa SAA. Pod ovim
eksperimentalnim uvjetima Ex-FABP se stoga moze klasificirati kao glavni APP. Hpx je bio
usporediv s AGP-om, dostigavsi vrhunac 24 sata nakon LPSa i stoga se moze klasificirati
kao umjereni APP u ovim eksperimentalnim uvjetima. Nazalost, rezultati za MRP-126 nisu

bili uvjerljivi 1 sugerirali su da dijagnosticki test zahtijeva daljnje usavrSavanje.
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U proteomskim istrazivanjima, otkriveno je da LPS uzrokuje povecanje koncentracije niza
proteina u jetri, ukljucujuéi proteine toplinskog stresa (HSP) i aktin u T12h. Zanimljivo je
da nikakvi u¢inci LPS-a nisu primije¢eni u misiéima. Sto se ti¢e obro¢nog tretmana, CTS u
obroku pokazao je obecavajuée rezultate u pogledu APR-a, naroc€ito stoga $to su proteini
povezani s toplinskim stresom bili manje zastupljeni (npr. < HSP 90), dok su drugi povezani
s ubrzanim metabolizmom bili povecani u jetri (npr. > laktat dehidrogenaza (LDHA) ) i
misicu (npr. > gliceraldehid-3-fosfat dehidrogenaza (GAPDH)) u usporedbi s CTL uzorcima
nakon izlaganja LPS-om. Te se razlike, medutim ne mogu u potpunosti potvrditi pomocéu
metode Western Blot (WB) pa se u najboljem slu¢aju moze zakljuciti da CTS u obroku ima
suptilan utjecaj. Nisu otkriveni nikakvi ucinci prehrane na tkiva dobivena obro¢nim

tretmanom CMB-om.

Na temelju rezultata metabolomskih istrazivanja, pilot studije su otkrile da su cjelokupni
metabolom plazme i jetre modulirani LPS, kao Sto je predvideno u svim vremenskim
toCkama, pri ¢emu se najveca promjena dogodila 12 sati nakon izazova uzrokujuci smanjenje
koli¢ine viSestrukih aminokiselina, ugljikohidrata i1 uzrokuju¢i znacajne promjene u
bioloskim putevima. Usporeduju¢i obro¢ne tretmane, CTS u obroku je jedini pokazao
potencijalno zanimljive rezultate sa snaznom modulacijom za adenozin u plaazmi prije i 12
sati nakon LPS. Moguc¢a interakcija izmedu bioaktivnih spojeva u CTS obroku (tj. pektina,
flavonoida, limonena) i adenozina naknadno je pretpostavljena i istrazena, ali nije dokazana.
Adenozin, zajedno s metabolickim putevima viSestrukih aminokiselina, ugljikohidrata i
nukleotida takoder su pokazali da su pod utjecajem davanja CTS u obroku (uglavnom
povecanjem njihovih intermedijara) u jetri. Budu¢i bi se rad trebao usredotoCiti na
istrazivanje znac¢aja CTS modulacije na adenozin, spoj za koji se zna da igra vaznu ulogu u

modulaciji imunoloskog sustava kod ljudi i zivotinja.

Zakljucak

Opisana istrazivanja imala su za cilj procijeniti u¢inke dvaju novih biljnih ekstrakata (CTS
1 CMB) na performanse tovnih pili¢a tijekom normalnih fizioloskih uvjeta i nakon izlaganja
LPS-u. Ova dva nova ekstrakta odabrana su na preporuku naSeg industrijskog partnera
NuScience koji je izvijestio da su, zbog njihovih bioaktivnih komponenti, pokazali
obecavajuce rezultate, kao alternativu koriStenju antibiotika kao poticatelja rasta u hranidbi
tovnih pilica. Na temelju nasih eksperimentalnih nalaza, iako postoje neki potencijalni
korisni ufinci ovih obro¢nih tretmana, posebno CTS-a, daljnje proucavanje nekih

pojedinacnih sastojaka potonjeg ¢ini se opravdanim.
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1.1 The poultry industry

The poultry industry has grown significantly over the last few decades due to genetic
improvements, introduction of modern intensive production methods, improvement of
preventive disease control and biosecurity measures (Ricke, 2018). The intense genetic
selection for either rapid growth (meat production) or persistency in lay egg (egg production)
has resulted in two separate industries: the broiler industry (meat types of chicken) and the
table egg industry (commercial layers) (Alders et al., 2018; Karcher and Mench, 2018). The

broiler industry will be the focus in this thesis.

In 2021, the world's broiler meat production amounted to about 102 million metric tons

(https://www.st atista.com/statistics/237637/production-of-poultry-meat-worldwide-since-

1990/) and its production is predicted to increase in the following years. As a result of these
advances, poultry meat is cheaper and is also considered healthier compared to the other
meats (Figure 1.1) leading to a significant increase in its worldwide consumer demand
(Marangoni et al., 2015).

Type equation here.Wild Game
Duck

Horse
]- Camel
Goose and Guinea fowl

Sheep and Goat

> Beef and Buffalo

From 1961 to 2018: Global meat production in livestock

300
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Figure 1.1 Worldwide meat production (modified from https://ourworldindata.org/meat-production)

Thus, broiler meat production is an increasingly important economic activity but there are
concerns regarding the welfare of the birds and around the potential increase in zoonosis
arising both directly from the birds or indirectly from the consumption of contaminated meat

e.g. Campylobacteriosis driven by this maximisation of production efficiency in order to


https://ourworldindata.org/meat-production
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produce cheap food (Meseret, 2016). The modern broiler chicken has been highly selected
for growth rate and feed efficiency (Meseret, 2016). Growth rate is referred to the weight
gain by broilers at their different age while feed efficiency is generally defined by feed
conversion ratio (FCR) which is calculated by the amount of feed needed per kilogram of
bodyweight gain (Aggrey et al., 2010). FCR should be as low as possible in order for a
production unit to be commercially valuable as feed along with the cost of replacement stock
are the key inputs involved in broiler production (Bai et al., 2022). These parameters can be
influenced by different factors such as age, sex, health and environment (Leeson et al.,
1995).

The body weight of a modern broiler at 35d of age is summarised in Figure 1.2 and can be
seen to have increased steadily while FCR has been reduced dramatically (Siegel, 2014). In
the same way, the body conformation has also changed dramatically by genetic selection

and these differences have been recognised to be much greater in chicken’s males than

females (Zuidhof et al., 2014).

Year Body weight (g) FCR
1985 1.400 2.30
1990 1.700 2.26
1995 2.010 2.08
2000 2.140 1.96
2005 2.310 1.65
2010 2.440 1.50
2015 2.450 1.49
2020 2.484 1.46
1985 » 2020
4.
@
- -5 \,t -~

1Figure 1.2 Comparison of Body weight, FCR and body conformation of broilers at 35d of age from
1995-2020 (modified from Siegel, 2014).

Management practices have also had to change in order to capitalise on the potential benefits
of new emerging genotypes; most commercial broilers are now raised entirely indoors and

the current advances in sensing technology, allow for precise control of the production
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environment (Sassi et al., 2016) in order to ensure flock uniformity and maximize production
(Karcher and Mench, 2018). In addition, feed is formulated to meet the birds nutritional
needs at each stage of its growth or production cycle and specific environmental conditions
including the lighting and its intensity are carefully controlled to stimulate growth ,or egg

laying in the case of the parent stock (Thornton, 2010).

1.2 Disease and stress

Intensive farming practices create ideal conditions for parasite growth and disease

transmission with the risk of epidemic outbreaks (Mennerat et al., 2010).

Infectious agents that can affect broiler production include bacteria, viruses, fungi, external
parasites such as lice and mites and internal parasites such as worms, protozoa (Chaves,
2014). Among these, coccidiosis is an enteric disease which can cause a high level of
mortality and can negatively impact production (Blake and Tomley, 2014). Once this disease
occurs in the chicken’s farm, it rapidly spreads and can infect 80% of the population (Fatoba
and Adeleke, 2018). Many other factors can influence the health of chickens; in many cases
of infection, the birds are affected subclinically yet are under stress leading to poor
production (Chaves, 2014). For this reason, it is important to provide good housing
conditions and avoid stressors that result in fear, malnutrition, dehydration, over-crowding,
or extremes in climatic conditions (https://en.aviagen.com/assets/Tech Center
[Ross_Broiler/Ross-BroilerHandbook2018-EN.pdf).

Stress can be defined as any condition which causes allostatic load to an organism, e.g. an
increase in the cost of maintaining physiological homeostasis (Henriksen et al., 2011). The
broilers response to stressful conditions, are both behavioural and physiological, the latter
being modulated by pathways such as the Hypothalamic-Pituitary-Gonadal (HPG) axis,
which is responsible for reproduction, and the Hypothalamic-Pituitary-Adrenal (HPA) axis,
or the stress axis. The HPA axis mediates the stress response through glucocorticoid (GC)
release, such as corticosterone (CORT). High GC levels have been shown to depress growth
of skeletal muscle and lower performance of broilers in order to redirect energy expenditure
to survival of the individual (Wasti et al., 2020).

The environmental conditions have a strong impact on stress and bird welfare; for example
heat stress is a particular challenge as chickens are particularly sensitive to temperature-

associated changes (Lara and Rostagno, 2013; Scanes, 2016). For this reason, an accurate


https://en.aviagen.com/assets/Tech_Center%20/Ross_Broiler/Ross-BroilerHandbook2018-EN.pdf
https://en.aviagen.com/assets/Tech_Center%20/Ross_Broiler/Ross-BroilerHandbook2018-EN.pdf
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control of the environmental conditions is essential. Among the strategies, adopted to
decrease the negative effect that heat stress can provoke, there is the use of specific feeding
plans (Mohamed et al., 2019). The choice of feed, rich in protein or energy may modulate
the chicken’s intake of single components and optimise the heat load associated to the
ingested nutrients metabolism. Also, the size and structure of feed can have a strong impact
on the development of the gastro-intestinal tract (GIT) and favour a better digestion process,
facilitate evaporate activity, modulate the heat load and led to beneficial effects. For this
reason, supplementation of broilers diet with micronutrients has attracted industries and
researcher’s attention worldwide and nowadays there is a whole industry based on the
development of new food strategies that can beneficially influence health and welfare (Wasti
et al., 2020; Syafwan et al., 2011).

1.2.1 The broilers innate immune system

The innate immune system is highly complex and serves as the front line of the host’s
defence. It consists of barriers to infection, antimicrobial peptides and proteins, humoral and
cellular components (Rojas-Villaraga et al., 2013). The innate immune response is based on
recognition of conserved structures by macrophages, neutrophils and dendritic cells on
pathogens, termed pathogen-associated molecular patterns (PAMPS), through a limited
number of germ line-encoded pattern recognition receptors (PRRS), of which the family of
Toll-like receptors (TLRs) is the most studied (Mogensen, 2009). TLRs recognize and
respond to a variety of molecules, such as lipids (TLR1, 2, 4, 6), proteins (TLR5) and nucleic
acids (TLR3, 7-9) (Nelson and Guyer, 2012). The activation of TLRs leads to increased
activation of inflammatory pathways through cytokines release (Gil-Cardoso et al., 2016).
The pro-inflammatory cytokines TNF-[J, IL-1p and IL-6 are produced from activated
monocytes and neutrophils in response to inflammatory stimuli and they in turn initiate a
complex network of secondary reactions (Ceciliani et al., 2002) including the release of
acute phase proteins (APPs) (Saloma et al., 2012). Components that originate from gut
microbiota, such as lipopolysaccharides (LPS), lipoteichoic acid, peptidoglycan, flagellin
and bacterial DNA, can stimulate the innate immune response (Mogensen, 2009). These
components can be found on the outer membrane of Gram-negative bacteria such as
Escherichia coli, Salmonella enterica, Neisseria meningitidis, Haemophilus influenzae,

Bordetella pertussis, Pseudomonas aeruginosa, Helicobacter pylori, Klebsiella
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pneumoniae, Legionella pneumophila and Chlamydia trachomatis (Alexander and
Rietschel, 2001).

1.2.2 Escherichia coli endotoxin (LPS challenge)

Researchers often use Escherichia coli (E. coli) lipopolysaccharide (LPS) extract in
challenge experiments to evaluate an animal'’s ability to respond to an inflammatory stimulus
(Alexander and Rietschel, 2001). This avoids the need to use infectious agents that require
to be used in appropriate isolation facilities (Koppenol et al., 2014). LPS act as endotoxins
(Gil-Cardoso et al., 2016) and the hosts’ response depends on both the severity of infection
and the LPS structure. In chickens, an LPS challenge typically induces fever, loss of appetite
and increased heart rate (French et al., 2020). It has been demonstrated that a single dose of
E. coli endotoxin (2 mg/kg body weight) activates the acute phase response (APR). The APR
IS quite complex and involves both systemic and local systems. An APR is initiated by
infectious agents, inflammation, tissue injury, trauma or the introduction of immunogens
such as LPS (O’Reilly and Eckersall, 2014). The induction of APR by these stimuli activates
the production of pro-inflammatory mediators (cytokines and chemokines), which are
generated by activation of macrophages, monocytes, platelets, fibroblasts, keratinocytes,
endothelial cells and T-cells (Haudek et al., 2003). In mammals three major pro-
inflammatory cytokines are largely responsible for the systemic effects of the APR:
interleukins-1 and -6 (IL-1 and IL-6), and tumour necrosis factor (TNF-o) (Cray et al.,
2009). The visible signs of the systemic effects include fever, anorexia (French et al., 2020),
glucocorticoid release and the activation of the complement and clotting cascade (Ceciliani
et al., 2002). The cytokines release also leads to decreased levels of serum zinc, iron and
calcium (Luthman et al., 1991) and influence the profile of blood proteins, including the

release of acute phase proteins (APPs) from the liver (Ceciliani et al., 2002) (Figure 1.3).
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Figure 1.3 Acute phase response in chickens and associated outcomes

LPS, pathogens stimuli trigger various immune cells (monocytes, macrophages etc), at the site of infection, to
produce pro and anti-inflammatory cytokines. Pro-inflammatory cytokines stimulate the liver to produce APP,
and, in some instances, there is also an extrahepatic expression. Pro-inflammatory cytokines also stimulate the
HPA axis which release corticosterone. Corticosterone up regulates the responses of anti-inflammatory agents
and downregulates the pro-inflammatory cytokines. Part of this response impacts blood components by
consequently increasing the Heterophil/Lymphocyte (H/L) ratio. Corticosterone also influences the energy
metabolism by reducing the release of glucose from the liver (Cray et al., 2009; O’Reilly and Eckersall, 2014,
Ceciliani et al., 2002).

APPs known to be modulated during the APR in chickens include Serum amyloid A (SAA),
[11-acid-glycoprotein  (AGP), Ovotransferrin (OVT), Ceruloplasmin, Fibrinogen,
Fibronectin, Hemopexin (Hpx), PIT54 (the chicken equivalent of haptoglobin) and Mannan
binding lectin (O’Reilly and Eckersall, 2014). Recent proteomics investigations also
revealed the role of other proteins, such as extracellular fatty acid binding protein (ex-FABP)
(Horvati¢ et al., 2019) and MRP-126 (Matulova et al., 2013), as promising novel APPs.
However, further research is needed to clarify their role and mechanism of action in broilers.
Since APPs have different stimulation patterns, their profile can provide useful information
on the host APR and several have now become established and useful biomarkers of overall

broiler health and welfare (Ceciliani et al., 2002).

1.3 Antibiotics as growth promotors and anti-microbial
resistance (AMR)

One of the downsides of the intensification of the poultry industry is that when large numbers
of birds are kept in close proximity, disease can quickly spread throughout the flock and

cause serious economic losses (Mennerat et al., 2010). Environmental conditions can also
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influence the health of chickens if the management is not optimal. Prevention and control of
poultry diseases has led during recent decades, to a substantial increase in the prophylactic
use of antibiotics in poultry diets. In 1940, the growth promoter effect of antibiotics was
discovered (Moore at al., 1946; Mehdi et al., 2018). The mechanism of action of antibiotics
as growth promoters was found related to the interaction of antibiotics with the intestinal
microbial population (Dibner and Richards, 2005). In 1999, the European Federation of
Animal Health reported that in EU farm animals consumed 4.7 million kg of antibiotics in
their feed (~35% of all antibiotics administered in the EU). The Union of Concerned
Scientists estimated that 11.4 million kg of antibiotics were used in medicated animal feeds
in the US alone each year (Landers et al., 2012). However, anytime antibiotics are used, they
can cause side effects and lead to antibiotic resistance (Landers et al., 2012). Antimicrobial
resistance is defined by the World health organization (WHO) as “the ability of a
microorganism (like bacteria, viruses, and some parasites) to stop an antimicrobial (such as
antibiotics, antivirals and antimalarials) from working against it. As a result, standard
treatments become ineffective, infections persist and may spread to others”. The use of
antibiotics in food animals selects for bacteria that are resistant to antibiotics used in humans,
and concerns were that these might spread via farm workers or in the food to humans and

cause problems to their health (VVanderhaeghen and Dewulf, 2017).

Such concerns about the development of antimicrobial resistance and transference of
antibiotic resistance genes from animal to human microbiota, led to withdraw approval for
antibiotics as growth promoters in EU the January 1, 2006 although treatment for disease is
still permitted (Mehdi et al., 2018). In fact, in the UK progress over the last decade in this
respect has been remarkable. According to a recent report, in the seven years, from 2012 to
2019, the British poultry council (BPC) Antibiotic Stewardship has helped achieve a 76%
reduction in the total use of antibiotics and a 97.3% reduction in the use of critically

important antibiotics (https://britishpoultry.org.uk/bpc-antibiotics-report-2020/). In part this

has been due to improvements in management but also by finding suitable alternatives.

1.4 Alternatives to antibiotic growth promotors in poultry feed

The ban in use of antibiotics as growth promoters in poultry feed and the move to limit their
use clinically has led to losses in productivity coupled with an increase in the incidence of

bacterial diseases such as necrotic enteritis (NE) which affects the gut of broiler chickens
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(Jia et al., 2009; Huang et al., 2018b). In addition to increased mortality and the increased
risk of the disease spreading within a flock there is also a risk to human food safety through
consumption of contaminated meat or derived products (Yegani and Korver, 2008). For
these reasons, a lot of research has been carried out to look for natural supplements that when
added to poultry diets confer similar beneficial effects to antimicrobial growth promoters
(Mehdi et al., 2018). Various alternatives have been already widely explored with varying
results. The most popular are probiotics, prebiotics, enzymes, organic acids,
immunostimulants, bacteriocins, bacteriophages, phytogenic or novel plant feed additives,
phytoncides, nanoparticles and essential oils. These alternatives have been extensively
reviewed by Mehdi et al. (2018) but as the focus of this thesis was to investigate two novel

plant extracts in broiler diets, further details on novel plant extracts are given below.

1.4.1 Novel plant extracts

During the last few years, a range of nutraceuticals have attracted the attention of the
research community for their promising potential antimicrobial compounds. Nutraceuticals
are defined as commercial additives obtained from natural products that can used as an
alternative feed supplement for the improvement of animal welfare. This group includes
enzymes, synbiotics, phytobiotics, organic acids and polyunsaturated fatty acids. Possibly
the most interesting of these are novel plant extracts that may contain several of these entities
(Alagawany et al., 2021). Novel plant extracts are used in many applications, including raw
and processed food preservation, pharmaceuticals, alternative medicines, natural therapies
and animal feed. The identification and standardization of the beneficial chemical and/or
biological compounds in plant extracts nevertheless is a major challenge for animal
industries (Savoia, 2012). Among the variety of novel plant extracts available, citrus and
cucumber were chosen to be investigated in this thesis. This decision was made on the basis
of: the existing evidence of beneficial (immunomodulatory) effects of some of their
bioactive compounds, the availability and cost of purifying suitable extracts for use in
poultry diets, and importantly promising commercially sensitive data obtained from field
trials already conducted by our company partner in this project, “Nuscience” who is based
in Belgium (Dr Geert Bruggeman and Dr David Hermans - NuScience, Belgium — personal
communication October 2018). It was they who supplied the experimental novel plant

extracts.
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1.4.1.1 Citrus extracts

Finding an alternative to the prophylactic use of antimicrobial growth promoters that reduces
the risk of diseases, improves animal growth and advantages farms economically would
benefit multiple sectors of society. Citrus extracts has already been demonstrated to be
involved in numerous biological functions, including anti-bacterial, anti-oxidant
(Ndayishimiye et al., 2018; Smeriglio et al., 2019), anti-inflammatory (Goliomytis et al.,
2019) and anti-cancer (Kim et al., 2016). The strong antioxidant and anti-inflammatory
properties are valuable in protecting animals from diseases and improving their health
(Goliomytis et al., 2019). Citrus plants which include fruits such as orange, mandarin, lime,
lemon, sour orange and grapefruit are also known to be a beneficial source of nutrients for
humans (Rafiq et al., 2018). Many citrus purified bioactive compounds have shown to
improve the immune functions and anti-oxidant capacity of plasma and meat in sheep
(Simitzis et al., 2019) and piglets (Yiyan Cui et al., 2020). Animal experiments have shown
that orange peel extracts improves the immune response and disease resistance of broilers
without any effects on their growth performance (Pourhossein et al., 2015). This is important
for poultry industries that are searching for low-cost nutritional alternatives that don’t
negatively influence the growth of broilers. Many bioactive compounds in citrus have been

explored in detail to clarify their possible role in broilers health.

The citrus peel, seeds, and pulps generally discarded as waste represent a rich source of
phenolic compounds and dietary fibre. Citrus extracts derived from these products is
particularly rich in pectin (a source of soluble dietary fibre), polyphenols (including
flavonoids), carotenoids, and essential oils (including Limonene). There are two main types
of pectin: high methoxyl (HM) which is the most common type and low methoxyl (LM)
(Rafig et al., 2018). Beneficial effects of dietary fibres are mainly attributed to their
fermentation products which produce anti-inflammatory short-chain fatty acids (SCFAS)
such as butyrate, propionate and acetate (Sahasrabudhe et al., 2018). For instance, pectin are
not directly digested by enzymes of the gastrointestinal tract, but they are fermented by
bacteria resulting in the production of SCFAs (Mao et al., 2019). Although pectin occurs in
a majority of plant, it is most abundant in citrus fruits and their chemical structure varies by
fruit species and its different developmental stages (Ridley et al., 2001). Dietary
supplemented with 20% apple pectin was found to decrease the incidence of azoxymethane-
induced colon tumors in mices, and reduced intermediates of the inflammatory pathway such
as prostaglandin E2 (PGE2) levels in the distal colonic mucosa and blood of the portal vein.

This study indicated that the ability of pectin of reducing PGE2 is dose-dependent (Tazawa
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et al., 1999). The in vitro modification of citrus pectin to modified citrus pectin (MCP) by
changing the pH has been demonstrated to have anti-inflammatory and antitumoral
properties (Smith-Barbaro et al., 1981). A recent in vitro investigation have also
demonstrated the anti-inflammatory activity of citrus pectin on chicken monocytes’ immune
response (Avila et al., 2021). Pectin might also bind with TLR2 and prevent
proinflammatory responses (Sahasrabudhe et al., 2018). A MCP, such as DE90 pectin (90%
esterified pectin), was found to bind LPS, and it might result in the decreased binding of
LPS to its receptor (Chen et al., 2006).

Polyphenols, which include flavonoids, are demonstrated to produce positive effects on the
immune system, small intestinal morphology, growth performance and blood circulating
metabolites of broilers (Prihambodo et al., 2021). Polyphenols show anti-inflammatory
properties through the inhibition of the action of pro-inflammatory enzymes, modulation of
cytokines, inhibition of pro inflammatory cell adhesion molecules and/or scavenging
reactive oxygen species (ROS) (Agatemor et al., 2015). Flavonoids are a class of
phytochemicals with anti-oxidative and anti-inflammatory properties (Panche et al., 2016).
Citrus flavonoids have already been demonstrated to be the most biologically active
compounds on Earth (Pantsulaia et al., 2014). Flavonoids exert an antibacterial activity by
inhibiting a wide range of pathogens that colonise the digestive tract and interfere with
nutrient absorption (Igbal et al., 2020). A lower pathogen community increases the growth
performance and regeneration of intestinal villi which consequently intensifies the nutrient
absorption. Flavonoids may stimulate the secretion of mucus by resulting in better villus
protection and an increase in probiotic bacteria abundances. In a similar way, lemon peel
extracts supplementation might also modify some blood components and the proximal
intestinal morphology of broiler chickens (Ishisono et al., 2017). Quercetin, the major
representative of flavonoid belonging to the class of flavonols, has been demonstrated to
improve oxidative status of broiler meat when added to broiler diet and can be detected in
plasma and several tissues (Hager-Theodorides et al., 2014). Quercetin supplementation has
been found to improve calcium, phosphorus metabolism and tibia development in broilers
(Wang et al., 2022). Hesperidin, another representative of flavonoid, was found to prevent

intestinal inflammation in mice (Lee et al., 2011).

Carotenoids are natural colouring agents that exhibit antioxidant, anti-inflammatory and

antimicrobial properties (Mavrommatis et al., 2022). Carotenoids have been demonstrated
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to modulate the APR of broilers subjected to E.coli LPS challenge and to increase villus

length for a better nutrients absorption (Csernus et al., 2020).

Limonene (LIM), is the major component in the oil of citrus fruit peels and it has also been
demonstrated to be involved in the modulation of the immune response in broilers (Hafeez
et al., 2016). Its mechanism of action in broilers is still under investigation but in humans
Limonene has been reported to have a role in proinflammatory pathways; Limonene can
effectively inhibit LPS-induced nitric oxide and PGE2 production in macrophages and
decreases interleukin-1a (IL-1«) levels in undifferentiated keratinocytes (Bevilacqua et al.,
2010).

1.4.1.2 Cucumber extracts

Another novel plant extracts which is attracting the attention of researchers is cucumber
(Cucumis sativus). Cucumber is a fruit that belongs to the Cucurbitaceae family (Huang et
al., 2009), and it is a source of beneficial bioactive compounds. For example, bioactive
phenolic compounds are present in the methanol and water extracts of fresh cucumber (Abu-
Reidah et al., 2012). Their leaves also contain flavonoids and phytochemicals that are linked
in the defence mechanism of the plant (McNally et al., 2003). The active principles in these
vegetal extracts are principally water soluble or lipophilic antioxidant molecules. Cucumber
also contains different amounts of Vitamins and B-carotene and polyphenols (Vouldoukis et
al., 2004). Indeed, in humans and livestock researches, cucumber extracts exhibits anticancer
(Gao et al., 2014), antioxidant (Nema et al., 2011), antimicrobial (Tang et al., 2010) and
analgesic (Kumar et al., 2010) properties (Agatemor et al., 2015). Seeds of Cucumber have
been also found to possesses a potential wide spectrum of antimicrobial properties (Sood et
al., 2012). Phytochemical screening of cucumber seeds found the presence of flavonoid,
tannin, saponin, and steroid. These compounds were again found associated to antibacterial
and anti-inflammatory activities in rats (Subramanyan, 2013). Cucumber has been used in
folk medicine as a treatment for inflammatory related disease for centuries (Mukherjee et
al., 2013). The anti-inflammatory properties of cucumber have gained popularity and these
investigations suggest that the whole fruit is involved in reducing the inflammatory response.
Cucumber extracts has been demonstrated to attenuate the damaging effect of LPS in
endothelial cells by decreasing the expression of TLR4 induced by LPS and, consequently,
inhibiting pro inflammatory cytokines and increasing anti-inflammatory cytokines

(Bernardini et al., 2018). This information suggests that Cucumber extracts could be a very
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interesting candidate for limiting inflammatory pathologies in which TLR plays a crucial
modulatory role. In broiler chickens, Pediococcus pentosaceus FBB61, a bacterium isolated
from cucumber fermentation, has been shown to be effective against Clostridia one of which
is the cause of NE (Grilli et al., 2006). This suggests that feeding cucumber extracts as
supplement may influence the gut microbial population. However, no other information is

available in the literature to support this hypothesis.

Indeed, research for this thesis has failed to find any published work on feeding cucumber
extracts to broilers, apart from those emanating from our Manna Research Project
(https://www.mariecuriealumni.eu/news/what-happens-when-you-supplement-diet-broiler-
chickens-extracts-cucumber-and-citrus) and our commercial partner, Nuscience. They have
been running feeding trials with this compound (results protected by commercial
confidentiality) in both piglets and poultry based on the existing evidence of beneficial
activities that bioactive compounds can exert in other animal species and in vitro. They
report improved zootechnical performance and immunology, although the results for poultry
were more variable when compared to piglets (Dr Geert Bruggeman and Dr David Hermans

- NuScience, Belgium — personal communication October 2018).

1.5 Useful indicators or biomarkers of health and disease that
can be used in dietary investigations

Dietary supplements, used by poultry producers to enhance bird growth and reduce risks of
infections, often rely solely on production data (feed and weigh type experiments) without
investigate the functional relationship or mechanism of action between the bioactive
compounds. Therefore, in this section various methodologies that would help to build this
evidence base are discussed.

Only by having a fuller picture of the mechanisms and interactions between the host and
molecules provided through the supplementation can one confidently develop new dietary
plans that enhance bird growth, maximize host feed utilization and protect birds from
diseases caused by pathogenic bacteria (Zheng et al., 2016; Ruiz et al., 2008; Jia et al., 2009).
LPS can activate the immune response of broilers and modulate microbial populations,
proteins, and metabolite profiles. Similarly, bioactive compounds in dietary treatments may
be responsible for positive effects on certain microbes, proteins and metabolites under

normal physiological conditions and so can help to reduce inflammation during LPS
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challenge. In this section keyways of assessing the benefits of dietary intervention are

discussed.

Gut viscosity and Histo- Morphometric measurements

The gold standard most often used to assess the effect of a dietary intervention is to measure
the viscosity of the gut contents and histo-morphologically examine segments of the small
intestine and measure villus length, crypt depth and the relative thickness of other tissue

layers (Verdal et al., 2010) (see — 2.3.4 Gut morphometric measurements - for more details).

The intestinal Microbiota

The intestinal microbiota of humans and animals is defined as the community of microbial
organisms that inhabits a defined environment (Jandhyala, 2015) (see — 1.7 Microbiota). The
bacterial community that characterized the GIT of chickens is considered as an essential
component which contributes to the wellbeing of animal host in a wide range of aspects,
especially nutrition and gastro-intestinal disease resistance (Nakao et al., 2013). Bacterial
microorganisms have a highly significant impact on the uptake and utilization of energy, and
other nutrients, and on the response of poultry to antinutritional factors and feed additives
(Torok et al., 2008). Specific bacteria, such as Firmicutes and Lactobacillales are used as
intestinal biomarkers of health in broilers (Aruwa et al., 2021). Investigating the effect of
dietary interactions on the GIT microbiota is therefore another useful tool in determining the

value of any additives.

APPs as biomarkers of health and disease in poultry

As previously mentioned, the APR initiated during LPS challenge experiments provides a
useful tool to investigate the effect of dietary interventions on the immune system of broiler
chickens (see - 1.2.2 Escherichia coli endotoxin LPS challenge). In broilers a number of
APPs are now established as useful biomarkers of the APR response (O’Reilly and Eckersall,
2014). Dietary components could result in a modulation of the APR response. This
hypothesis is discussed more fully in section 1.4- Alternatives to antibiotic growth promoters

in poultry feed.

Proteins and metabolites
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In the last decade, the results obtained by the animal genome sequencing have contributed
to the development of several techniques able to describe the variation in the expression
level of genes, proteins, and metabolites. While genomic DNA remains constant during the
lifespan of an animal, its expression varies and moreover the proteins and metabolites (gene
products) also change their expression levels in a rapid and dynamic manner due to
environmental and physiological factors. Nowadays, transcriptomics, proteomics and
metabolomics are the main Omics technologies used to investigate, respectively, the
expression of genes, proteins, and metabolites. All Omics are important to describe the
complex phenotype of cells and organisms. The molecular basis of cellular phenotypes
involves genes, MRNA, proteins, and metabolites. Depending on the aim of interest to
explore, a specific Omics can be used (Debnath et al., 2005).

Defined circulating/tissue proteins and metabolites are proving to be good biomarkers that
indicate the health state of broilers. When a disease occurs, imbalances in proteins or
metabolites have been registered by few studies (Khovidhunkit et al., 2000; Rinttila and
Apajalahti, 2013). Most of the research carried out until now mainly focused on single
proteins or metabolites but nowadays, the development of Omics technologies (see — 1.8
Omics technologies), allow their overall massive detection and represent a key strategy for

novel health biomarkers identification (Barallobre-Barreiro et al., 2013; Aslam et al., 2017).

However itis considered that a single biomarker will not be sufficient to follow up all aspects
of broilers’ health but combinations of data from multiple approaches using microbiota and
other Omic technologies investigations are necessary for the full study of dietary effects in
broilers (Ducatelle et al., 2018).

1.6 Microbiota

Microbiota, the community of microbial organisms that inhabits a defined environment
(Jandhyala, 2015), is very diverse and includes bacteria, fungi, protozoa, archaea and yeasts.
The term microbiota is not synonymous of microbiome. The microbiome refers to the
collection of genomes from all the microorganisms inhabiting a specific environment (Ursell
et al., 2012). Microbiota is involved in the development of the immune system, nutrition,
drug response of the host, the hosts susceptibility to infectious chronic diseases and can alter
the behaviour in both humans and animals (Jandhyala, 2015). The homeostasis of the

organism is maintained through the dynamic inter-relationship between the host and its
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microbiota (Belkaid and Harrison, 2017). A lot of external factors can alter the homeostasis
of individuals microbiota such as infections, environmental factors, exposure to
antimicrobial growth promoters or changes in the dietary regimen (Hills et al., 2019).
Microbiota composition and its potential use as a biomarker for health and reproduction is
being investigated widely, but the validation remains a major challenge, so continued
research in this field is required and this study adds to the knowledge base required for this
definition (Ducatelle et al., 2018).

1.6.1 Methods of studying Microbiota

The bacterial community of the intestinal microbiota is the most extensively studied and at
present is believed to be the most important and innovative biomarker of gut health. The
evolution of this aspect of study is similar to that of other microbial ecosystems, moving
from culture-based and microscopic observations to the use of culture-independent,
molecular techniques (Costa and Weese, 2019). The small subunit ribosomal RNA gene
(16S rRNA) is the most common target for characterising bacterial diversity in the intestinal
microbiota in both humans and animals and it is considered a well-established method for
studying the composition of the intestinal microbiota (Rosselli et al., 2016). This has
essentially replaced other techniques such as single-strand conformation polymorphism
(SSCP), denaturing gradient gel electrophoresis, restriction fragment length polymorphism
(RFLP) and its variant terminal-RFLP (Blackwood et al., 2003). The development of next
generation sequencing (NGS) and Illumina technologies has supported the rapid growth of
16S ribosomal RNA gene (16S rRNA) applications including the screening of complex
microbial communities (Cao et al., 2017). The improvement of high-throughput sequencing
led to more and more accurate sequencing analysis. However, lllumina sequencing
methodology presents some limitations in terms of shortness of 16S rRNA bacteria regions
which are sequenced and consequently the diversity of microbiota that can be determined at
best at the genus level (Jovel et al., 2016). This problem has been overcome by the
development of the nanopore long-read sequencer MinlON™ able to sequence the entire

gene from the extracted DNA to rich species level (Lu et al., 2016; Tyler et al., 2018).

This method has already been applied in animals for example to characterize the microbiota
of dog skin (Cuscé et al., 2017) and buffalo milk (Catozzi et al., 2020). No studies are present
in the literature on the use of MinlON™ technology to sequence the whole gut genome of

broilers. Due to lack of knowledge in the use of nanopore MinlON™ to study the broilers



51

microbiota, its high raw error rate and the lower read accuracy compared to short reads
sequencer, the 16S rRNA NGS based sequencing methodology was elected for this study. |

note with interest 1 am not alone in this consideration (Cuccato et al., 2021).

1.6.1.1 16s rRNA gene sequencing

The sequencing of the 16S rRNA gene is the gold standard technique for characterising
bacterial diversity and studying the microbiota composition (Rosselli et al., 2016).The 16S
rRNA gene is approximately 1,500 bp long and contains conserved regions alternated by
nine variable regions that serve as universal primer bindings sites for the amplifications of
genes (Johnson et al., 2019) (Figure 1.5). This method provides phylogenetic classifications
from phyla to genus in different microbial populations. The decision on the hypervariable
regions to amplify is made according to the specific experimental objectives, design, and
sample type.

In broilers, different regions of 16S rRNA have been used by researchers to study the effect
of diets or treatments and to characterize their microbiota composition: Danzeisen et al.
(2011) targeted the region V3, Adewole and Akinyemi, (2021) and Stamilla et al. (2021)
targeted the V4 region while Vieira et al. (2020), Cuccato et al. (2021) Saeed et al. (2019)
focused on targeting both regions V3-V4. The V3-V4 regions were found to provide higher
resolution in microbial diversity and Operational taxonomic unit (OTU) classification
compared to the other regions (Ong et al., 2013).These are therefore considered the best
regions to use for microbiota investigations when there is not a specific bacterial target
(Cuccato et al., 2021).

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 bp
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Figure 1.4 Bacterial 16S ribosomal RNA (rRNA) gene
The gene is approximately 1,500 bp long and contains nine “hypervariable regions” (V1 — V9) (grey) alternated
by conserved regions (green).

1.6.2 Broilers gut microbiota

The digestive system of the broiler chicken is composed of the oesophagus, crop,

proventriculus, gizzard, small intestines (duodenum, jejunum, and ileum), caeca, colon and
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cloaca — the GIT (Jacob, 2013). These organs can be differentiated from each other both
morphologically and functionally. The microorganisms present in these various regions have
a highly significant impact on the uptake and utilization of energy metabolism and other
nutrients and on the response of poultry to “antinutritional” factors, pre and post probiotic
feed additives, and feed enzymes (Torok et al., 2008). Diet has a key role in the modulation
of the microbial community as dietary compounds, which escape host digestion and
absorption, and are used as the substrates for bacterial growth. Many indigestible dietary
compounds can be fermented by intestinal bacteria, yielding SCFAs such as acetate,
propionate, and butyrate which can then be used both as energy and a carbon source by the
host and so may also help to regulate the gut microbiota (Mahmood and Guo, 2020).
However, diets rich in indigestible non-starch polysaccharides, can lead to the proliferation
of Clostridium perfringens type A which is responsible of necrotic enteritis in young chicks
(Annett et al., 2002).

The host provides a permissive habitat and nutrients for the colonization and growth of these
bacteria (Pan and Yu, 2014). Broilers also harbour highly diverse bacterial communities
along the different regions of the GIT (Sergeant et al., 2014; Oakley et al., 2014). There are
multiple factors that can influence the bacterial composition of the broiler’s microbiota: gut
site, age, sex, diet and the use of antimicrobials but a recent review summarises that it is
possible to predict some of these difference along the GIT (Feye et al., 2020). The major
changes in spatial distribution of microbial composition along the chicken GIT at the phylum
level were summarised by Choi et al. (2014). According to these authors Firmicutes are the
dominant phylum in duodenum, jejunum, ileum and colon, while Bacteroidetes is the
dominant phylum in caeca. At the genus level the major microbial genera across all gut
sections are Lactobacillus, Enterococcus, Bacteroides, and Corynebacterium (Xiao et al.,
2017). At a more regional level the genus Lactobacilli are found to be the dominant bacteria
in the crop (Gong et al., 2007). In the gizzard, which has a minor bacterial fermentation
activity, bacteria from sources such as Lactobacillus, Enterococcus, lactose-negative
Enterobacteria and coliform bacteria are the major genus constituents (Gong et al., 2007).
The small intestine, represented by the duodenum, jejunum and ileum, is primarily
responsible for nutrient digestion and absorption (Gong et al., 2007; Rowland et al., 2018).
The duodenum has the lowest bacterial density, mainly consisting of Clostridiaceae family,
and various Streptococci, Enterobacteria, and Lactobacilli genus (Waite and Taylor, 2015).
The jejunum is generally mostly dominated by the Lactobacillales order and a lower

abundance of Clostridiales. This site, together with the upper tract of the intestine, is the one
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mostly dominated by different genus (mainly Lactobacillus and Enterococcus) of the
Lactobacillaceae family (Gong et al., 2007; Stamilla et al., 2021). The lleum is the most
studied region of the small intestine: The ileum harbours a significantly more diverse
population of bacteria than the duodenum and jejunum (Haghighi et al., 2006). Lactobacillus
constitutes the major group followed by Clostridiaceae family, Streptococcus and
Enterococcus genus (Lu et al., 2003). Much work has already been performed to characterize
the broilers ileal microbiota and its modulation by diets (Gong et al., 2002; Hoeven-Hangoor
etal., 2013; Richards-Rios et al., 2020); However, the lleal microbiota can be influenced by
the caeca, due to their closer anatomical position (Yan et al., 2019). Hence since there are
few studies on the microbiota of the jejunum it makes it an interesting candidate for further
investigation. In summary Lactobacillus was the predominant genus found in the duodenum,
jejunum, and ileum (>35%), interesting it was rarely present in caeca (Xiao et al., 2017).
The caeca have the greatest taxonomic diversity and so tend to be the primary choice for
microbiota investigations concerned with dietary modulation (e.g supplementation with
novel plant extracts). This is because many of the bacteria found here are involved in the
fermentation process, which leds to the production of SCFAs that constitute the 10% of a

chicken's metabolizable energy (Jézefiak et al., 2004).

Large variations in microbial composition have been observed when broilers are sampled at
different ages (Choi et al., 2014; Jurburg et al., 2019). Kumar et al. (2018) found that
Firmicutes were the most abundant phylum in both the caeca and the ileum at all ages from
day 0 to day 42, while according to Oakley and Kogut, (2016) ceacal bacterial composition
quickly shifts with age from Proteobacteria, Bacteroides and Firmicutes, to almost entirely
Firmicutes by 3 weeks age. Similarly, the study of Lu et al. (2003) demonstrated that the
microbiota complexity increases with the bird’s age: birds at 3 and 7d of age, at 14 to 28d
of age, and at 49d of age were all shown to exhibit different microbial communities. Thus,
the consensus seems to be that as the bird advances in age the GIT microbiota, appear to
move to a more stable position in terms of the bacterial taxa (Crhanova et al., 2011) with its
peak diversity at day 14 in the small intestine and 28 in the large intestine (Huang et al.,
2018b). The study of Amit-Romach et al. (2004) also affirmed that the microbiota of birds
in the small intestine is well established within 2 weeks.

From the literature it can be reasonably hypothesized that the bioactive compounds found in
citrus and cucumber will modulate selective bacterial strains in the GIT of broiler chickens.
Polyphenols for example are recognised to possess prebiotic properties which support the

growth of selective bacteria by acting as a source of nutrient supply (Marin et al., 2015). In
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particular flavonoids and carotenoids show antimicrobial potential against pathogen bacteria
(Tolnai et al., 2021). Algicek, et al. (2004) reported that blends of essential oils can increase
the number of lactic acids, such as Lactobacilli, in broilers; Essential oils can also inhibit
pathogenic bacteria in the small intestine of broilers (Tiihonen et al., 2010). Vitamins have
also been shown to be associated with the growth of beneficial bacteria (Yang et al., 2020).
Finally, as already mentioned even the more indigestible portion plays a part. These
considerations justify investigating whether of citrus and cucumber extracts modulate the

GIT microbiota of broiler chickens.

In conclusion, trials designed to assess the effect of dietary supplementation with these novel
additives using microbiota seem well on the GIT microbiota must take bird age into account
and should be standardised to allow comparisons with the existing literature. Unfortunately,

this important fact is often overlooked.

1.7 Acute phase proteins in chickens (APPs)

Many APPs have been demonstrated to be established biomarkers of toxicity in chickens
(O’Reilly and Eckersall, 2014) but in the context of the thesis the focus will be first on Serum
amyloid A (SAA) and Alpha acid glycoprotein (AGP). This choice was made based on the
availability of species specific commercial ELISA assays for SAA and AGP detection and
previous investigations which demonstrated the role of SAA and AGP as the most important
APPs in chickens ( O’Reilly, 2016). Recently, a novel observation of the proteomic
investigation carried out on broilers (Horvati¢ et al., 2019) found that plasma levels of
extracellular fatty acid binding protein (ex-FABP) precursors and hemopexin (Hpx) were
also increased in response to LPS and may be considered potential biomarkers of toxicity.
Another APP of growing interest in broiler chickens is MRP-126 which has shown an
increase in its abundance after bacterial infection (Dr. Chris Chadwick - Life Diagnostics —
personal communication September 2019). Further academic-industrial collaboration with
Life Diagnostics has led to antibody production to chicken immunoassays that can detect
these proteins in plasma. In this thesis SAA, AGP ex-FABP, Hpx and MRP-126 are used to
investigate the hypothesis that the bioactive compounds in broiler diets supplemented with

either citrus or cucumber modulate the APR of broiler chickens following an LPS challenge.
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1.7.1 Measuring APPs in chickens

APPs are generally produced in the liver and then secreted into the blood (O’Reilly and
Eckersall, 2014). APPs can be measured in both plasma or serum but in chickens, plasma is
more often used because it is easier to collect (Hrubec et al., 2002). Blood samples can be
collected from chickens using different anticoagulants such as EDTA or heparin and then be
centrifuged to allow cell separation. However, heparin is reported as the preferable

anticoagulant for avian species (Hrubec et al., 2002).

APPs can be classified as minor, moderate or major according to the magnitude and
timing/duration of increase during APR. Major APPs increase 10 — 1000 fold, moderate
APPs increase 4 - 10 fold and minor APPs increase 2 — 3 fold. Major APPs tend to increase
within the first 48h after a triggering event (e.g LPS challenge) and decline rapidly. Moderate
and minor proteins tend to increase more slowly and show a more prolonged duration (Cray
et al., 2009; Eckersall and Bell, 2010)

Different immunoassays can be used for the detection of APPs but when antibodies which
react in chickens are available, ELISA assay is used as the preferable methodology. ELISA
assays use affinity purified chickens APPs antibodies for solid phase immobilization and
horseradish peroxidase (HRP) conjugated chicken APPs antibodies for detection. The
availability of well optimised AGP and SAA ELISA Kkits, which utilises chicken specific

antibody, makes these two among the most widely measured APPs in chickens.

However, the immunoassays for chicken ex-FABP, Hpx and MRP-126 are at an early stage
of development so further investigation on these novel APPs would be extrtemely usefull
for the protocol optimization in broilers and could help in the discevery of novel biomarkers.
As well as the conventional ELISA system other immunoassay formats such as the Spatial
Proximity Analyte Reagent Capture Luminescence (SPARCL™) have been developed to
increase the precision and speed of the assays. SPARCL™ assays use two specific
antibodies; one conjugated to HRP, the other to acridan which is a chemiluminescent
substrate.

In this thesis, SAA, AGP, ex-FABP and Hpx will be explored using ELISA assays while
SPARCL™ assay will be used for MRP-126 detection.
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1.7.2 Serum amyloid A (SAA)

SAA is the major APP in chickens which circulates in blood and dramatically increases its
expression by more than 100-fold, in response to inflammation (Matulova et al., 2013); this
protein plays an essential role in the broilers immune defence; SAA can inhibit pyrexia and
the activation of pro-inflammatory pathways during the APR (Uhlar and Whitehead, 1999).
It has also been demonstrated to influence the transport and metabolism of lipoprotein during
APR to allow the permeability of cholesterol into damaged tissues with the aim to repair and
to clear lipid debris (Landman et al., 1998). SAA is particularly sensitive to LPS challenge
and different studies (Horvati¢ et al., 2019; O’Reilly and Eckersall, 2014; Upragarin et al.,
2005) reported that the levels significantly increase in birds subjected to experimental

infection (e.g E. coli or Staphylococcus aureus) within the first T12h post challenge.

1.7.3 Alpha acid glycoprotein (AGP)

AGRP is a sialo-glycoprotein synthesized and secreted by the liver; local AGP can contribute
to maintain the homeostasis by reducing the tissue damages that occur during inflammation
in extrahepatic cells. Systemic AGP has two main physiological functions:
immunomodulation and drug binding. AGP is able to neutralize the toxicity of bacterial LPS
by binding to protein (Murata et al., 2004). This APP can be measured in serum using a

commercially available ELISA assay (O’Reilly, 2016).

In livestock, AGP is used as a biomarker of inflammation in a variety of species including
pigs (Itoh et al., 1993), ruminants (Tothova et al., 2014), and dogs, (Yuki et al., 2010). AGP
is a useful established biomarker in broilers which increases ~5-fold and peak 24h during
the APR in plasma and serum (Takimoto et al., 2008; O’Reilly, 2016); In chickens AGP has
been classified as a moderate APP (O’Reilly and Eckersall, 2014). It has been demonstrated
that the level of AGP significantly increased post E. coli (Nakamura et al., 1998) or
Salmonella Typhimurium (Kevyn et al., 2001) infections and it has also been shown to

change in LPS challenge experiments (Takashi et al., 1995; Horvati¢ et al., 2019).

1.7.4 Hemopexin (Hpx)

Hemopexin (Hpx) is a haem binding protein and APP in chickens (Kevyn et al., 2001). Its

main role is to sequester and transport haem; it is a multifunctional protein involved in iron
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homeostasis, antioxidant production and signalling pathways to enhance cell survival and
gene expression (Grieninger et al., 1986). Different studies have been carried out in chickens
to study how this APP is modulated during APR; the study of Barnes et al. (2002), using E.
coli LPS to induce an APR, found Hpx increased 2.6-fold. Similarly, Kevyn et al. (2001)
used Salmonella Typhimurium LPS and complete Freund's adjuvant to challenge chickens
and found an increasing concentration of Hpx 24h post infection. Garcia et al. (2009) found
Hpx to increase in response to intra crop Salmonella Gallinarum as well, with serum

concentration starting to decrease 7d post infection.

However, the lack of commercially available kits able target Hpx in chickens limited
information available on this APP. For this reason, its behaviour and mechanism of action

during APR requires further investigation.

1.7.5 Ex-fatty acid binding protein (Ex-FABP)

Ex-FABP is a lipocalin protein reported to increase in response to inflammation (e.g LPS)
and tissue degeneration in chickens (Descalzi et al., 2002). This protein is physiologically
expressed during endochondral bone formation, and other cell differentiation pathways and
may be required to stimulate cell proliferation, tissue repair and defence of the host (Cermelli
et al., 2000). Ex-FABP has been shown to influence cartilage, muscle cell differentiation
and heart development (Gentili et al., 2005). The study of Simon et al. (2019) found that Ex-
FABP expression increased in chickens with altered intestinal morphology. However, this
protein has not been validated yet in broilers but recent evidence from a proteomic
investigation suggest it could have a possible role as a biomarker of the APR (Horvati¢ et
al., 2019). The lack of commercially available diagnostic tool that can target Ex-FABP in
chickens explained the limited information on this APP. For this reason, Ex-FABP was also

considered a good candidate for further investigation.

1.7.6 MRP-126

MRP-126 belongs to the calgranulin protein family and has a similar behaviour to
calgranulins which are produced by different tissues and then secreted into the blood (Bozzi
and Nolan, 2020). The study of Matulova et al. (2013) reported that MRP-126 concentrations
increase following Salmonella infection and suggest its role in modulating the growth of
certain bacteria (Bozzi and Nolan, 2020). Similarly the study of Rychlik et al. (2014) found
the level of MRP-126 increased in leukocytes lining the caeca level 4d after bacterial



58

infection. MRP-126 represents a protein of growing interest in broiler chickens but further
investigation is required to classify it as a useful biomarker (Dr. Chris Chadwick- Life
Diagnostics — personal communication March 2022). Also, for this APP, the difficulty in
finding commercially available tool to target the protein in broilers is the cause of a lack of
information. In this thesis, MRP-126 will be measured in plasma using the SPARCL™

assay.

1.8 Proteomics

Proteomics is the large scale study of the total proteome (Graves and Haystead, 2002). The
term “proteomics” was coined for the first time in 1995 and then defined as “the large-scale
characterization of the entire protein complement of a cell line, tissue, or organism” (Wilkins
et al., 1996). Proteomics includes many different areas of study such as protein-protein
interaction studies, protein modifications, protein function, and protein localization studies.
The objective of proteomics is not only to study all the proteins in a cell but also to
investigate the three-dimensional map of the cell giving information about the location of
the protein and their protein interaction networks by proteome peptide scanning their

network.
1.8.1 Methods of studying proteomics

Different technologies can be used for the investigation of proteins/peptides. For validation
or analysis of selective proteins, enzyme-linked immunosorbent assay (ELISA) and western
blotting (WB) can be used. These techniques are not quantitative and can be used for specific
proteins (Porsch-Ozciiriimez et al., 2004). Techniques such as gel-based approaches Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the more advanced
two-dimensional gel electrophoresis (2-DE) can be used for separation of complex protein
samples (Garca-Descalzo et al., 2012) and were the mainstay of proteomics in its initial
period. More recently, mass spectrometry (MS) have been developed for high-throughput
and rapid expression analysis (Yates, 2011) and have become integral to the expansion of
the application of proteomics to much biological research including investigations in animal
science (Bili¢ et al., 2018).

MS can measure the mass-to-charge ratio (m/z) of ions based on their motion or magnetic

field (Westermeier et al., 2008). The standard procedure for shotgun proteomics, includes
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trypsin digestion where peptide bonds at the carboxyl-terminal of lysine and arginine amino
acid residues are cleaved. Then the peptide masses are determined using the MS and a unique
peptide mass fingerprint created which make possible to infer the amino acid composition
of the peptides (Lilley and Friedman, 2004). Nowadays, two main MS platforms, which
differ in the mechanism through which ions are generated, can be used: matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI) (Ceciliani et al., 2014). To
characterise the proteome, the number of proteins that MS is asked to analyze must be
temporally limited to simplify the complex mixtures and this can be done by applying either
electrophoretic or chromatographic fractionation (or both). If MS is elected as the preferable
method, chromatography techniques offer high-throughput analyses of the proteome
(Abdallah et al., 2012). A standard procedure would include the trypsinisation of proteins to
generate peptides and then the fractionation by high performance liquid chromatography
(LC) before the analysis by the ESI-MS that is directly plumped with the chromatography
eluate (LC-MS). The MS is capable of recording the mass of analytes and isolate and
fragment peptide ions (MS/MS or tandem MS) to gain information about the structure. The
resulting data are fed to a search engine which can generate in silico MS data that are
compared to a specified genome sequence database to identify statistically significant
matches with the MS data generated by the experiment (Ceciliani et al., 2014). Although
this procedure can result in the identification of thousands of proteins, no single method can
resolve all the proteins in a proteome. Quantitation in MS is based on stable isotope or
chemical labels that are introduced in a previous step, by labelling the intact proteins or
peptides (Almeida et al., 2015).

1.8.2 Studying the Broilers Proteome

In chickens, proteomics has been used to explore the development and function of organs
and biological systems to the interactions of pathological agents and the altered status that
they induce in their hosts (Kumar and Mann, 2009). The use of proteomics to investigate
disease and identify biomarkers in the field of animal health and in particular in broilers has
grown popularity in the last 20 years. Proteomics has been applied for the investigation of
different poultry diseases: in chickens affected by Marek’s disease infection, the splenic
proteome revealed a number of differentially expressed proteins such as antioxidants, and
proteins involved in the formation of cytoskeleton, protein degradation, antigen presentation,

signal transduction and cell proliferation (Thanthrige-Don et al., 2010). In chickens affected
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by the Newcastle disease virus infection, the peripheral blood mononuclear cell proteome
revealed proteins differentially expressed associated to the disease. These proteins were
found to be involved in the biosynthesis, cytoskeleton organization, metabolism, stress
responses, and signal transduction (Deng et al., 2014). Since intestinal health is of primary
importance in terms of growth rate in broilers it is no surprise that there have been a number
of studies of the intestinal proteome both in health and disease. Metabolic diseases have also
been investigated by proteomic studies of the hepatic proteome of broilers affected by ascites
syndrome (Wang et al., 2012). This has been enlarged to the proteomics of other organs such
as the liver in other diseases such as Broiler Ascites Syndrome a disease where the high
metabolic rate of the broiler is a major factor contributing to their susceptibility (Wang et
al., 2012). Similarly, the effects of heat stress have also been investigated on the hepatic
proteome of broilers (Tang et al., 2015). Proteomic methods are also used to study the

poultry meat and egg quality investigating using muscle samples (Doherty et al., 2004).

Thus proteomics studies can be applied to different type of samples based on the
experimental objective. In our study, liver and muscle samples were considered the best
candidates for studying the proteome of broilers fed with CTS and CMB diet during LPS
challenge conditions. In broilers, liver and muscle proteomics have been demonstrated to
have a physiological relevance associated with specific diseases, metabolic conditions, and
production traits (Doherty et al., 2004; Hassan et al., 2018). The liver is one of the main
organs involved in many important metabolic processes (Zaefarian et al., 2019; Hassan et
al., 2018). The study of Hassan et al. (2018) demonstrated that broiler chickens have a
different liver proteome compared to indigenous chickens. Most of the proteins modulated
by genotype were found to be associated with several metabolic pathways in mitochondria
and cytosol liver tissues; in particular a family of heat shock protein 90 (Hsp90) was found
to be lower in abundance in the commercial broiler genotype compared to the indigenous
chickens suggesting that the commercial genotype may be more susceptible to heat stress.
Structural proteins such as actin, were also found to be lower in abundance at the liver level
of broilers compared to indigenous chickens (Hassan et al., 2018). Moreover, the liver
produces the majority of proteins which are released into the plasma. Plasma proteomics has
been already recently investigated by our associated research group at the University of
Zagreb, Croatia using broilers challenged with E. coli LPS (Horvatic¢ et al., 2019). This study
highlighted the influence of LPS in modulating the proteome of broilers and specifically
validated different APPs (SAA, AGP, OVT) raised in the first 24h post LPS challenge.
Similarly, the study of Packialakshmi et al. (2016) demonstrated that plasma levels of
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proteins involved in the immunomodulation, cytokine changes, and defence mechanisms
were differentially expressed in broilers challenged with LPS. For this reason, | wished to
integrate our results from a study of the broilers’ liver proteome under LPS challenge with

the existing data on plasma.

The selection of broilers for meat production has led to the generation of inbred strains
characterised by accelerated growth, which is particularly reflected in the enhance growth
of the pectoralis (breast) muscle (Griffin and Goddard, 1994; Emmerson, 1997). The
pectoralis muscle of chickens is constituted almost exclusively by white fast twitch fibres,
and this makes the muscle a relatively simple tissue to assess protein expression and
dynamics. The analysis of proteins that could influence the muscle growth provides a good
tool for analysis of the processes of muscle accretion (Tesseraud, et al., 2000). The study of
Doherty et al. (2004) demonstrated that the breast muscle of broilers offers an excellent
system for proteomics investigation: structural proteins, such as tubulin and myosin, are
representative of the skeletal muscle and can be used as indicator of muscle growth. In
livestock, LPS is expected to induce muscle wasting (Holecek, 2012) but relatively little
information is available for broilers so it would be of interest to further clarify the role of
both LPS and dietary treatments during LPS challenge on the modulation of the muscle

proteome.

Bird age and sex can also influence the proteome of broilers. The intestinal proteome of
broilers of 12 to 22d of age for example has been demonstrated to show developmental
changes, indicating a close link between age related changes in the intestinal microbiome
and protein expression (O’Reilly et al. 2016). Very limited information is available in the
literature on dietary proteome modulation in broilers. However, if some bioactive
compounds can modulate the microbiota and immune response of broilers (see 1.4 -
Alternatives to antibiotic growth promoters in poultry feed), the expression of proteins

involved in this might be influenced.

In this investigation it was hypothesized that the active compounds in the citrus or cucumber
dietary extracts modulate the liver and muscle proteomes of broilers facing an LPS

challenge.
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1.9 Metabolomics

Metabolomics refers to the study of metabolites which are the final products of processes
that occur in cells (Agin et al., 2016). The aim is to quantify the multiple small molecules
such as amino acids, fatty acids, carbohydrates, or other products of cellular metabolic
functions. Metabolite levels and their ratios reflect metabolic function so when levels are out
of the normal range, it is probably synonymous of disease (Hasin et al., 2017). The main aim
of metabolomics is to identify potential small molecule biomarkers that relate to a disease,
drug toxicity, or genetic or environmental variation and to interrogate the metabolic
networks in a qualitative and quantitative manner. The first metabolomic studies were
published in man in 2000 so it is still regarded as a new scientific discipline and the
methodology and technology is still developing. There are just few recent researches on
broilers metabolome, mainly on serum (Cao et al., 2020; Afrouziyeh et al., 2022) under
physiological conditions. | have only found the study of Wu et al. (2021) who used LPS to
challenge broilers and investigate the plasma metabolome profile post challenge.

1.9.1 Methods of studying Metabolomics

As for proteomics, MS is the preferred method for metabolite analyses, but magnetic
resonance (NMR) spectroscopy is also widely used. MRS is less sensitive than MS, but it is
highly quantitative and has advantages in quantifying metabolites of tissue extracts. MS
technique is based on the nuclear spin property of certain nuclei with an odd number of
nucleons (protons or neutrons). The resonances of nuclei excited by specific
radiofrequencies can be measured to give a distinct signal. In the graphic result, the peak
area corresponds to the signal for each metabolite that can be calculated relative to the
internal standard to obtain quantitative values. Many classes of molecules in the extracted

samples can be examined at the same time.

MS-based metabolomics provides a highly sensitive means of compiling a metabolic profile.
The main chromatography methods which are used to separate metabolites before the MS
identification are high-performance liquid chromatography (HPLC), gas chromatography
(GS), and capillary electrophoresis (CE) (Gowda and Djukovic, 2014). Among these
separation methods, Liquid chromatography (LC) and gas chromatography (GC) tend to be
the most widely used. However, GC typically requires chemical derivatization of the

metabolic species prior to MS analysis while LC can detect a larger pool of metabolites with
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no requirement for chemical modification (Ramautar et al., 2019). Nowadays, hydrophilic
interaction liquid chromatography (HILIC) is the technique of choice for strongly to slightly
polar metabolite separation (Bajad et al., 2006).

lonization is one of the most critical steps in MS-based studies because it influences the
ability to detect and quantify metabolites. Different ionization methods are available such as
electrospray ionization (ESI) and electron impact (El) ionization. ESI is a soft ionization
technique which ionizes molecules in the liquid phase and can be used for both small and
large molecules, but its efficiency is affected by the presence of salts. El is a hard ionization
method as it causes fragmentation of metabolites, and it enables detection with minimal

matrix effects due to co-eluting metabolites (Siuzdak, 2004).

Metabolites detection with high resolution and sensitivity is the goal of each metabolomics
study, however higher sensitivity leads to lower resolution and vice versa. There are several
MS options that can be used for metabolomics investigations including single (MS) or
tandem (MS/MS) mass analysers. For single MS detection different analysers are available:
the quadrupole (Q), linear ion trap (LIT) and quadrupole ion trap (QIT) (high sensitivity but
limited resolution), time of flight (TOF), fourier transform ion cyclotron resonance (FTICR),
and Orbitrap (high mass resolution). For tandem MS detection triple-quadrupole ion trap
(QTrap), triple quadrupole (TQ), quadrupole-TOF (Q-TOF), and linear-quadrupole ion trap-
Orbitrap (LTQ-Orbitrap) can be used. TQ and Qtrap analysers are mostly used to target
specific metabolites because they are characterized by high sensitivity and selectivity, while
Q-TOF, LTQ-Orbitrap, and FTICR analysers are suitable for global profiling (Gowda and
Djukovic, 2014).

Metabolomics studies are divided into targeted and non-targeted approaches (Ribbenstedt et
al., 2018). Targeted metabolomics is aimed to study specific known metabolites (Roberts et
al., 2012) while untargeted metabolomics studies all detectable metabolites in a sample
without a specific target (Schrimpe-Rutledge et al., 2016). The choose of the preferable
method depends on the objective of the project and the knowledge available in the literature
on the research topic of interest. As a discovery approach, untargeted analysis, can reveal
novel findings and led to the discovery of novel biomarkers (Carneiro et al., 2019).
Metabolite data generated by MS are usually complex, and hence multivariate statistical
methods are often needed to extract information and perform statistical analysis. Principal
component analysis (PCA), an unsupervised method, is generally the starting point used in

metabolomics analysis where samples are clustered just based on the variance of the signals
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in the metabolite profiles. Then , partial least squares discriminant analysis (PLS-DA), a
supervised method, build a predictive model based on the regression of the data matrix (X)
against a matrix (Y) including sample information, such as treatment, disease etc per each

sample (Agin et al., 2016). Further information on these methods is described in chapter 5.

1.9.2 Investigating the Broilers Metabolome

A recent review suggests that metabolomics studies can be used to predict feed efficiency
and residual feed intake (RFI), study diseases, evaluate dietary responses to different dietary
treatments, fertility and determine bioproduct content and other important economic or
breeding traits associated with livestock (Goldansaz et al., 2017). Indeed it is suggested that
metabolic disorders could represent the cause of more economic loss than infections (Julian,
2005). For these reasons, metabolomics approaches are gaining popularity in livestock

research.

In broilers few metabolomics studies have been performed and available in the literature. As
for proteomics, recent progress in MS technologies has improved the ability to profile
metabolites not only in body fluids such as plasma but also directly from tissues. Recently
the study of Wu et al. (2021) has used plasma samples to study the metabolome profile of
broilers during LPS inflammation and demonstrated that LPS can influence different
metabolic pathways. Furthermore, plasma metabolites where shown to be a good indicator
of broiler breeder health at 18 to 26 week of age (Afrouziyeh et al., 2022). The study of
Barnes et al. (2002) found a decrease in plasma free amino acids during the early phase post
LPS challenge suggesting LPS can promote the degradation of amino acids in the early phase
of inflammation (Asai et al., 2008). LPS also induces a significant decrease in the expression
of genes involved in mitochondrial energy metabolism according to Williams and O’Neill
(2018).

The inflammatory response induced by LPS challenge serves as an important model to
investigate different liver disorders. LPS induces a significant decrease of intermediates
involved in amino acids, energy and carbohydrate liver metabolism (Lieboldt et al., 2016).
Based on the literature, plasma and liver samples are good candidates to study the
metabolome of broilers subjected to different dietary treatments from a physiological
perspective and also to determine if different dietary regimes modulate the APR of broilers

under challenge conditions. Bird age also is likely to impact the metabolome of broilers.
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Many bacteria in the gut are involved in the modulation of metabolic pathways and as
already explained in section 1.6 Microbiota, the intestinal microbial composition is
influenced by broiler age. The study of Afrouziyeh et al. (2022) identified a number of
metabolite biomarkers that were influenced by sexual maturity in broiler breeders. These

biomarkers were mainly involved in lipid, energy, and amino acids metabolism.

Few studies have been performed to investigate the plasma and liver metabolome of broilers.
In this thesis the opportunity to apply a metabolomic approach to investigate the effects of
citrus or cucumber extracts dietary supplementation on the plasma and liver proteome of
broiler chickens reacting to an LPS challenge and to add the existing knowledge base of how

broiler chickens react to LPS challenge were felt to be well worthwhile.

1.10 Aims of thesis

Due to the ban of antimicrobial growth promoters in poultry diets, disease treatments are
also under much greater scrutiny by the authorities of many countries. A number of different
types of food additives have been employed as replacements for antibiotic growth promoters.
Two novel plant extracts, citrus and cucumber, not as yet utilized in the field, have shown
some promise in limited trials but their mechanisms of action are ill defined. A full picture
of the various interplay mechanisms between the microbiota, proteome, metabolome, and
the extracts, would allow the confirmation of their value and perhaps suggest more important
products in their bioactive components. This | hope would lead to the possible the
development of new dietary plans to enhance bird performance and possibly even protect

birds from diseases caused by pathogenic bacteria.

The overall aim of this thesis is to investigate the effects of citrus and cucumber dietary
supplementation in broiler chickens under control and under LPS challenge conditions.
Our hypothesis was that these diets would confer an advantage over the normal diet in
terms of performance and resilience to a toxic challenge mimicking a gram-negative

infection.

To explore this aim, two in vivo trails are described in chapter 2 and 3. The first dietary trial

was designed to test the hypothesis that control (CTL) diet supplemented with citrus (CTS)
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or cucumber (CMB) extract improves gut health of broiler chickens through the modulation

of the gut microbiota, morphology and performance under physiological conditions.

The second dietary trial was designed to study the effects of dietary supplementation (CTL,
CTS and CMB diets) on the APR response, proteome, and metabolome of broilers subjected

to an LPS challenge.

In chapter 2, samples from trial 1 were used to study the effects of CTS and CMB diets on

growth performance, microbiota composition and gut morphometric measurements.

In chapter 3, APR response of broilers on each dietary regimen to the LPS challenge is
described in trial 2 (CTL, CTS, CMB) is evaluated by studying established APPs (AGP and
SAA) and novel APPs (Hpx, Ex-FABP and MRP-126) at T0,12,24 and 48h post challenge.

A proteomics approach combined with high resolution LC-MS/MS analysis is then used in
Chapter 4 to evaluate liver and muscle samples collected in trial 2. This study focuses on
changes in proteome of broilers in the first T12h post LPS injection in both control and
experimental diets. Proteins of interest are validated by Western Blot (WB) procedure. As
well as characterizing the proteome of broilers following the LPS challenge this study also

enabled the role of dietary treatments in modulating the overall proteome to be evaluated.

In chapter 5 and 6, using samples of trial 2, an Untargeted metabolomics approach is used
to study the plasma metabolome (chapter 5) and liver metabolome (chapter 6) of broilers on
each dietary treatment at TO pre LPS challenge and 12,24, 48h post LPS challenge.
Biological interpretation of metabolites of interest is described along with a follow-on study

which compared the corticosterone levels in the plasma from birds on each dietary regimen.

Finally, in Chapter 7 a general discussion on the whole thesis is provided. This includes a
critical evaluation of work done to achieve the aim of this thesis. Recommendations for

future work are also discussed.



Chapter 2  The effect of novel plant extracts on gut
microbiota assessed by 16s rRNA sequencing
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2.1 Introduction

As already mentioned in the previous chapter, there has been a total ban on the use of
antibiotics as feed additives in broiler production in the EU since 2006 (Regulation No.
1831/2003 of the European Parliament and of the Council on additives for use in animal
nutrition). As a result, there has been a lot of research looking at the use of a wide range of
possible alternatives including organic acids, probiotics, prebiotics and plant extracts as
described in chapter 1. In most cases the active components associated with many of these
alternatives, and their mode of action for example on the gut microbiota or growth
performance is essentially unknown or still under investigation. The evaluation of the growth
performance of broilers (e.g. body weight, feed intake, feed conversion ratio) is an important
parameter for poultry industries to evaluate if a diet could be commercially valuable but

most important would be to establish their role on influencing broiler’s gut health.

The different regions of the broiler chicken’s intestinal tract can be distinguished by
differences in morphology and function with the foregut being mainly responsible for
digestion and nutrient uptake, the caeca being the primary site of microbial fermentation and
the hindgut resorption of residual water and salts. The number of studies focusing on the
microbiota composition of the duodenum, jejunum and ileum are quite limited but suggest
that they are quite similar (Glendinning and Watson, 2019), however some authors have
highlighted that of these regions the ileum harbours the most diverse population of bacteria
but that these could be influenced by the proximity to the caeca (Haghighi et al., 2006). The
microbiota of the caeca has been studied more extensively than that of the foregut along with
associated microbial functional changes including SCFA production (Jozefiak et al., 2004).
Thus, to get the best overview of how a dietary intervention influences the gut microbiota it
was felt to be important to study more than one tissue (Shang et al., 2018). Due to limited
funding availability and the knowledge on the gut microbiota composition available in the
literature (see 1.6.2 Broilers gut microbiota — chapter 1), the jejunum and caeca were selected

as the tissues of interest in the study described below.

The microbial development of a newly hatched chick will be influenced by many factors
including diet and the environment to which it is exposed. It is also well documented that
the gut microbiota in broiler chickens is influenced by bird age, moving from a more
dynamic situation to a “stable” yet more diverse composition with time (Crhanova et al.,

2011). Huang et al. (2018b) demonstrated that in the small intestine the bacterial diversity
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peaked in broilers at around 14d old, and in the large intestine around day 28. Thus, temporal
development and maturation of the gut microbiota must therefore be taken into account when
studying the effects of dietary interventions on gut function and health (see 1.6.2 broilers gut

microbiota - chapter 1).

High-throughput sequencing of the 16STRNA gene on the Illumina platform provides a
powerful tool to investigate the gut microbiota and the modulatory effects of dietary
supplementation in humans and animals (Salipante et al., 2014; Clarridge, 2004; Cuccato et
al., 2021). In this study I amplified and sequenced the V3-V4 region of 16SrRNA gene to
study the jejunal and caecal microbiota in male broiler chickens fed a commercial diet
supplemented with one of two different novel plant extracts, one derived from Citrus fruits

and the other extracted from Cucumber (see 1.4.1 Novel plant extracts — chapter 1).

Citrus fruit extracts are known to be particularly rich in pectin (soluble dietary fiber),
flavonoids, limonene, carotenoids and essential oils (Salipante et al., 2014), many of which
are compounds that have been shown to influence the gut microbiota of broiler chickens
(Ebrahimi et al., 2016). Less is known about the active compounds in cucumber derived
plant extracts although cucumber is also known to contain vitamins, carotenoids and
flavonoids (Vouldoukis et al., 2004). The presence of some similar active components to
those found in citrus fruit extracts therefore makes cucumber extracts a novel candidate for

further investigation.

2.2 Aims and Objective of the study

The main aim of this study is to test the hypothesis that the feed of broiler chickens,
supplemented with citrus or cucumber extracts, have a positive effect on gut health and the
mode of action is mainly mediated through modification of the gut microbiota. To
investigate this aim the effects of commercial citrus or cucumber extract supplementation
on growth performance (body weight, feed intake, feed conversion ratio), gut morphology
and the lumen/mucosal scrape for gut bacterial microbiota (Jejunum and caeca) were

compared in male broiler chickens at 14 and 28d of age.
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2.3 Materials and Methods

2.3.1 Trial 1 Experimental design

A total of 120 one-day-old vaccinated male broiler chickens (Ross 308) were collected from
the PD Hook Hatcheries Ltd, Bampton, UK and raised for 28 experimental days at Cochno
farm & Research Centre, Glasgow. Male broilers were considered the preferable choice to
maintain consistency among samples. Broilers were fitted with unique wing tags weighed
and for welfare reasons totally randomly allotted to one of the three diets: Diet 1) control
(CTL): commercial starter and then grower diets without any supplements, Diet 2) cucumber
(CMB): diet 1 supplemented with cucumber extracts (75 g/ton diet), Diet 3) citrus (CTS):
diet 1 supplemented with citrus extracts (300 g/ton diet). The basal starter diet (day 0-14)
and grower diet (day 14-28) were corn-soybean meal-based diets, formulated and prepared
at NuScience, Ghent, Belgium (Table 2.1). Each group of broilers was given free access (ad
libitum) to water and feed throughout the trial. Chicks were distributed in groups of 10 and
raised in 12 pens (4 replicate pens/each diet- randomly allocated) across two rooms with
dimensions of 150 cm in width and 220 cm in length. Each pen was fitted with a spot brooder
and litter was to a depth of approx. 10cm at the start of the experiment and top dressed as
required throughout the trial. The lighting and heat regimen applied followed Ross 308
breeder management guide recommendations; 23h light, 1 hour dark lighting cycle for the
first 7d reduced then to 18h until day 28. The temperature was set at 35°C at day 0 that was
gradually reduced to 20°C at day 28 with the humidity > 50%. Biosecurity measures (i.e
protective clothing, footwear, control access to pens, records of visitors) were applied to
prevent the risk of cross contamination between pens and rooms. The animal experiment
was approved by the Home Office, Animals in Science Regulation Unit (ASRU), Glasgow,
under the license number PAA4CA831.
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Starter diet Grower diet

(0to14 d) (14 to 28 d)
Corn 25,000 25,000
DL-methionine 0,107 0,081
L-Lysine HCI 0,234 0,266
L-Threonine 0,097 0,105
Minevita Bro 3,000 3,000
Monteban 100 0,060 0,060
Sodium Bicarbonate 0,196 0,089
Soya bean meal 47%CP + 2%CP 27,450 22,114
Soya bean oil refined 1,880 3,072
Soya beans Danex 7,500 7,500
Vit Choline Chloride 60% Veg. 0,010 0,010
Vitamin premix 0,010 0,010
Wheat enzymes 34,456 38,636
Monocalcium Phosphate 0,000 0,031
Salt 0,000 0,025

Table 2.1 Feed ingredients (g/100kg) of basal diet for broiler chickens

2.3.2 Growth performance

Starting from the random weighing and allocation to experimental pens on day 0, the body
weight (BW) was again recorded at day 7,14 (starter diet) (N=118) and then day 21 (N=84)
and 28 (N=35) (grower diet) of the trial using a weight balance (0.001 g). Feed intake (FI)
was measured by weighing the feed and feeders for each pen at day 0 and then again at day
7,14, 21 and 28. Feed conversion ratio (FCR) was calculated as cumulative feed intake (kg)
atday 7, 14, 21 and 28 divided by total body weight (kg) of the birds in each pen. A general
linear model (GLM) was run on RStudio (version 4.0.0) to test the main effects of diet and
bird age (14 and 28d) and their interactions. Tukey’s multiple comparisons test were applied

where differences were observed.

2.3.3 Tissue Sample collection

For the microbiota investigation 12 broilers per diet (3 broilers per replicate diet) were
randomly selected after weighing at 14, and 28d, and immediately euthanized by Schedule
1 procedure: each chicken was culled though the overdose of a Barbituate anaesthetic agent
(Aml/kg of Pentobarbital sodium R Euthatal Dopharma Research B.V.), injected into the
brachial vein. The sex of each bird was checked after culling. This resulted in 3 females
being identified and excluded from the study to maintain the consistency of samples.
Lumen/mucosal scrapes of the proximal jejunum (first 5cm), and one caeca (entire length)

from each bird, including digesta, were collected by scraping the tissue with a glass slide (11
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samples/diet/ birds age/ tissue); the contents were then placed into an Eppendorf and snap-

frozen (-80°C). Tissue sections (5¢cm) of the jejunum were also collected for morphometric
assessment and placed directly into vials with 20 ml of 10% buffered-neutral formalin
(BNF). After 24-48h (fixation process), the medium was substituted with 70% of ethanol
and samples stored at 4°C.

Additional lumen/mucosal scrapes from the duodenum, distal jejunum, and ileum, together
with additional tissues collected for histology (duodenum and ileum) at each sampling birds

age were also collected and stored for future use.

2.3.4 Gut morphometric measurements

Jejunum tissues samples were processed using standard methods (dehydrated in graded
series of ethanol, paraffin embedded, sectioned, and then stained with haematoxylin-eosin)
by the veterinary diagnostic service team at the University of Glasgow. Each histological
section was then evaluated using standard light microscopy. Morphometric measurements:
villus length (A), crypt depth (B) and epithelium height (C) were explored using NIH ImageJ
software (Wilson et al., 2018) (Ferreira and Rasband, 2012) (Figure 2.1). Measurements
were made from photomicrographs taken at 4x magnification with a scale of 200 Um
(367.585 image pixels). In total n=6 randomly selected birds per diet at age 14 and 28d old
were evaluated and a total of 5 regions of interest (RIOs) were measured on each tissue
section. The average values for each measurement per bird were statistically analysed in
RStudio to study the effect of diet and collection day (bird age) using GLM. Then, Tukey’s
pairwise comparisons (95% of confidence) were applied where significant differences were

observed for the main effects of diet and age and their interactions.
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200 ym

Figure 2.1 Morphometric measurements carried out on histological sections of the Jejunum
Villus length (A), epithelium height (B) and crypt depth (C) are shown.

2.3.5 Microbiota summary workflow

Figure 2.2 summarises the pipeline used in the microbiota investigation. Each step of the
pipeline is explained below but in brief the DNA of each sample was extracted using the
DNeasy PowerSoil Pro kit (Qiagen, Manchester, UK) and amplified by a 2-step 16S
specific-PCR which used the V3-V4 region as target (Bukin et al., 2019). Following the
PCR, the amplicons were quantified and diluted to an equimolar concentration, the lllumina
library was prepared, and samples sequenced using the Illumina MiSeq platform (lllumina,
San Diego, CA, USA). To ensure the accuracy and reliability of the sequenced data, a quality
control (QC) was performed at each step of the procedure. Once sequences were obtained,
they were then analysed using QIIME Software v2. (1 and O diversity analysis was used to
study respectively the within and among samples diversity.
Linear discriminant analysis effect size (LEfSE) was used to identify specific bacterial
strains in samples of the bacterial community modulated by one of the experiment variables
(e.g diet, tissue, bird age). All analyses as described were carried out at Glasgow Polyomics

facilities (UK) under the supervision of experienced personnel.
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1. SAMPLES SELECTION: 2. EXTRACTION OF DNA: 3. PCR:

Scrapes of ceca and jejunum samples q DNeasy PowerSoil Pro Kit q @ 160 290 300 400 500 600 700 820 903 1060 1300 1200 136 1400 1500 bp
at day 14 and 28.

Tot: 132 samples ﬁ . e et spstons
- Y Amplification of the hypervariable
region V3 - V4 of the 16S rRNA gene

!

8 5. SEQUENCING: o 4. LIBRARY
lllumina PREPARATION

¢ Quality control

¢ Chimeric elimination
¢ Taxonomy

« Alpha diversity

* Beta diversity

* LeFSE

Effect of diets on the microbiome - ceca
Effect of diets on the microbiome -jejunum
Temporal (d14 and d28) and tissue (ceca vs jejunum) changes

Figure 2.2 Pipeline of the microbiota investigation

Scrapes of jejunum and caeca were selected at d14 and d28, DNA was extracted and the region V3-V4 of the
16S rRNA gene was amplified by PCR. Once the Illumina library was prepared, samples were sequenced
through the Illumina technology and then the QIIME software was used to perform QC of sequences, chimeric
elimination and taxonomy observations. Alpha (a)-Beta (B) diversity and LEfSE analysis was used to observe
the effects of diet on the caeca and jejunum microbiota and the associated temporal (d14 and d28) and tissue
(caeca and jejunum) differences.

2.3.5.1 DNA extraction

The genomic DNA was extracted from each of the 132 samples (11 samples/3 diets/2 age
groups /2 tissues) and a blank (water as negative control) following the protocol of DNeasy
PowerSoil Pro kit (Qiagen, Manchester, UK). The kit was used according to the
manufacturer’s instructions with slight adaptations, based on the protocol optimization by
experienced personnel in Polyomics; these alterations are described below.

Approximately 250 mg of each sample was placed in bead tubes with 800ul of lysis buffer
(PowerSoil® solution CD1), provided by the kit, and vortexed at maximum speed for 10
minutes. Samples were then centrifuged at 15,000 x g for 1 minute and 1.5 ml of supernatant
transferred to a clean 2 ml tube. The next step in the process involved removal of inhibitors
from the sample by adding 200ul of the inhibitor reagent that can precipitate non-DNA
organic and inorganic material including proteins (PowerSoil® solution CD2). The sample
with inhibitor was centrifuged for 1 minute at 15,000 x g, before transferring the supernatant
to a clean 2 ml tube. The DNA salt concentration was then adjusted by adding 600ul of a
high concentration salt solution (PowerSoil® solution CD3) to the lysate. This was vortexed
briefly and then 650ul transferred to the spin column supplied with the kit and centrifuged
for 1 minute at 15,000 x g to allow the DNA to bind to the silica membrane. The DNA bound
to the silica membrane was then washed first with 500ul of wash buffer 1, which removes

proteins and other non-aqueous contaminants from the MB Spin Column filter membrane
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(PowerSoil® solution EA) and then with 500ul of an ethanol-based wash solution
(PowerSoil® solution C5), and then eluted with 100ul of elution buffer (PowerSoil® Solution
C6). The DNA concentration and purity were controlled by the High Sensitivity DNA Qubit
system (ThermoFisher, Paisley, UK). The DNA concentration, ng/uL, was assessed at
260 nm and the purity was controlled using the 260 nm/280 nm wavelength ratios.

2.3.5.2 16S Illlumina Sequencing

Once samples were diluted in equimolar concentrations, the hypervariable V3-V4 regions
of the bacterial 16S rRNA gene were amplified with a specific 2-step PCR aimed to prepare
the 16S Illumina sequencing library. A total of 12.5 ng DNA per sample and a negative
control (water at first PCR step) was used for this procedure. This technigque is summarised
in Figure 2.3 and is based on the ability of DNA polymerase to synthesize a new strand of
DNA, complementary to the template strand. The DNA polymerase is a magnesium-
dependent enzyme that must be used with adequate concentration of Mg?* to avoid a lower
product yield. This enzyme cannot work without a primer, which adds the first nucleotide
only in a pre-existing 3'-OH group. The primer sequence is specific for a determinate region,
and it allows the amplification of a chosen specific region of the target DNA which leads to
the formation of a single amplicon of approximately -460 bp.

In the Illumina protocol, the following primer sequences were recommended to be used for
amplifying the V3-V4 regions of the 16S rRNA gene:

16S Amplicon PCR Forward Primer: 5’-CTTACGGGNGGCWGCAG- 3°,

16S Amplicon PCR Reverse Primer: 5’-GACTACHVGGGTATCTAATCC- 3°.

These primers were selected from the study by Klindworth et al., (2013) and the specific
target regions were amplified. Illumina primers are also designed to include a locus specific
sequence which is used during the indexing PCR step to make them compatible with
Nextera™ XT v2 identifier indices and sequencing adapters (those properties are
fundamental for the second PCR reaction).

The first PCR was performed by initial denaturation at 95°C for 3 min and then 25 cycles at
95°C (30 sec), 55°C (30 sec), 72°C (30 sec) and the final elongation step at 72°C for 5 min.
AMPure XP beads were used to purify the 16S V3 and V4 amplicon from free primers and
primer dimer species. Then, a second PCR reaction was performed using the Nextera XT
Index Kit which attached dual indices and Illumina sequencing adapters to the amplicon
sequence. This second PCR reaction was performed by initial denaturation at 95°C for 3 min
and then 8 cycles at 95°C (30 sec), 55°C (30 sec), 72°C (30 sec) and the final elongation
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step at 72°C for 5 min. AMPure XP beads were used to clean up the final library before the
guantification stage. Then the amplicons were quantified by the High Sensitivity DNA Qubit
system (ThermoFisher, Paisley, UK) and ready to be sequenced by the Illumina MiSeq
platform (Illumina, San Diego, CA, USA).

PCR amplify template out of genomic DNA using
region of interest-specific primers with overhang adapters

Forward primer overhang adapter:

5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3'
Region of interest-specific primer

“ Reverse primer overhang adapter:

5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3'

K =V

Attach indices and lllumina sequencing adapters
using the Nextera® XT Index Kit

Region of interest-specific primer

PS5 \

Index 2

=\ Index1
:\ P7

Normalize and pool libraries

Sequence

Figure 2.3 16S Illumina Sequencing Library preparation workflow

Forward and reverse primers, complementary to the region of interest (V3-V4) and designed to contain
adapters, are used to amplify templates from genomic DNA in the first PCR step. Then, a subsequent PCR
amplification step is performed to add lllumina adapters and multiplexing indices. Libraries obtained are
normalized, pooled and sequenced in the MiSeq Illumina platform (Image Source: Preparing 16S Ribosomal
RNA Gene Amplicons for the Illumina MiSeq System guideline -
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-
library-prep-guide-15044223-b.pdf).

2.3.5.3 QIIME™ software and bioinformatics analysis

Sequence reads were analysed by Quantitative Insights Into Microbial Ecology (QIIME) 2™
(Caporaso et al., 2010). This software is an open-source bioinformatics pipeline that
performs microbiome analysis from raw DNA sequencing data and generates graphics and

textual outputs from different communities of fungi, viruses, bacteria and archaea to obtain
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taxonomic assignment and phylogenetic reconstruction. QIIME™ can be used for studies
that considers thousands of samples (Kuczynski et al., 2012). A mapping file (called
metadata) including all information about the sample ID, the barcode sequence, the linker
and reverse primer sequence, diet, pen, animal number, tissue, and file description (fasta file
format) was created before starting the analysis in QIIME™. The metadata file allows the
software to recognise each sequence and to attribute the specific descriptions to each sample
so it’s fundamental to make it accurate as soon as the analysis starts. The scripts used in this

investigation are provided in Appendix A at the end of this thesis.

In the current workflow, quality control (QC) of sequences was performed by trimming and
filtering sequences based on their quality scores and by detecting and removing the chimeric
sequences. The sample’s sequences were first demultiplexed, assigned to individual samples
according to the specific indexes of each sample, trimmed using the Cutadapt v1.12 Python
package (Martin, 2011) and poor-quality reads were removed. Trimmed reads were merged
into a single read using Pandaseq v2.10 (Masella et al., 2012) and sequences that did not
meet the QIIME™ quality criteria were excluded (minimum sequence count: 5000
sequence/sample). Based on these parameters the lowest sequence count encountered was
5259 sequences/sample while the maximum reached a total of 68195 sequence/sample. Most
caecal samples showed a higher number of sequences per sample than the jejunum samples.
The remaining quality-filtered reads were clustered de novo (97% similarity threshold) into
operational taxonomic units (OTUs) and the most abundant sequence was selected as the
OTU representative (Caporaso et al., 2010). There are three different protocols for the
generation of the OTUs: De novo OTU picking, Open reference OTU picking and Closed
reference OTU picking. For this analysis, the Open reference OTU Picking was used in order
to compare overlapping amplicons (Caporaso et al., 2010). The alignment of sequences was
performed against the Greengenes core set (16S rRNA gene database) with the PyNAST

method.

The taxa summary (taxonomy) describes the abundance of OTUs in each group (e.g diet,
tissue or bird age) from phylum to genus level. The information on OTUs abundance were
normalized using a standard of sequence number representing the sample with the least
sequences. Subsequent analysis was all performed basing on this output normalized data. In
our study, taxonomy was explored based on CTL, CTS and CMB diets in both jejunum and
caeca samples; the distribution of phylum and family OTUs was studied by observing the

percentage of specific taxa in each group. Diversity analyses (statistical evaluation) were
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then carried to assess the microbial community diversity within each sample (U-diversity)
and among samples ([I-diversity) based on different diet administration (CTL, CTS, CMB),

tissue (jejunum vs caeca) and bird age (14 vs 28d old).

For the metrics “-diversity” the species richness (Chaol) and the phylogenetic diversity
(PD_whole_tree) were considered. These indexes of [1-diversity were used to generate
rarefaction curves (random collection of sequences from a sample, with a specified depth)
which indicated if our variables differ in terms of within-sample microbial composition. The
O-diversity Student's unpaired T-tests (Bonferroni-corrected) to study differences among
pairs of samples. It graphically generated a Principal Component Analysis (PCA) plot which
allows the visualisation of differences among samples through the UniFrac phylogenetic
distance matrix (Weighted and Unweighted UniFrac matrices). Weighted Unifrac distances
consider the abundance of each taxon, while unweighted distances take into account only
the presence or absence of data (Lozupone et al., 2011; Edgar, 2010). The Taxa summary,
(7 and 1 diversity diversity was performed using a table filtered for chloroplast and 0.005%

abundant sequences.

Finally, LEfSE was used to identify specific bacterial strains that were modulated by diet
(CTLvs CTS and CTL vs CMB), tissue (caeca vs jejunum) or bird age (day 14 vs day 28).
The LEfSE algorithm uses the nonparametric factorial Kruskal- Wallis test (oo = 0.05) to
analyse differences between classes (e.g diets) and the pairwise Wilcoxon test (o = 0.05) to

show differences among subclasses (e.g birds age / gut sites) within different classes.
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2.4 Results

2.4.1 Growth performance

A significant interaction (p < 0.001) was found for BW for each of the dietary treatments
with bird age. The number of broilers decreased by age because chickens were culled (3birds
x each pen) at day 14, 21 (samples used for another project) and 28 (5 females were also
excluded from the analysis and, 8 broilers at day 28 were used by an associated project).
There was no difference in BW (Kg) at day 0 and 7d of age while a significant difference
was observed at day 14, 21 and 28 (p < 0.05) with the control birds being heavier than either
the CTS or CMB birds from day 14 (Figure 2.4).

A significant interaction (p < 0.001) between diet and birds age was found for feed intake
(FI) as well. FI was significantly lower in the CTS dietary treatment compared to CTL diet
at 7 and 21d of age (p < 0.05) while no differences were observed at d14 and 28. On the
other hand, broilers fed with the CMB supplemented diet showed a significantly lower FI
compared to CTL at all time points (p < 0.05) (Figure 2.5).

No interaction between diet and bird age was observed for FCR. In terms of dietary effects,
the broilers fed the CTS diet showed a significantly higher FCR compared to those fed the
CTL diet (p < 0.05) while the broilers fed the CMB had a similar FCR to the CTL group
(Figure 2.6A). The FCR increased with increasing bird age in all three diets (Figure 2.6B).
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Day 0 Day 7 Day 14 Day 21 Day 28
Diet | N Mean =+ SE N Mean =+ SE N Mean = SE N Mean = SE N Mean = SE
CTL |37 0035 =+ 0.000* |36 0.169 =+ 0.002°| 36 0441 =+ 0.007° |24 0.867 =+ 0.018° |11 1392 =+ 0.0329
(Bk\é\; CTS [ 39 0.038 + 0.000® |38 0.146 =+ 0003°| 38 0379 * 0008 |26 0.752 + 0.020f | 10 1.228 =+ 0.073"
CMB |38 0.037 + 0.0012 |38 0.147 + 0.002* | 38 0.374 + 0.007¢ |25 0.752 + 0.018" | 12 1218 =+ 0.034"

WEIGHT

. Time
=K
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-+ == e

CTL CTS CMB

Figure 2.4 Body weight (Kg) of broilers on CTL, CTS and CMB supplemented diets at 0,7,14,21,28d of age

The table indicates the number of broilers (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different (p < 0.05). The data is also represented
in the accompanying box plot (mean +/- SD). The broilers fed with CTS and CMB supplemented diets had a significantly lower body weight (p < 0.05) compared to those fed the CTL
supplemented diet at 14,21 and 28d of age.
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Day 7 Day 14 Day 21 Day 28
Diet N Mean SE N  Mean SE N  Mean SE N  Mean SE
CTL 3 0029 + 00012 |36 0052 + 0.001° |24 0089 + 0.001¢ |11 0124 =+ 0.002"
FI (Kg) CTS 38 0023 + 0.000° |38 0052 + 0.001° |26 0084 + 0.001f [10 0.120 =+ 0.003"
CMB 38 0.024 + 0.000° |38 0.048 + 00004 |25 0.080 =+ 00019 |12 0.110 =+ 0.003

FEED INTAKE

CTL CTS cMB

Figure 2.5 FI (Kg) of broilers on CTL, CTS and CMB supplemented diets at 7,14,21,28d of age

The table indicates the number of pens (N), mean and standard error of the mean (SE) referred CTL, CTS and CMB diet. Means that do not share a letter are significantly different (p < 0.05).
Data are also figured by a bar chart (mean +/- SD) which indicates that broilers fed with CTS diet have a significantly lower FI (p < 0.05) compared to CTL at day 7 and 21. Broilers fed with
CMB showed a significant lower FI compared to CTL at all time points.



Diet N Mean + SE
CTL 107 1.101 + 0.018P
FCR | CTS 112 1.230 + 0.0232
CMB 113 1.150 + 0.020°
Diet N Mean + SE

FCR

CTL

A

CTS

Figure 2.6 FCR of broilers by diet (A) and bird age (B)
The tables indicate the number of broilers (N), the mean and standard error of the mean (SE) for CTL, CTS and CMB diets (A) and 7,14,21,28d of age (B); means that do not share a letter
are significantly different (p < 0.05). Both diet and age effects are also presented as a box plot (mean +/- SD). Broilers fed the CTS diet had a significantly higher FCR (p < 0.05) compared
to those fed the CTL diet while no differences were observed between birds fed the CTL and CMB diets (A). The FCR increased with bird age (B).

FCR
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Age | N Mean + SE
7 112 0.96 + 0.01082
FCR | 14 | 112 1.20 + 0.017°
21 75 1.29 * 0.021°
28 33 1.41 * 0.027¢
7 14 21 28
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2.4.2 Jejunum morphometric measurements

Table 2.2 indicates that there was no interaction observed for diet and bird age for villus
length or epithelium height. A significant increase in villus length was observed in all dietary
treatments from 0 to 28d of age (p <0.05) but diet had no effect. The epithelium height did

not change with either diet or bird age.

The Crypt depth was found to increase with bird age in the birds fed the CMB diet. No other

dietary or age-related changes were observed.
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Day 14 Day 28

Diet N Mean SE N Mean SE
CTL 6 735.10 + 77.402 6 935.30 + 43.60°
Villus length (om) CTS 6 748.80 + 70.60 2 6 1006.70 + 85.30 P
CMB 6 710.70 + 50.90 2 6 873.20 + 76.20 P
CTL 6 70.81 + 2.92 cd 6 75.05 + 152¢
crypt depth (om) CTS 6 68.83 + 221 6 72.71 £ 161°¢
CMB 6 62.81 + 0.97 @ 6 77.02 + 242°¢
CTL 6 57.12 + 521¢ 6 68.04 + 5.84¢
epithelium height (om) CTS 6 63.55 it 6.29°¢ 6 62.40 £ 3.76 ¢
CMB 6 67.74 + 5.58¢ 6 60.49 + 531°¢

Table 2.2 Jejunum measurements (CJm) of villus length, crypt depth and epithelium height at day 14 and 28 for each dietary treatment (CTL, CTS and CMB)
The table indicates the number of samples (N), mean and standard error of the mean (SE). Means that do not share a letter are significantly different. No significant differences were found
in villus length, crypt depth and epithelium height, at day 14 or day 28 for broilers fed with CTS or CMB diets. A significant age effect (p < 0.01) was observed in villus length for all dietary

treatment, crypt depth also increased in the birds fed the CMB diet.
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2.4.3 Jejunum Microbiota Taxonomy

In the first level of analysis, taxonomy data from phylum to family level was studied in the

jejunum and caeca separately.

Jejunal tissue taxonomy was studied with reference to diet (CTL, CTS and CMB) and bird
age (day 14 and 28). At phylum level, Firmicutes predominated (>90%), followed by
Actinobacteria, Proteobacteria with a low percentage of Bacteroidetes and
Verrucomicrobia. Slightly differences were discovered in the abundance of some bacterial
strains at birds age 14 and 28 in jejunal tissues associated with the CTS and CMB diets (e.g
higher abundance of Actinobacteria in birds fed with CTS diet at 14d old compared to birds
fed with CTL and CMB diets at the same age and lower abundance of Proteobacteria at 28d
old in both experimental diets CTS and CMB compared to CTL in birds of the same age
group). However, these differences were not found significant for each diet based on bird
age (14 vs 28d) (Figure 2.7).

Chart of Mean( % )
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Figure 2.7 Taxonomy (phylum level) comparison of CTL, CTS and CMB diets in jejunum samples
collected from broilers at 14 and 28d old

Firmicutes represent the predominant phylum in each dietary and age group; differences for each diet based on
bird age (14 vs 28d old) were not found significant.

Taxonomy at family level is summarised in Figure 2.8. Lactobacillaceae followed by

Enterococcaceae, Streptococcaceae and Lachnospiraceae, were identified as the most



86

abundant families in birds of 14 and 28d old. Although differences in the abundance of some
bacterial strains were observed (e.g higher abundance of Lactobacillaceae at both age in
birds fed with CTS diet compared to CTL and CMB diets) there was no significant difference

in terms of overall taxonomy modulation depending on dietary treatments and birds’ age.
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Figure 2.8 Taxonomy (family level) comparison of CTL, CTS and CMB diets in jejunum samples
collected from broilers at 14 and 28d old

Subtle difference can be observed between the diets and age groups, but these were not found to be statistically
significant.

2.4.4 Caeca Microbiota Taxonomy

At phylum level, the caecal microbiota was dominated by Firmicutes. A low percentage of
Actinobacteria, Bacteroidetes, Proteobacteria, Cyanobacteria and Verrucomicrobia was
also detected. The abundance of each phylum for each of the three dietary treatments at day
14 and 28 is summarised in Figure 2.9. The taxonomy at phylum level, based on the bird’s

age (14 and 28d old) for each diet, was found significant (p < 0.05).
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Figure 2.9 Taxonomy (phylum level) comparison for CTL, CTS and CMB diets in the caeca of broilers
sampled at 14 and 28d old

Firmicutes represent the predominant phylum in each dietary and age group; differences for each of the three
diets based on bird age (14 vs 28d old) were found significant.

Taxonomy was also studied at family level in the caeca for each diet and age (Figure 2.10);
the most abundant families identified in each dietary group at both birds age was
Lachnospiraceae and Ruminococcaceae. Subtle differences in the abundance of bacterial
strains at family level were observed based on different birds age and diets but the overall
taxonomy was not found to be strongly significant at this level (p = 0.05).
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Figure 2.10 Taxonomy (family level) comparison for CTL, CTS and CMB diets in the caeca of broilers
sampled at 14 and 28d old

Lachnospiraceae and Ruminococcaceae represent the predominant families in each dietary and age group;
differences in taxonomy at family level were not found to be significant.

2.4.5 Dietary effects on the jejunal microbiota

The within community a-diversity was assessed by calculating Chaol and PD whole tree
indices and no dietary effects were observed (p >0.05) (Table 2.3). Rarefaction curves for
each dietary treatment are presented in Figure 2.11A, B. Each rarefaction curve follows the
same trend and approaches a plateau. This indicates that the sequencing depth (0 to 5000

sequences per sample) was sufficient to cover all the OTUs.
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a-diversity index Dietl  Diet2 Diet 1 SD Diet 2 SD p
mean mean

CTL CTS 23282 =+ 57.77 24314 + 5353 ~1.00

Chaol | CTL CMB 23282 + 57.77 23721 + 5167 ~1.00

CTS CMB 24314 + 5353 23721 + 5167 ~1.00

CTL CTS 758 + 150 815 + 1.65 0.81

PD_whole_tree | CTL CMB 758 + 150 820 + 1.65 0.66
CTS CMB 815 + 165 820 + 165 ~1.00

Table 2.3 Data of a-diversity analysis by comparing the effects of diets on the jejunum

Values of mean (Dietl/Diet2 means), values of SD (Dietl/Diet2 SD) and p for Chaol and PD_whole_tree
indexes considering all pairwise comparisons between CTL, CTS and CMB are shown.

To determine similarities between pairs of microbial communities (J-diversity), a principal

component analysis was carried out using all samples belonging to CTL, CTS and CMB

diet. The results are presented in Figure 2.11C. No clustering of dietary treatment was

identified. This indicates that irrespective of dietary treatment that there was no separation

of bacterial communities with diet and confirms that all samples shared a common core set

of bacteria in the jejunum. Statistical evaluation confirmed that the difference between

dietary groups was not significant (p > 0.05).

a-diversity - Chaot

600 4
P m s
004 pw
(] (e 1]

400 -

300 A

200 4

Rarefaction Measure: chaol

100 4

1000 2000 3000 4000 5000
Sequences Per Sample



90

a-diversity - PD_whole_tree

> m s
w 201
u P m
=
3 P = cvB
=
5"-'I 15 -
jm]
=]
v
A
U 10
=
=
o
b=
o
8
e
D T T T T T
0 1000 2000 3000 4000 5000
Sequences Per Sample
(B)
o
0.2- . .
°:
0.1- . o
¥ 00- : . 1 Diet
r: citrus
E ¢ ® control
%2 - ®  cucumber
0.1- o °®
0.2- -
-0.3- .
0.4 0.3 02 0.1 0.0 01
(©) PC1 (25.8%)

Figure 2.11 Dietary effect on microbiota diversity in the jejunum

Rarefaction curves for jejunum samples (a-diversity) associated with CTS, CMB and CTL diet; the three
rarefaction curves follow the same trend and indicate that there are no differences within a given sample,
depending on diets (CTL vs CTS vs CMB), in terms of Chaol (A) and PD_whole_tree (B). PCA of unweighted
UniFrac distances (B-diversity) shows no clustering among samples associated with a given diet (C). There is
therefore no evidence that the CTS and CMB diets modulate the overall microbiota composition of the jejunum.
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LEfSe indicated that CTS diet had a significantly higher relative abundance of the families
Lactobacillaceae (LDA > -4), Streptomycetaceae, Nocardiaceae (LDA > -3) and the genus
Lactobacillus, Streptomyces (LDA > -4), Mycetocola, Rhodocuccus, Salinebacterium (LDA
> -3) compared to CTL diet. It also negatively influenced the abundance of the families
Enterococcaceae (LDA > 4), Leuconocasteaceae, Aerococcaceae (LDA > 3),
Clostridiaceae, Moraxellaceae (LDA > -2) and the genus Enterococcus (LDA > 4),
Aerococcus, Solibacillus (LDA > 3), Acinetobacter, Clostridium (LDA > 2) compared to
CTL diet (Figure 2.12A). Relative abundance of these bacteria, in CTS and CTL diet, was
studied in each sample. Among these bacteria, the relative abundance of Lactobacillus
(higher abundance) and Enterococcus and Clostridium (lower abundance) was confirmed in
the jejunum of most broilers, fed with CTS diet (Figure 2.12B, C, D).

No differences were discovered at the jejunum level by comparing CMB vs CTL diet.
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Figure 2.12 LEfSe - bacteria modulated by CTS diet in the jejunum

Linear discriminant analysis (LDA) effect size (LEfSe) identifies specific phylotypes which are significantly
influenced by CTS diet (p < 0.05) compared to CTL basal diet. The LDA score value +/- n indicates the
difference in abundance of specific bacteria in CTS vs CTL group; an higher +/- LDA score indicate a bigger
difference in the abundance of that bacteria in the specific dietary group (A). The three histograms indicate the
relative abundance of Lactobacillus (B), Enterococcus (C) and Clostridium (D) in each sample of the CTS vs
CTL diets. The higher relative abundance of Lactobacillus and lower of Enterococcus and Clostridium in the
jejunum of most broilers, fed with CTS diet is confirmed.



2.4.6 Dietary effects on the caecal microbiota
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[I-diversity indices for CTL, CTS and CMB diet comparisons, indicated that there was no

significant difference in the caeca based on different diet administration (Table 2.4). In the

Figure 2.13A and B rarefaction curves generated from [J-diversity indices (Chaol and

PD_whole_tree) follow the same trend and they overlap each other to indicate that diets

(CTL vs CTS cs CMB) did not differ in terms of within samples bacterial diversity.

a-diversity Diet1 Diet 2 Diet 1 SD Diet 2 SD p
index mean mean

CTL CTS 446.94 * 60.16 457.06 = 79.12 ~1.00

Chaol | CTL CMB 446.94 + 60.16 44453 £ 70.10 ~1.00

CTS CMB 457.06 = 79.12 44453 + 70.10 ~1.00

CTL CTS 1147 + 259 1148 + 283 ~1.00

PD_whole_tree | CTL CMB 1147 = 259 1186 = 252 ~1.00

CTS CMB 1148 + 283 1186 + 252 ~1.00

Table 2.4 Data of a-diversity indices by comparing the effects of diets on the caeca
Values of mean (Dietl/Diet2 means), values of SD (Dietl/Diet2 SD) and p for Chaol and PD_whole_tree
indeces considering all pairwise comparisons between CTL, CTS and CMB are shown.

Unweighted UniFrac PCoA plots, generated by B-diversity analysis, demonstrated that caeca

samples did not separate based on dietary treatment. The statistical evaluation confirmed
that the difference was not significant (p >0.05) (Figure 2.13 C).
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Figure 2.13 Dietary effect on microbiota diversity in the caeca

Rarefaction curves (a-diversity) indicate there are no differences within a given sample depending on
experimental diets (CTS and CMB), based on Chaol (A) and PD_whole_tree (B). B-diversity demonstrates
through Principal component analysis (PCA) of unweighted UniFrac distances, that diets (CTS and CMB)
don’t modulate the overall microbiome composition. No clustering is formed based on the diets (C).
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Differentially abundant taxa were identified using LEfSe analysis. This revealed that the
abundance of the family Microbacteriaceae (LDA > -2) and the genus Blautia (LDA > -4),
increased with the CTS diet compared to the CTL diet while the abundance of three other
families Enterococcaceae (LDA > 3), Peptostreptocaccaceae, Rhizobiaceae (LDA > 2)
decreased. Three genera namely Enterococcus (LDA > 3), Coprobacillus and
Agrobacterium (LDA > 2) also decreased in the CTS diet compared to the CTL diet (Figure
2.14 A).

Figure 2.14 B and C shows the histogram comparing of the relative abundance of Blautia
and Enterococcus in the CTS and CTL samples. Blautia was confirmed to be significantly
higher in the CTS diet while genus Enterococcus was found significantly lower in CTS diet.

On the other hand, CMB was found to mainly influence the order of Bacillales and
Rickettsiales (LDA > 3), families of Planococcaceae, Bacillaceae (LDA > 3) and genus
Bacillus and Adercreutzia (LDA > 2) by increasing their abundance while CTL showed
higher abundance of the order Bacteroides and the respective phylum, family, and genus
(LDA > -4) (Figure 2.15 A). The relative abundance of these bacteria per each sample in the
two dietary groups (CMB and CTL) was studied; Bacillus (Figure 2.15 B) and the respective
phylum and family were confirmed to be more influenced by CMB diet compared to CTL
diet.
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Figure 2.14 LEfSe - bacteria modulated by CTS in the caeca

LEfSe identified specific phylotypes which were significantly influenced by CTS and CTL diets (p < 0.05); the LDA score value +/- n indicates the difference in abundance of specific bacteria
belonging to one of the two dietary groups. A higher +/- LDA score indicate a bigger difference in their abundance (A). The histograms verify that the relative abundance of Blautia (B) and
Enterococcus (C) which LEfSe indicates to be influenced by CTS diet. The relative higher abundance of Blautia and lower abundance of Enterococcus is confirmed in the caeca of most
broilers, fed with CTS diet.
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Figure 2.15 LEfSe — bacteria modulated by CMB in the caeca

LEfSe indicates, through LDA scores, the difference in abundance of specific bacteria belonging to CTL vs CMB groups (p < 0.05) (A). The histogram (B) shows the relative abundance of
Bacillus in each broiler fed with CMB and CTL diet. Its relative abundance is confirmed to be higher in broilers fed with CMB diet.
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2.4.7 Comparison between jejunal and caecal microbiota

Table 2.5 shows that there was a significant difference in the richness and phylogenetic
diversity between the jejunal and caecal samples (p = 0.001). The two clearly separating
rarefaction curves generated by Chaol (Figure 2.16 A) and PD_whole_tree (Figure 2.16 B)
indexes confirm that the gut site significantly affected the species richness and phylogenetic
diversity of the microbiota. Moreover, the number of observed OTUs in the caecal samples
was found to be higher, suggesting that the microbiota of the caeca was more diversified

than that of the jejunum.

a-diversity Tissuel  Tissue2 Tissuelm SD Tissue SD p
index ean 2mean

Chaol | caeca jejunum 468.01 + 76.41 301.62 + 81.85 0.001
\
|

PD_whole_tree | caeca jejunum 1350 + 1.20 954 + 224 0.001

Table 2.5 Data of a-diversity analysis by comparing tissues (jejunum vs caeca)

Values of mean (Tissuel/Tissue2 means), values of SD (Tissuel/Tissue2 SD) and p for Chaol and
PD_whole_tree indexes comparing jejunum vs caeca samples are shown. The difference between jejunum and
caeca is found significant (p = 0.001).

B-diversity analysis of unweighted PCoA plots showed clustering when the two sites (caeca
and jejunum) were compared (Figure 2.16 C). Statistical evaluation confirmed a

significant difference in the overall microbial diversity based on gut location (p < 0.05).
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caeca samples clustered more compactly compared to jejunum samples, indicating less

variation in microbiota composition in the caeca site
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Figure 2.16 Tissue effect (jejunum vs caeca) on B-diversity

o-diversity rarefaction curves of jejunum vs caeca indicate that there is a significant difference depending on
the gut site (caeca vs jejunum), based on Chaol (A) and PD_whole_tree (B). B-diversity demonstrates through
Principal component analysis (PCoA) of unweighted UniFrac distances, that the overall microbiota population
is modulated by gut site (C).

LEfSe results analysis showed that more than 100 bacteria belonging to different taxonomic
levels were differentially abundant between the jejunum and caeca microbiota composition.
The following observations were made on those which showed a consistent relative
abundance distribution among samples of the gut site. At phylum level, multiple bacterial
strains belonging to Proteobacteria, and Cyanobacteria were predominant in the jejunum
while the caeca mostly inhabited by some strains of Bacteroidetes and Verrucomicrobia. At
family level, jejunum showed higher abundance of Lactobacillaceae (LDA > 4),
Enterococcaceae (LDA > 3) , Aerrococcaceae, Planococcaceae, Corynebaceriaceae (LDA

> 2), Streptomycetaceae, Nocardiaceae, Microbacteriaceae, Micrococcaceae (LDA > 1),
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while Bacteroidaceae (LDA > -3) and Coriobacteriaceae (LDA > -2) were more dominant
in the caeca.

At genus level, the jejunum displayed a significantly higher abundance of Lactobacillus,
Enterococcus, Streptococcus and Lactococcus (LDA > 4) compared to the caeca while
Ruminococcus and Blautia (LDA > -4) were more abundant in the caeca. The Cladogram
(Figure 2.17) generated from LEfSe allows the visualization of the bacteria, from level 2
(phylum) to level 6 (genus), which were modulated by the two gut sites. Biomarker taxa are
heighted by coloured circles and shaded areas. Each circle’s diameter is relative to the
abundance of taxa in each microbial community from phylum to genus level. Chloroplast
was found among the list of bacteria and data were filtered again but no difference was

encountered in the main core of bacteria at the caecum and jejunum level.
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Figure 2.17 LEfSe — bacterial differences between tissues (jejunum vs caeca)

LEfSe Cladogram indicates the significant bacteria from phylum to genus levels, which are modulated by the
two tissues (p < 0.05). Biomarker taxa are heighted by shaded areas and coloured circles. The list of bacteria
in brown represents the ones which are significantly modulated by jejunum while blue indicates the ones mostly
modulated by the caeca site.
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2.4.8 Effect of bird age on the jejunal microbiota (d14 and d28)

The same workflow, used to explore differences based on dietary treatments and tissue, was

applied to investigate the influence of bird age on the jejunal and caecal microbiota.

In the jejunum, no significant differences were found comparing the a-diversity indices
calculated at 14 and 28d (p > 0.05) (Table 2.6). Rarefaction curves, generated by Chaol and
PD_whole tree, can be seen to approach a plateau and overlap, which indicate good
sequencing depth to cover all the OTUs and no difference in terms of within samples
bacterial diversity based on bird age (14 vs 28d old) (Figure 2.18A, B).

a-diversity index Agel  Age2 Age lmean SD Age 2mean SD p
Chaol ‘ 14 28 238.36 * 50.50 23738 + 57.54 0.94
PD_whole_tree 14 28 781 + 1.67 8.12 + 158 0.47

Table 2.6 Data of a-diversity analysis by comparing birds ages (14 vs 28d old) in jejunum samples
Values of mean (Agel/Age2 means), values of SD (Agel/Age2 SD) and p for Chaol and PD_whole_tree index
comparing day 14 vs 28 are shown. The difference identified is not significant.

B-diversity of unweighted PCoA plots was used to identify differences among samples of
the two-bird age (14 vs 28d old). In the unweighted PCoA plot, bird age had a significant
impact on the jejunal microbiota composition (p < 0.05): samples formed two slightly

separated clusters (Figure 2.18C).
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Figure 2.18 Bird age effect on diversity in the jejunal microbiota

o -diversity rarefaction curves of samples at 14 and 28d of bird age are investigated with both
Chaol (A) and PD_whole_tree (B) indexes. No within samples microbial differences are identified based on
bird’s age. p-diversity (C)forms, through Principal component analysis (PCoA) of
unweighted UniFrac distances, two clusters at day 14 and day 28. Bird age therefore had a slight impact on the
overall microbiota composition of the jejunum.

LEfSe analysis revealed a list of differentially abundant taxa between age groups for the
jejunum. The following observations were made on those which showed a consistent relative
abundance distribution among samples of the same age group. At 14d of age there was
significantly higher abundances of the order Rickettsiales (LDA > -2) the families
Microbacteriacea, Nocardiaceae (LDA > -2) and genus Bifidobacterium (LDA > -3)
whereas at 28d old, the families Streptococcaceae (LDA > 4), Aerococcaceae (LDA > 3)

and genus Lactococcus (LDA > 4) were found to be significantly increased (Figure 2.19).
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Figure 2.19 LEfSe — bacteria modulated by bird age in the jejunum

LEfSe showed the entire list of bacteria which are significantly modulated by bird’s age at 14 and 28d old (p
< 0.05). LDA scores indicates the higher or lower significance of the relative abundance difference of the
bacteria in the two bird age groups.
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2.4.9 Effect of bird age on the caecal microbiota (d14 and d28)

a-diversity indices are compared in Table 2.7 for the caecal microbiota at day 14 and day
28. Relatively small differences were found for both the Chaol and the PD whole tree index

(p < 0.05). Rarefaction curves, representing these data, are shown in the Figure 2.20A, B.

a-diversity index Age 1 Age 2 Age 1 mean SD Age 2 mean SD p
Chaol 14 28 36799 + 96.61 41039 * 128.39 0.05
PD_whole_tree 14 28 222 + 236 12,18 + 297 0.02

Table 2.7 Data of a-diversity analysis by comparing birds age (14 vs 28d old) in caeca samples
Values of mean (Dietl/Diet2 means), values of SD (Dietl/Diet2 SD) and p for Chaol and PD_whole_tree
index are compared for day 14 and day 28.

In the unweighted PCoA plot, generated from B-diversity analysis, samples formed two
clusters according to bird age (Figure 2.20C). This confirmed that the microbiota

composition of the caeca was influenced by age (p < 0.05).
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Figure 2.20 Bird age effect on diversity in the caecal microbiota

o-diversity rarefaction curves at 14 and 28d of caeca samples were investigated with both Chaol (A) and PD
whole tree (B) indexes. Significant differences (p < 0.05) in term of species richness and phylogenetic diversity
can be observed. B-diversity analysis shows clustering at d14 and d28 (C); bird age therefore has an effect on
the overall microbial community of the caeca.
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LEfSe analysis provided the list of biomarker bacteria presented in Figure 2.21. Only the
ones which showed a consistent relative abundance distribution among samples were
considered further; a significantly higher abundance of bacteria belonging to the phylum of
Actinobacteria and families of Bifidobacteriaceae, Enterobacteriaceae and
Enterococcaceae at age 14d was confirmed.

At 28d of age, bacteria of the phylum Clostridia and Firmicutes, the families
Ruminoccocaceae, Planococcaceae, Staphylococcaceae, Leuconostocaceae and the genus

Blautia were confirmed to increase.
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Figure 2.21 LEfSe — bacteria modulated by bird age in

the caeca
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LEfSe indicates the list of bacteria which are significantly modulated by bird age at 14 and 28d old (p < 0.05).

the LDA scores indicate the difference in abundance of specific bacteria belonging to birds of 14 or 28d.
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2.5 Discussion

In this chapter, samples from the in vivo trial, performed at the Glasgow University facilities,
were used to evaluate the gut health and growth performance of broilers based on dietary
administration (CTL, CTS and CMB). Gut samples of 14- and 28-day old birds were taken
post sacrifice and used to study the effects of dietary supplementation on jejunal and caecal
microbiota composition and morphometric measurements (jejunum - villus length,
epithelium height and crypt depth) of broilers while data on BW, FI and FCR at day
0,7,14,21,28d old was used to evaluate their growth performance.

Effects of dietary treatments on the intestinal microbiota

In this study high throughput 16SrRNA gene sequencing was used to monitor the jejunum
and caecal microbiota of individual broiler chickens fed a control diet (CTL) or the same
diet supplemented with a novel plant extract (CTS or CMB) over 4-week production cycle.
CTS has previously been shown to have beneficial effects on broiler performance in field
trials (Abbasi et al., 2015) and in other monogastric animals (Cui et al., 2021; Leiva et al.,
2000). CMB supplemented diets have been shown to have positive effects on gut health in
pig (NuScience company trial) and there is growing interest in their use in the diets of poultry
(Mandey et al., 2020) (NuScience company trial). In some cases such modulation can be
used as an effective tool for the control of potentially pathogenic coliforms and C.
perfringens (Vidanarachchi et al., 2010). However, data gained from other studies suggests
that the overall microbiota bacterial population is most likely to be affected by gut site or
age rather than treatment or diet (Ballou et al., 2016). The resultant effect also depends on
the type of manipulation which is being administered; in trials where AGPs are used for
example, the total bacterial component of the microbiota was significantly modulated (Diaz
et al.,, 2018; Pourabedin et al., 2015). Likewise when broilers are challenged with
endotoxins, such as LPS, the total microbiota was found to be strongly modulated (Lucke et
al., 2018). In the current work specific bacterial strains were found to be modulated and this
has been observed in other trials where novel plant extracts are used (Yu et al., 2019).
According to Ballou et al. (2016), treatments or diets generally stimulated higher microbial
differentiation at day 14, with the stronger and more stable taxonomy that characterizes the
microbiota of broilers at day 28 being less likely to vary (Ballou et al., 2016). For this reason,
for the microbiota investigation 12 broilers per diet (3 broilers per replicate diet) were

randomly selected, after weighing at 14, and 28d and sacrificed for study. Initial sequence
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analysis however did not reveal any significant dietary effect associated with collection time
point and so to maximise the use of data, further analysis on dietary effects was carried out

by combining data sets at the tissue specific level.

None of the supplementary treatments used in this study had a significant effect on the a-or
B-diversity of the jejunum or caecal bacterial communities and as anticipated a lower
microbial diversity was observed in general compared to that reported in other animals; this
result was not unexpected and is thought to be due the more rapid transit of food through
their digestive system (Wei et al., 2013; Rougiere and Carré, 2010). On the other hand
LEfSe analysis revealed that in the jejunum, the CTS diet was found to significantly
modulate the proportion of the genus Lactobacillus, Enterococcus, Clostridium, and their
respective families Lactobacillaceae, Enterococcaceae and Clostridiaceae when compared
to the CTL diet but in contrast there were no modulation of any great significance when the
CMB and the CTL had been compared and so the focus here will be on the modulatory
effects of the CTS diet.

A higher abundance of Lactobacillus was found in the jejunum of broiler chickens fed the
CTS supplemented diet. Several strains of Lactobacillus are widely used as probiotics with
associated anti-inflammatory and anti-microbial activities in humans and animals (Corthésy
et al., 2007). Although their mode of action is not completely understood, Lactobacillus
based treatments have been shown to modulate the immune response (Brisbin et al., 2011),
improve digestion and absorption of nutrients (Vieco-Saiz et al., 2019) and the fermentation
of dietary fibres to produce SCFAs such as butyrate propionate acetate (Besten et al., 2013).
Once released as a SCFASs these can be used as a source of energy for enterocytes or as an
antimicrobial for pathogenic bacteria (Mao et al., 2019). Thus, the observed higher
abundance of Lactobacillus in the jejunum in the current study is interpreted as the CTS diet
potentially having a positive effect in terms of gut function and health. To further investigate
this, it would be interesting to consider a follow up study aimed to measure SCFASs by high

performance liquid chromatograph (HPLC) in broilers fed with CTS diet compared to CTL.

The abundance of bacteria belonging to the genus Enterococcus and Clostridium were found
to be lower in jejunum for the CTS diet compared to CTL diet. Enterococci are
physiologically part of the gastrointestinal microbiota of broilers but they are typically
opportunistic pathogens and they role depends on the species (Dolka et al., 2017). For

example, E. cecorum has been found to cause infections in broilers (Jung et al., 2017).
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Likewise E. faecalis and E. durans have been frequently associated with poultry diseases,
especially endocarditis in broilers (Velkers et al., 2011).In France, the increasing incidence
of Enterococci in poultry farms over the last 15 years has been associated to the presence of
this strain in the flock (Souillard et al., 2022). Many strains of E. faecium and E. faecalis
have been discovered to be resistant to all currently available antibiotics (Miller et al., 2014).
On the other hand, E. faecium is used commercially as a probiotic supplement in broiler diets
where its use has been found to increase the diversity of the gut microbial population,
improve intestinal absorbance and resistance to infections (Samli et al., 2007).
Unfortunately, the 16srRNA sequencing methodology can only tell us about the abundance
and diversity of bacteria and so taken as a whole the observed decrease in abundance of the

genes Enterococcus is interpreted as beneficial.

The genus Clostridium is well known in the poultry sector, mainly because of the pathogenic
species C. perfringens. But it’s important to state that most of the bacteria in the Clostridia
class are non-pathogenic commensals as of the gut, and many are even beneficial for animals
(Rinttila and Apajalahti, 2013). Indeed, many Clostridium species have been reported to
participate in biological activities and thanks to their metabolites and cellular components
are recognised to play a probiotic role (Guo et al., 2020). The study of Biddle et al. (2013)
confirmed that some Clostridium bacteria are able to use the complex plant-derived
carbohydrates to produce SCFAS in broilers. In the current study the abundance of the
Clostridium decreased in the jejunum with the CTS diet. In the absence of any other
supporting data, it is suggested that the shift in abundance of Clostridium is linked to the

observed increase in abundance of Lactobacillus.

in the caecal study the results showed that the CTS modulated that the abundance of bacterial
populations belonging to the genus Blautia and Enterococcus in the caeca, by respectively
increasing and decreasing their abundance. On the other end, the CMB diet showed stronger

modulation of Bacillus genus and their respective Bacillaceae family in the caeca.

Blautia belongs to the genus of anaerobic bacteria with probiotic effects that occur widely
in the gut and faeces of mammals. According to Kiu et al. (2019), heathy broilers caecal
microbiomes appear to have enhanced abundance of the genera Blautia. Members of the
Blautia genus are known to be butyrate producers, and reductions in this genus have
previously been associated with a C. jejuni infection model (Mountzouris et al., 2007).

Blautia is a SCFAs producer in the gut, It helps her in the protection of the integrity of the
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intestinal barrier functions and alleviate dextran sulfate sodium-induced inflammation (Yu
et al.,, 2019). As butyrate is an important energy source for intestinal cells, it has been
suggested that Blautia spp. may act as a key beneficial microbiota member, serving to
enhance intestinal health of broilers by strengthening the epithelial barrier, thus preventing
pathogenic microbes successfully colonising and initiating disease. This genus may also
been implicated in roles associated with biotransformation and crosstalk with other intestinal
microorganisms and in the inhibition of the insulin signalling and the fat accumulation in
humans (Liu et al., 2021). Taken together this evidence suggests that the increase the

abundance of Blautia in the caeca of broilers fed the CTS diet was beneficial to gut health.

The abundance of genus Enterococcus in the caeca for the CTS diet was lower when
compared to the CTL diet. The influencer of the bioactive compounds in the CTL
supplement on this genus of bacteria was therefore consistent in both of the jejunum and

caeca and in both instances considered beneficial.

Bioactive compounds in CTS diet and their interaction with microbiota

The main differences in the microbial population are shown when CTS diet is administered
to broilers. The citrus extract’s bioactive compounds such as polyphenols, essential oils,
pectin, carotenoids, or vitamins all or individually might be the reason of selective bacterial
strains modulation. This is further complicated by gut environment modifications such as
pH changes induced by some bacterial strains, could in itself increase or decrease the
abundance of other bacteria. Polyphenols are recognised to possess prebiotic properties
which support the growth of selective bacteria by acting as a source of nutrient supply (Marin
et al., 2015). Among these bacteria, Lactobacilli and Bifidobacteria populations, are
identified to be increased by polyphenols (Igbal et al. 2020). In particular, flavonoids show
antimicrobial potential against certain bacteria such as S. aureus, Escherichia coli (E. coli)
and Campylobacter thanks to their ability to modulate the gut microbiota composition of
broilers. The study of Tolnai et al. (2021) identified a decrease in the abundance of
Clostridium in birds fed with flavonoids and highlight its association with a consequent
alteration in bile biotransformation. Based on these considerations, the increase abundance
of Lactobacilli and decrease abundance of Clostridium, found in our results, in the jejunum

of broilers fed with CTS diet could be due to the polyphenol’s content.

Essential oils which are generally extracted from the peel of citrus fruits contain high
amounts of limonene and linalool (Manufacturer recommendation — NuScience) which can

inhibit pathogenic bacteria in the small intestine of broilers; plant extracts have been already
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demonstrated to have antimicrobial effect against pathogens in poultry and pigs (Mitsch et
al., 2004; Bruggeman et al., 2002). Tiihonen et al. (2010) reported that blends of essential
oils can increase the number of lactic acids, such as Lactobacilli, in broilers; this is in line
with our findings as we observe an increase of Lactobacilli in the jejunum of broilers by
administering CTS diet. Moreover, Erhan et al. (2012) found that the supplementation of
the pennyroyal essential oil in the diet of broilers, increased lactic acids and decreased the
count of E.coli in the jejunum. In line with our results, the increased number of Lactobacilli

can be attributed to the antibacterial effect of citrus peel oils.

Furthermore, citrus extract contains high abundance of pectin. This dietary fiber is able to
escape digestion and absorption so this characteristic makes them good candidates in the
regulation of the gut microbiota (Mahmood and Guo, 2020). Differences in bacterial strains
at the jejunum and caeca level can be influenced by pectin. Their mechanism of action in
vivo trail of broilers is not clearly defined. However, in vitro studies demonstrated the ability
of pectin to participate in the immune response of broilers (Avila et al., 2021); no evidence

is demonstrated on the modulation of microbiota by pectin.

The study of Tolnai et al. (2021) showed that carotenoids can reduce Enterococcaceae and
Clostridiaceae families while positively modulate the abundances of the genus
Lactobacillus in broilers. In accordance with our results carotenoids in CTS diet could
modulate these bacterial strains. Further investigations on this compound are required to

investigate its mechanism of action.

CTS diet is also a source of vitamin C which exerts anti-inflammatory and immune-
modulatory properties. Broilers possess the ability to synthesize vitamin C in kidneys but
higher level of vitamin C supplemented by a diet can alter the microbiota and contrast
pathogens as Salmonella (Gan et al., 2020). It has been found that vitamin C is associated
with the increase of beneficial bacteria Lactobacillus and Bifidobacterium in animals (Yang
et al., 2020) but not a lot of information is available in broilers. This means that based on
our result, the higher abundance of Lactobacilli in CTS diet could be also attributed to the

presence of vitamin C in the extract.

Another reason that could cause alterations in the microbiota is the content of carbohydrates
in CTS diet (Manufacturer recommendation — NuScience) (Yu et al., 2019); It has been
reported that high concentrations of polysaccharides can modify the composition and

diversity of the gut microbiota and increase the abundance of Lactobacilli in mice (Li et al.,
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2019). In the same way, the presence of non-digestible carbohydrates such as
fructooligosaccharides (FOS) can cause an increase in the abundance of Blautia genus in the
caeca of broilers (Shang and Kim, 2019). Blautia and Lactobacilli are responsible to produce
SCFAs that cause a change in the pH regulation of the gut (YYadav and Jha, 2019).

CTS diet is also a potential source of organic acids, such as citric acid, malic acid, oxalic
acid, and malonic acid (Clements, 1964) (Manufacturer recommendation — NuScience),
which can decrease the gut pH of broilers as well (Yu etal., 2019). Therefore, the modulation
of the pH could consequently modify the growth of some other bacteria (Yadav and Jha,
2019).

Bioactive compounds of CMB and their interaction with microbiota

CMB diet appears to not have huge impact on the microbiota of broilers. This can also
depend on the dosage and method of extraction of cucumber extract in the CMB diet
(Manufacturer recommendation — NuScience). The bioactive compounds in CMB diet are
mainly polyphenols, carotenoids and vitamins (Vouldoukis et al., 2004). The presence of
these bioactive compounds, similarly to CTS diet, make CMB a potential candidate in the
modulation of some bacterial strains (Muruganantham et al., 2016). The main genus found
to be modulated by CMB is Bacillus in the caeca of broilers. The beneficial properties of
Bacillus have been already explored (see Effects of CTS and CMB diets on the caecal
microbiota above) but no evidence of correlations between its abundance and CMB
compounds has been found. Further investigation is required; a possible approach could be

an in vitro experiment to explore the impact of CMB compounds on Bacillus growth.

Comparison between jejunum and caeca microbiota

The caecal microbiota displayed a significantly higher richness, diversity and more complex
a bacterial community compared to that found in the jejunum. These results are in line with
previous reports (Shang et al., 2018; Cuccato et al., 2021; Xiao et al., 2021). The microbiota
of the jejunum is mainly composed by Lactobacillus, Enterococcus, Streptococcus and
Lactococcus genus. These bacteria all belong to the Lactobacillales order and in the current
work they represented almost 45% of the total microbial population in the jejunum. These
results are similar/ consistent with previous 16S rRNA gene-based studies (Stamilla et al.,
2021). The microbial composition displayed in the jejunum is comparable to the one of
ileum. Both regions of the small intestine have high percentage of the Lactobacillaceae

family and Lactobacillus, Enterococcus genus (Gong et al., 2007) so | conclude that the two
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regions in broilers are similar and comparable. In the caeca most of the OTUs were classified
as Lachnospiraceae family, Ruminococcus, Blautia genus and Bacteroidales order.
Clostridium and Bacteroides have been identified to be the predominant genera in the caeca
by other studies (Xiao et al., 2017; Huang et al., 2021; Dauksiene et al., 2021). Based on our
results, the caeca microbiota composition is in line with other studies and present high
microbial variability which makes it reasonably the favourite candidate tissue in microbiota

investigations.

Several studies have found that the intestinal microbiota of broilers is also modulated by age
(Shang et al., 2018; Richards et al., 2019; Richards-Rios et al., 2020;Glendinning et al.,
2019). In this study the richness of the microbiota increased in the caeca between day 14 and
28. In the jejunum, only a slight difference in microbial diversity was observed in both
tissues between day 14 and day 28. This impact of age is higher on the caeca microbiota
compared to the small intestine has been reported previously (Huang et al., 2018b); It’s
important to remember that caecal environment harbours a higher microbial richness and
diversity during the entire life of broilers so there is a higher probability to find differences
when multiple time points are compared. However, in our study, changes in the microbiota
composition, mainly in the caeca, could be further complicated by the shift from starter to
grower diet at day 14. Difference in the abundance of proteins and vitamins, in two dietary
formulations, might also provoke alternations of the microbiota at different ages but as these
changes should be consistent and are supported in the literature the differences seen from

our CTL diet are of interest.

In the jejunum, mainly Bifidobacteriaceae families and some bacteria of the phylum
Actinobacteria were found higher in abundance at day 14. This can be related to what stated
by Amit-Romach et al. (2004) “the typical microflora of adult birds in the small intestine is
established within 2 weeks”. Other studies demonstrated that microbial diversity is increased
during chicken development, baking approximately at day 14 for the small intestine and 28
for the large intestine and then remaining stable (Huang et al., 2018b). In contrast, other
studies affirmed that the microbial community structure along the GIT of boilers is quite
stable during the period of skeletal growth (14 to 28d of age) while the higher differentiation
is encountered after 40d old (Lu et al., 2003).

In the caeca, master of the age-related differences observed concerned Lachnospiraceae,
Ruminococcaceae, families and other bacteria of the Clostridiales order. The abundance of

Bifidobacteriaceae families and some bacteria of the Lactobacillales order were higher in
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the caeca at day 14 but their abundance decreased at day 28. According to Torok et al. (2011)
these are the most common families in the caeca of broilers. This was also confirmed by
Richards et al. (2019) who found caecal microbiota dominated by Ruminococcaceae family
and other Firmicutes of the Clostridiales. Stamilla et al. (2021) reported that
Lachnoclostridium genus, was found to be dominant from day 7 while Bacteroides genus

displayed the highest percentage at day 25.

Jejunum morphometric measurements

In our study, CTS and CMB did not show any modulation of the villus length, crypt depth
and epithelium height in the jejunum of broilers at 14 and 28d old. Histological data of
broilers, when plant extracts are added to diets, is quite controversial. Similar to our study,
Mounia et al. (2018) found that phytogenic products (PP), such as citrus oils, don’t affect
the morphology of villus length and crypt depth of jejunum in broilers of 42d old. On the
other hand, Murakami at al. (2014) proved that essential oils, bioactive compounds in CTS
diet, increase jejunum villus length on broilers at 14d old. In line with this, Erhan and
Boliikbasi (2017) suggested that orange peel oil (similar properties of citrus oils) has positive
effects on jejunum morphology after 42d of experiment by increasing the villus length. The
increasing villus length of broilers is an indicator of increased intestinal absorption surface
which would promote the gut health of broilers. This study suggests that, if other
measurements would have been taken in advanced age of broilers (e.g 42d), maybe an

increase in villus length could have been observed in broilers fed with CTS diet.

The only significant modulation of morphometric measurements, with an increase in villus
length, crypt depth and epithelium height were found by age (14 vs 28d) irrespective to diet.
Intestinal morphology has been already demonstrated to be influenced by the age of broilers
(Ariyadi et al., 2019). Some studies also demonstrated that the BW of broilers has a direct
effect on the gut morphology; villus atrophy and crypt hypertrophy was discovered in
broilers with retarded growth (Lenhardt and Mozes, 2003). From the histology perspective,
all diets were found comparable so no differences in terms of gut morphometric

measurements were attributed to CTS or CMB diets.
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Growth performance
In our results, CTS and CMB diets depressed the BW of broilers from the age of 14 to 28d

old. Some studies highlight the positive effects of plant extracts in increasing the BW of
broilers which is in contrast with our findings (Eltazi, 2014; Zhu et al., 2019). The FI was
studied and revealed differences among dietary treatments as well; broilers fed with CTS
diet had a significantly lower FI compared to CTL at day 7 and 21 while broilers fed with
CMB showed a significant lower FI compared to CTL at all time points. Similarly, the study
of Islam et al., (2012) found a decrease in FI in broilers fed with citrus extract; broilers fed
with this diet ate less because they don’t like its taste and consequently showed a lower BW.
However, data from some other literature indicate that compounds in plant extracts (e.g citric
acid) could stimulate the appetite of broilers (Krauze et al., 2021); this reflected the
behaviour of broilers in CTS diet in our trial 2 (see 3.2.1 Trail 2 Experimental design —
chapter 3). The dietary modulation of FI was connected as first to environmental changes
(e.g temperature/humidity) in dietary pens but no circumstances have been identified as
possible causes of these changes. Furthermore, based on BW and Fl, a higher FCR was
observed when broilers were fed with CTS diet while no differences were detected with
CMB diet. It’s important to remember that FCR value should be as low as possible to be
economically valuable for poultry industries (Siegel, 2014).

In the literature, growth performance data on broilers (BW, Fl and FCR of broilers) fed with
plant extracts are controversial. Akbarian et al. (2013) showed that lemon and orange peel
extracts supplemented to the finisher diet don’t have any effects on the FCR and BW of
broiler chickens. The study of Khattak et al. (2014) found that natural blend of essential oils
increase the BW of broilers. Zhu et al. (2019) observed an increase in growth performance
when broilers are fed with plant extracts. These contradictory findings indicates that further
investigation is required to better understand the effects and mechanism of action of plant
extracts, such as citrus and cucumber, on the performance and related microbiota of broiler

chickens.

Conclusions
The gut health of broilers was explored by studying the influence of CTS and CMB on the

gut microbiota, histological morphometric measurements, and growth performance.
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Significant progress has been made in understanding the taxonomic composition of the GIT
microbiota and its contributions to gut health but It would be interesting, to apply multi-
Omics approaches or nanopore long-read sequencer MinlON™ in order to increase our
understanding on the role of diets on the microbiota in nutrition, health, disease, and
productivity (Shang et al., 2018).

Our results showed that the CTS and CMB diets did not significantly affect the overall
bacterial taxonomy but some the proportions of bacterial strains in the jejunum and caeca of
broilers were modulated. A significant difference in the microbial composition was found
between the two different tissues (caeca vs jejunum). Bird age had a slight effect mainly at
caecal level (day 14 vs day 28). While differences due to gut sites and age were investigated
our main aim was to study possible bacterial strains modulated by CTS and CMB and
consequently their impact on gut health. Most bacteria modulated by CTS diet do indeed
have positive effects in the stimulation of the immune system, absorption of nutrients and
production of SCFAs in broilers. Most of these bacteria are involved in broiler’s metabolism.
These data will then be compared to our metabolomics findings (see chapter 5 and 6). The
intestinal microbiota alteration in response to CTS diet might be due to polyphenols,
essential oils, carotenoids, vitamins, polysaccharide and/or organic acid in citrus extracts but
their mechanisms of action on the microbiota need further studies. In the complex, CTS diet
might be a promising resource to promote the health of broilers while CMB diet appears

less.

Both experimental diets did not show effects in the modulation of gut morphometric
measurements. Similarly, growth performance differences were mainly related to the CTS
diet but in terms of the extent of the decreased BW, FI and increased FCR, during broiler’s
growth that it suggests it is unlikely to prove of value as a growth promoter for poultry
industries. However, if CTS diet could improve broilers health, even if the growth
performance result here was true (as it is in contrast to Nutrition Sciences field studies) it
could still represent a valid antibiotics growth promoter alternative by improving health
(further discussion in chapter 7). In order to widely investigate the influence of diets on
broiler’s health, it would be useful to study their role during inflammation. For this reason,
in chapter 3 an in vivo trial was performed using the same experimental facilities and diet of
trial 1 but by challenging broilers at 15d old with E. coli LPS, a bacterial endotoxin known
to stimulate the innate immune system. The study of APR and its dietary influence will help
to clarify the role of CTS and CMB diets in broilers.
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Chapter 3  Novel biomarkers to assess the effect of
novel plant extracts on the immune response pre and
post LPS challenge
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3.1 Introduction

Escherichia coli is a Gram-negative pathogenic facultative anaerobe bacterium of the
Enterobacteriaceae family that can have a significant impact on poultry production
(Kemmett et al., 2014). Lipopolysaccharide (LPS) is an essential component of the outer
membrane of Gram-negative bacteria such as E.coli (Bertani and Ruiz, 2018). LPS can
induce endotoxemia and consequently activate the immune response in broilers (Ghareeb et
al., 2016) (see 1.2.2 Escherichia coli endotoxin (LPS challenge) - chapter 1). Based on its
properties, the injection of bacterial LPS in birds is a widely used model to stimulate the
immune system without the need to use infectious agents which can be more difficult to
control (French et al., 2020). However, their response depends on the method employed (e.g

single/multiple doses and the injection site).

The broilers immune response activated by LPS leads to the production of inflammatory
molecules such as cytokines and chemokines (Haudek et al., 2003), that can initiate a
complex network of secondary reactions including the production of acute phase proteins
(APPs) (Ceciliani et al., 2002). APPs are generally produced in the liver and then secreted
into the blood (O’Reilly and Eckersall, 2014). Thus, the presence of APPs in the plasma
serve as useful physiological biomarkers for health and welfare in chickens. APPs known to
be modulated in broilers during the acute phase response (APR) include Serum amyloid A
(SAA), al-acid-glycoprotein (AGP), Ovotransferrin (OVT), Ceruloplasmin, Fibrinogen,
Fibronectin, Hemopexin (Hpx) , PIT54 (the chicken equivalent of haptoglobin) and Mannan
binding lectin (O’Reilly and Eckersall, 2014).

Among these, the main established APPs in broilers are SAA, AGP and OVT. SAA is a
small APP (~12kDa) which circulates in blood and increase its expression >100-fold
following infection (Matulovaet al., 2013); AGP is a useful established biomarker in broilers
which elevated 5-fold or more in serum due to the immune system stimulation (Takimoto et
al., 2008); OVT is another positive APP in chickens (Xie et al., 2002) with numerous studies
confirming that its serum level increases when APR is stimulated following infection.
However, SAA and AGP concentrations can be measured using the commercially available
ELISA assays while OVT which requires other methodology such as the Radial
immunodiffusion assay (O’Reilly, 2016).
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Recently, a proteomics approach (Horvatic et al., 2019) found that plasma levels of Hpx and
LCNS8 extracellular fatty acid binding protein (ex-FABP) precursor were modulated in
broilers under LPS challenge and may be potential biomarkers of toxicity. Hpx is a protein
of ~60kDa which has previously been reported by the study of Grieninger et al. (1986) to
increase 5-fold during the APR in broilers elicited by injection of chickens with turpentine.
More recent work has suggested that Hpx can increase by 25-fold under challenge conditions
(Dr. Chris Chadwick Life Diagnostics — personal communication March 2022). Ex-FABP
is a 21 kDa lipocalin which increases from 0.5 to 10ug/ml during challenge (Dr. Chris
Chadwick Life Diagnostics — personal communication March 2022). This protein has been
reported to increase its level in response to inflammation (e.g LPS) and tissue degeneration
in chickens (Cermelli et al., 2000). Ex-FABP is a protein physiologically expressed during
endochondral bone formation, and other cell differentiation pathways but it is highly
enhanced during APR in broilers (Cermelli et al., 2000).

Another APP of growing interest in broiler chickens is MRP-126 (~15kDa). MRP-126
belongs to the calgranulin protein family and recent proteomics investigations found its
faecal level to increase ~40-fold after bacterial infection (Dr. Chris Chadwick Life
Diagnostics — personal communication March 2022). This protein has also been identified
as a novel APP which interacts with the innate immune system and gut of chickens after oral
infection with Salmonella. The study of Matulova et al. (2013) reported the level increased
~100-fold following bacterial infection suggesting its role in modulating the growth of

certain microbes that consequently influence the immune response of broilers.

As discussed in detail in chapter 1 when broilers immune response is stimulated, the active
compounds in the two dietary supplements under investigation in this thesis (citrus and
cucumber) are thought to either bind to the bacterial LPS or alter the pattern recognition
receptors (Toll-like receptors) of macrophages, neutrophils, dendritic cells, thereby
attenuating the damaging effects of LPS (Bernardini et al., 2018; Chen et al., 2006). In
broilers, citrus compounds has shown immunomodulatory effects in vitro (Avila et al., 2021)
and in vivo (Ebrahimi et al., 2015; Chen et al., 2006) while less information are available on
cucumber compounds. To date there is no information on whether specific APPs are
modulated in broilers fed with one of these extracts under challenge conditions. Based on

these considerations, this chapter describes a LPS challenge experiment where the plasma
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concentrations of established and novel APPs were studied to evaluate the APR of broilers
fed on CTS, CMB or CTL diets.

3.1.1 Aims and Objective of the study

The aim of this study was to compare the responses of two well established APPs (AGP and
SAA) and three more novel APPs (Hpx, Ex-FABP and MRP-126) in broiler plasma
following an LPS challenge and to test the hypothesis that the feed of broiler chickens,
supplemented with citrus or cucumber extracts, has an immunomodulatory effect on the
APR over a time course of 48h. To investigate this aim, APPs were studied in plasma of 15d

old broilers sampled at TOh pre challenge and T12,24,48h following LPS treatment.

Previous investigations have revealed that SAA is more sensitive to E. coli LPS challenge
than AGP (Horvati¢ et al., 2019). Further academic-industrial collaboration with Life
Diagnostics USA, has led to antibody production to chicken Hpx, ex-FABP, MRP-126 and
the development of ELISA assays that can detect these proteins in broiler plasma (Life
Diagnostics Inc, West Chester, USA). Other immunoassay formats such as the Spatial
Proximity Analyte Reagent Capture Luminescence (SPARCL™) are also under
development to increase the precision and speed of measuring APPs. In this study, AGP,
SAA, ex-FABP and Hpx levels were measured using ELISA assays while MRP-126 was
measured using a novel innovative SPARCL™ assay with the key objective of
characterising the time course response of the 3 novel APPs with that of SAA and AGP
during LPS challenge conditions and to determine if the abundance of each of these APPs

was modulated by dietary regimen.

The knowledge generated about different APPs and their plasma concentration under
challenge conditions is extremely useful in understanding these different components of the
APR and their use as biomarkers of not just disease in general but possible specific types of

disease and specific responses to different dietary supplements.
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3.2 Materials and methods

3.2.1 Trial 2 Experimental design

A total of 144 one-day-old male vaccinated broiler chickens (Ross 308) were collected from
the PD Hook Hatcheries Ltd, Bampton, UK and raised for 15 experimental days at Cochno
farm & Research Centre, Glasgow (same facilities and rooms of trial 1- see chapter 2 -
Experimental design and diets). Each bird was fitted with unique wing tags, weighed and
randomly allotted to one of the three diets: Diet 1) control (CTL): commercial starter and
grower diet without any supplements, Diet 2) cucumber (CMB): diet 1 supplemented with
cucumber extracts (75 g/ton diet), Diet 3) citrus (CTS): diet 1 supplemented with citrus
extracts (300 g/ton diet). The basal starter diet used was corn-soybean meal-based diets,
formulated and prepared at NuScience, Ghent, Belgium (see Table 2.1 — chapter 2). Chicks
were divided in groups of 12 and raised in 12 pens (4 replicate pens/each diet) across the
two rooms in the same environmental conditions (temperature, humidity, and lighting) and
adopting the same biosecurity measures as described for trial 1 (see 2.3.1 Trial 1
Experimental design - chapter 2). On day 0, 8 and 15 each bird (N=144) was weighted, using
a weight balance (0.001 g). A general linear model (GLM) and Turkey test was run on
RStudio (version 4.0.0) to evaluate any effects of diet (CTL, CTS and CMB) on BW at day
8 and day 15. During the trial, 1 bird died following LPS challenge but the post mortem

examination assessed that death was due to natural causes.

3.2.2 LPS challenge and plasma collection

At the age of 15d, plasma was collected from 12 birds per treatment (3 birds per pen and
replicate). All birds were then injected subcutaneously with E.coli lipopolysaccharide (LPS
from E. coli O111:B4 purified by phenol extraction, L2630-25MG; Sigma-Aldrich, Dorset,
UK) (2 mg/kg body weight) in a volume of 0.5 ml. Plasma was then collected from the same
12 birds per treatment at 12-, 24- and 48h post LPS injection. At each time point
approximately 1 ml of blood was collected from the brachial vein using a 2ml syringe and
then placed in heparinized tubes to prevent blood clot. The Blood samples were then
centrifuged (2000 x g) for 15 min at 4 °C and the plasma aliquots immediately frozen at -
20°C.
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After 48h the trial was ended and all birds were humanely euthanised by Schedule 1
procedure by administering an overdose of a Barbituate anaesthetic agent (1ml/kg of

Pentobarbital sodium R Euthatal Dopharma Research B.V.), injected into the brachial vein.

Note: The remaining birds used in this trail were euthanised for tissue collection (12 birds
per treatment) at pre (Oh), T12h and T24h post LPS injection. Tissues included liver and
breast muscle. Tissues from the 12 birds per treatment used for plasma collection were also

harvested at T48h for further investigation (see chapter 4 and 6).

This animal experiment was approved by the Home Office, Animals in Science Regulation
Unit (ASRU), Glasgow, under the license number P4A4CA831.

3.2.3 APP summary workflow

The established APPs (SAA, AGP) and novel APPs (Hpx, ex-FABP) levels were measured
in each plasma sample (N=141) using commercially available ELISA kits while the novel
APP, MRP-126, was measured using the new SPARCL™ assay. ELISA and SPARCL™
assays for APPs detection were obtained from Life Diagnostics Inc. (West Chester, USA)
(Figure 3.1). The assays were performed according to the manufacturer's protocols with
specific dilution per each APP as explained in the sections below. Non-parametric tests were
used to study the effect of LPS pre and post challenge and diets on APPs abundances. The
data acquired on novel APPs (Ex-FABP, Hpx and MRP-126) were then compared to the
established APPs (AGP and SAA).

ELISA assay SPARCL™ (Spatial Proximity Analyte
Reagent Capture Luminescence) assay
Ry am Trigger Solution SpeficSignal Light
T:féf,ﬁ: r\vav\“ y (H;0, Enhancer) ) - /
© © N@
1 Aaidan)
= TR -
V7N N
Capture * ¥ K
body B r———
® ® W o
| I J 1 J1 J :
« AGP * MRP-126

* SAA
* Ex-FABP
* Hpx

Figure 3.1 Immunoassays (ELISA and SPARCL ™) used to analyse the APPs.

The ELISA assay used affinity purified chickens APP antibodies for solid phase immobilization and
horseradish peroxidase (HRP) conjugated chicken APP antibodies for detection. The SPARCL™ assay uses
two APP antibodies, one conjugated to HRP for detection and the other conjugated to a chemiluminescent
substrate (acridan). The ELISA assay was used to evaluate the abundance of AGP, SAA, Ex-FABP and Hpx
while the SPARCL™ was used to study the abundance of MRP-126 in this study (modified from ThermoFisher
Scientific (2016) and http://www.lumigen.com/products/elisa/lumigen-sparcl)
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3.2.3.1 ELISA for AGP

The commercially available assay used for the detection of AGP, utilized affinity purified
chickens AGP antibodies for solid phase immobilization and horseradish peroxidase (HRP)
conjugated chicken AGP antibodies for detection (Life Dianostics, Inc. Catalog Number:
AGP-5).The method has been previously used and validated by Horvati¢ et al., (2019). Four
Elisa plates (96 microtiter wells/plate) were used to examine the AGP concentration of 141
broilers plasma samples (12 samples x 3 diets x 4 time points). Experimental samples and 2
quality control samples (high and low AGP concentrations) were diluted 10,000-fold and
dispensed into duplicate wells of each 96-well microtiter plate coated with anti-AGP
together with a detector antibody conjugated to HRP (100ul). Standards were diluted 7 times
from 150ng/ml to 2.34ng/ml following the manufacturer instructions. Each plate, containing
samples and standards, was then incubated on the orbital microplate shaker at 150 rpm at
room temperature for 45 min. Then, wells were emptied and washed five times using the
wash buffer provided with the Kit, ensuring all residual droplets were removed by striking
plates onto absorbent paper. 100pl of the secondary antibody-HRP conjugate was added into
each well and the plates incubated at room temperature for 45 min. The washing step was
repeated using the wash buffer to ensure to have removed unbound HRP-conjugate.

Then, 100pul of TMB reagent (HRP substrate) was dispensed into each well. This led caused
a colour change (from yellow to blue) in all wells. Plates were then placed on a shaker at
room temperature and the reaction stopped using 100l of stop solution. The absorbance of
each sample was measured at 450nm using a FLUOstar Optima plate reader within 15 min
of stopping the reaction. The standard curve was generated using a four-parameter logistic
curve (4PL) from the Optima software. If A450 sample’s concentration fell inside the
standard curve, an appropriate dilution was applied (Figure 3.2). The precision of each
ELISA kit was determined by comparing plasma samples in duplicate within the same plate
and by comparing the two quality control samples (high and low APP concentration) among

the different plates.
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Standard Curve(s)

100

Figure 3.2 Example of standard curve obtained from the Optima software (AGP assay).
The curve intersects all dots which identify the different concentrations of AGP standards (150, 75, 37.5,
18.75, 9.38, 4.69, 2.34 ng/ml).

3.2.3.2 ELISA for SAA

The commercial assay for the detection of SAA uses two different peptide-specific chicken
SAA antibodies, the first one is used for solid phase immobilization and the second is
conjugated to horseradish peroxidase (HRP) for detection (Life Dianostics, Inc. Catalog
Number: SAA-5). This method has been previously used and validated by Horvati¢ et al.,
(2018). Five Elisa plates (96 microtiter wells/plate) were used to examine the SAA
concentration of the 141 broilers plasma samples (12 samples x 3 diets x 4 time points). Each
individual sample was run in duplicate, including 2 known quality control samples of high
and low SAA concentration. Adjustments were made to the dilution factor (10-fold was
recommended by the protocol) because the SAA concertation was too high to be detected in

the standard range. The following dilutions were applied:

- 20-fold dilution at TOh (pre challenge) and T48h (post challenge)
- 80-fold dilution at T24h (post challenge)
- 1248-fold dilution at T12h (post challenge)

Adjustments in the plasma volume used for the analysis were also needed because of the
small amount recovered from the birds. 12.5 pl were used instead of the 100 pl
recommended by the protocol. Once diluted samples and standards were dispensed in
duplicates into the 96-well microtiter plate coated with anti-SAA for 1h. 100ul of secondary
antibody HRP-conjugate was dispensed into wells before the plate incubation at room
temperature for 45 min and a series of washing steps using the wash buffer were performed.

TMB reagent (100ul) was dispensed into wells and plates were moved to a shaker for 20
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min where they developed a blue colour. The reaction was then stopped by adding 100l of
stop solution and reading the plate at 450nm using a FLUOstar Optima plate reader. SAA
concentrations which fell inside the standard curve (Figure 3.3) were used for the analysis.
For some timepoints the ELISA procedure was repeated by using different sample’s dilution
as explained above. The precision of each ELISA kit was determined as described in section
3.2.3.1.

Figure 3.3 Example of standard curve obtained from the Optima software (SAA assay).
The curve intersects all dots which identify the different concentrations of SAA standards (15, 7.5, 3.75, 1.88,
0.94, 0.47, 0.23 ng/ml)

3.2.3.3 ELISA for Ex-FABP

The available ELISA assay for Ex-FABP uses two chicken EX-FABP antibodies, one for
solid-phase immobilization and the second is conjugated to HRP for detection (Life
Dianostics, Inc. Catalog Number: EXFABP-5). Samples were analysed directly in Life
Diagnostics, Inc following the standard protocol provided by the company. Elisa plates (96
microtiter wells/plate) were used to examine the Ex-FABP concentration of 141 broilers
plasma samples and 2 known control samples (high and low concentration of Ex-FABP).
Each individual sample was diluted 2,000-fold and run-in duplicate with Ex-FABP standards
on the same plate. The protocol performed followed the instructions provided by the
manufacturer which can be summarised in the following steps: 100l of HRP-conjugate was
added into wells along with 100l of standards and samples, the plate was incubated on an
orbital micro-plate shaker at 150 rpm (room temperature) for 1 hour, a series of washing
steps applied, TMB solution (100ul) dispensed in each well before the incubation on a
micro-plate shaker at 150rpm for 20 min, stop solution (100ul) was added into each well
and the absorbance of each sample, including the standards, measured at 450nm using a

FLUOstar Optima plate reader. Ex-FABPs for each sample was calculated based on the
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standard curve generated from the Optima software. The precision of each ELISA kit was

determined as described in section 3.2.3.1.

3.2.3.4 ELISA for Hpx

The commercially available ELISA kit for the detection of Hpx has been developed by Life
Diagnostics, Inc (Catalog Number: Hpx-5). This assay uses two chicken Hpx antibodies,
one for solid-phase immobilization and the second is conjugated to HRP for detection.
Samples were analysed in Life Diagnostics, Inc following the manufacturer protocol which
similar to the AGP, SAA and Ex-FABP ones. Experimental (N=141) and 2 quality control
samples were diluted 40,000-fold and 100l added to the 96 microtiter wells ELISA plate
as well as the standards (100 ul). Wells were subsequently washed using a wash solution
and HRP-conjugate added to each well and incubated for 45 min on a plate shaker (150 rpm,
room temperature). Once the wells were washed again to remove unbound HRP-conjugate,
100 ul of TMB were added and the plate incubated for 20 min on the plate shaker (150 rpm,
room temperature). The reaction was stopped by adding of stop solution and the absorbance
of each sample measured at 450 nm using a FLUOstar Optima plate reader. The
concentration of Hpx was derived from the standard curve. The precision of each ELISA kit

was determined as described in section 3.2.3.1.

3.23.5 SPARCL™ for MRP-126

SPARCL™ assay for the detection of MRP-126 is under development and optimization in
chickens. The assay uses two chicken MRP-126 antibodies, one conjugated to HRP for
detection and the other conjugated to a chemiluminescent substrate (acridan). When the two
conjugated antibodies bind to MRP-126, hydrogen peroxide is added and HRP can catalyse
oxidation of proximal acridan molecules which led to chemiluminescence and allow rapid
measurement of MRP-126 concentrations using a luminometer. Samples were analysed
directly in Life Diagnostics, Inc. using SPARCL™ plates (96 microtiter wells/plate) to
examine 141 broilers plasma samples. Each individual sample was diluted 200-fold and run-
in duplicate with standards on the same plate. The protocol can be summarised in the
following steps: 25.0ul of conjugate mix into were aliquoted into each well along with 50l
of standards and diluted samples, the plate was incubated on an orbital micro-plate shaker at

150 rpm (room temperature) for 30 minutes. Then the trigger solution was added to each



131

well and the luminescence was read using a luminometer. MRP-126 for each sample was

calculated based on the standard curve generated from the Optima software.

3.2.4 Statistical analysis for APPs

GraphPad Prism v.9.1 was used for statistical analysis to explore the effects of diets (CTL,
CTS and CMB) and LPS challenge at all time points pre and post challenge (T0,12,24,48h)
on AGP, SAA, Ex-FABP, Hpx abundance. All results were analysed using a General Linear
Model (GLM) with Tukey post-test analysis. When the interaction diet X time point was
found not significant (p > 0.05), data from the same diet was combined to increase the sample

size.



3.3 Result

3.3.1 Body weight and dietary treatment pre LPS challenge

132

No significant interaction was discovered between BW and each dietary treatments/bird age.

Based on different diet’s administration, no difference was found in terms of BW at day 0,

8 and 15 of age. The only significant difference was based on broiler’s growth at their

different ages (p < 0.001) (Table 3.1).

Day 0 Day 8 Day 15
Diet | N Mean =+ SE N Mean =+ SE N Mean =+ SE
CTL [47 0.040 + 0.000 |47 0.192 + 0.003° |47 0.490 =+ 0.006¢
a
BW | CTS [48 0.041 + 0.000 |48 0.194 + 0.002P |48 0.493 + 0.006¢
(Kg) ’
CMB |48 0.041 + 0.000 |48 0.202 + 0.013b |48 0.486 =+ 0.006¢
a

Table 3.1 BW (Kg) of broilers on CTL, CTS and CMB supplemented diets at 0,8,15d of age
The table indicates the number of broilers (N), the mean and standard error of the mean (SE). Means that do
not share a letter are significantly different. No differences in terms of BW were observed at day 0,8,15 of age.
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3.3.2 Acute Phase Proteins
3.3.2.1 Plasma concentration of AGP

The mean and SE of AGP concentrations (ng/l) in broilers fed with the three diets (CTL,
CTS and CMB) at all time points, pre and post LPS challenge (T0,12,24,48h), are
represented in Figure 3.3. AGP levels significantly increased in response to LPS and peaked

at T24h; then decreased again at T48h irrespective of treatment.

In general, there was no evidence of any dietary modulation of AGP. A lower AGP mean
was discovered in CMB diet at T24h post compared to CTS. This difference however was
mainly attributed to outlier samples in the CTS T24h group which displayed a higher AGP

concentrations compared to the other samples (see CMB T24h in Figure 3.4).

Based on these results the main effect of LPS challenge was studied without considering the
“diet” variable. No difference was found in T12 and T48h post challenge while a significant
difference (p <0.001) was discovered in all the other time points (Figure 3.5). The
concentration of AGP resulted increased ~8-fold from TOh pre challenge to T24h post

challenge (peak).
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TO T12 T24 T48
Diet | N Mean = SE N Mean =+ SE N Mean + SE N Mean SE
(mg/ml) | CTL |12 0.1304 + 0.0124° 11 0.4928 + 0.0273° |11 0.8741 + 0.0613¢ 11 0.4588 + 0.0372°P
CTS |12 0.1678 <+ 0.01832 12 0.5086 + 0.0191° |12 1.0508 + 0.0598 ¢ 12 05756 + 0.0350°
CMB |12 0.1503 + 0.0144%2 12 0.4543 + 0.0210° | 12 0.8311 + 0.06834 12 0.4621 + 0.0496°
AGP
Lo : CTL
. « CTS
E1wod4 T £ 3 CMB
B '
E B
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<054 + I - 'i' i %
T .2 #
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Figure 3.4 Table and scatter plot of AGP concentration based on different diets (CTL CTS, CMB) pre (T0) and post (T12, T24, T48) challenge

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented in
the accompanying scatter plot. No differences in AGP concentrations were found based on CTS and CMB vs CTL diet while a significant difference (p < 0.001) was observed during
LPS challenge (T12,24,48) compared to TO. The highest AGP concentration was observed at T24h post challenge in all diet.
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Time point N Mean + SE
0 36 0.1495 + 0.008922
AGP 12 35 0.4850 + 0.01320°
(mg/ml) 24 35 0.9199 +  0.03910°¢
48 35 0.5000 + 0.02500°b
AGP
1.5-
T 1.0- fiee
? o'.o.
& :0" 0:.0 . S

0.0 1 I I I
TO T12 T24 T48

Time point

Figure 3.5 Table and scatter plot of AGP concentration based on LPS challenge at TO

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented by
the scatter plot. A significant increase in AGP concentrations (p < 0.001) was found at T12, T24 and T48 compared to TOh. No difference was observed between T12 and T48h post
challenge.
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3.3.2.2 Plasma concentration of SAA

The mean and SE of SAA concentrations (mg/ml) was calculated in all broilers fed with the
three diets (CTL, CTS and CMB) at all time points, pre and post LPS challenge
(T0,12,24,48h) (Figure 3.6). To better study differences in SAA, quantities have been
transformed by the function log10 for the Figures below. The two variables (diets and
timepoints) were found to be independent. SAA levels significantly increased in response to
LPS at T12h post challenge (p < 0.001) compared to TO, T24 and T48h. SAA concentration
at T12h was found to be extremely high in all samples, being >2 mg/ml in many samples
compared to all the other time points. No significant dietary effects were found at any of

the sampling time points.

Based on these considerations, the LPS challenge effect was studied excluding the variable
“diet”. No difference was found in TO, T24 and T48h post challenge while a significant
statistical difference (p <0.001) was discovered at T12h compared to all the other time points
(Figure 3.7). The concentration of SAA increased around ~2000-fold from TOh pre challenge
to T12h post challenge (peak). This reduced considerably by T24h and was completely back
to normal (TOh) concentrations by of T48h.
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TO T12 T24 T48
Diet | N Mean + SE N Mean =+ SE N Mean + SE N Mean =+ SE
(mg/ml) CTL | 12 0.0009 + 0.00022 11 22830 + 0.1310°P |11 0.0246 + 0.00462 11 0.0016 *+ 0.00032
CTS | 12 0.0010 + 0.00022 12 22680 + 0.1880° | 12 0.0309 + 0.00562 12 0.0017 + 0.00032
CMB | 12 0.0011 + 0.00012 12 1.9490 + 0.1290b | 12 0.0277 + 0.00482 12 0.0019 + 0.00042
SAA
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Figure 3.6 Table and scatter plot of SAA concentration based on different diets (CTL CTS, CMB) pre (T0) and post (T12, T24, T48) challenge
The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented in
the accompanying scatter plot. SAA levels increase at T12h post challenge (p < 0.001) while no significant differences were observed based on broilers diets at all other time points.
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Time N Mean + SE

point

0 36 0.0010 + 0.0001 @
SAA 12 35 2.1634 + 0.0898 b
(mg/ml) 24 35 0.0278 + 0.0029 2

48 35 0.0017 + 0.0002 2
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Figure 3.7 Table and scatter plot of SAA concentration based on LPS challenge at TO

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented by
the scatter plot. A significant increase (p < 0.001) of SAA was found at T12h post challenge compared to TO, T24 and T48.
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3.3.2.3 Plasma concentration of Ex-FABP

The mean and SE of Ex-FABP concentrations (ug/ml) in broilers fed with CTL, CTS and
CMB at all time points, pre and post LPS challenge (T0,12,24,48h), are displayed in Figure
3.8. The two variables (diet and timepoints) were found to be dependent (p <0.05); this is
reflected in the significant difference (p <0.05) between CTS and CMB diet at T12 and T24h.
Ex-FABP concentration was found to significantly increase (~20-fold) in response to LPS
in all diets by peaking at T12h; then the level decreased at T48h but remained still higher

compared to TOh pre challenge.

A significant difference was observed comparing the CTS vs CMB diet at T12h and T24h,
in both cases the CTS diet showed a higher abundance of Ex-FABP (p <0.05). There was no
difference however in Ex-FABP concentration when the CTL diet was compared to each
experimental diet (CTS and CMB).
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TO T12 T24 T48
Diet N Mean =+ SE N Mean + SE N Mean + SE N Mean + SE
Ex-FABP | CTL 12 0423 + 0.078f 11 17.169 + 0.5662 11 13.325 + 0.397 cd 11 3.594 + 0.464 ¢
CTS 12 0495 + 0.049f | 12 19725 + 0.805¢2 12 16213 + 0.784°% 12 4.809 + 0.306 ¢
(ug/ml) | CMB 12 0413 + 0.100F | 12 16685 + 1.120° 12 11993 + 1.020 d 12 3.203 + 0.569 ¢
ex-FABP
30
CTL
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Figure 3.8 Table and scatter plot of Ex-FABP concentration based on different diets (CTL CTS, CMB) pre (T0) and post (T12, T24, T48) challenge

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented in
the accompanying scatter plot. Ex-FABP levels significantly increase (p < 0.001) at all timepoints post challenge compared to TOh, peaking at T12h, while no significant differences were
observed between CTL vs CTS and CMB diets at all time points. At T12h and T24h CTS showed higher ex-FABP abundance compared to CMB diet.
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3.3.2.4 Plasma concentration of Hpx

The mean and SE of Hpx concentrations (ug/ml), pre and post LPS challenge (T0,12,24,48h)
for each dietary treatment is presented in Figure 3.9. No significant interaction was found
between diet and timepoint (post LPS challenge). Based on dietary treatment effects, no
significant differences were found at any of the sampling time points. Diet therefore did not
modulate this APP. LPS was found to significantly modulate the Hpx concentrations at all
timepoints post LPS challenge compared to the normal physiological conditions pre
challenge (TOh). Hpx increased ~5-fold and ~4-fold (p < 0.001) at T24h and T48h compared
to TOh. LPS as the main effect on Hpx concentration over the time course of the study is

presented in Figure 3.10.
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TO T12 T24 T48
Diet N Mean + SE N Mean + SE N Mean + SE N Mean + SE
Hpx CTL 12 259.6 + 315¢| 11 578.0 + 52.8 de 11 1263.6 + 61423 (11 986.7 + 96.2 bed
CTS 12 304.7 + 305¢ | 12 667.1 + 53.3¢de | 12 1547.0 + 1492 [12 13566 + 85.1 2
(ug/ml) CMB 12 345.4 + 3108 | 12 654.9 + 44.8cde | 12 1464.0 + 2793 [12 11340 + 149.17abc
Hpx
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Figure 3.9 Table and scatter plot of Hpx concentration based on different diets (CTL CTS, CMB) pre (TO0) and post (T12, T24, T48) challenge

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented in
the accompanying scatter plot. Hpx levels significantly increase at T24h and T48h post challenge (p < 0.001) compared to TOh while no significant differences were observed based on
broilers diets at all time points.
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Time point N Mean + SE
0 36 30324 t 1842
Hpx 12 35 633.33 + 29.0b
(ug/ml) 24 35 142469 *  109.0°
48 35 1159.01 * 69.2 d
Hpx
5000

) 2
o®
°®
oo *
®e
o o oy
SR
ee® 20
:‘:& ..! °
ol P S 80,%%
: D

1 1 1
T12 T24 T48
Time point

Figure 3.10 Table and scatter plot of Hpx concentration following LPS challenge at TO

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented by
the scatter plot. A significant increase (p < 0.001) of Hpx was found at all time points post challenge (T12,24,48h) compared to TOh pre challenge.
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3.3.2.5 Plasma concentration of MRP-126

The mean and SE of MRP-126 concentrations (ng/ml) in broilers fed with the three diets
(CTL, CTS and CMB) at all time points, pre and post LPS challenge (T0,12,24,48h), are
summarised in Figure 3.11. No significant interactions between diet and LPS timepoint were
found for this APP so the LPS challenge effect was investigated using the data set without
considering the “diet” variable (Figure 3.12). MRP-126 was found to be significantly
decreased at T24h (p < 0.05) compared to TOh and T12h; no differences between T12h and
the other timepoints were observed. The concentration of MRP-126 at T24h post challenge

was ~the half that measured at TOh.
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TO T12 T24 T48
Diet | N Mean + SE N Mean + SE N Mean + SE N Mean =+ SE
MRP-126 CTL | 12 543.0 + 103.0& | 11 381.5 + 79.12 11 434.0 + 106.02 |11 807.0 + 17202
CTS | 12 1007.0 + 136.02 | 12 760.0 + 233.02 [ 12 433.0 + 120.02 |12 1095.0 + 318.0¢
(ng/ml) CMB | 12 898.0 + 266.02 | 12 614.0 + 158.02 | 12 382.7 + 8042 |12 846.0 + 159.0@
MRP-126
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Figure 3.11 Table and scatter plot of MRP-126 concentration based on different diets (CTL CTS, CMB) pre (TO) and post (T12, T24, T48) challenge
The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented in

the accompanying scatter plot. No significant differences in MRP-126 abundances were observed based on broilers diets and time points.
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Time point N Mean + SE
0 36 816.0 + 108.02
MRP-126 12 35 591.0 + 100.02
(ng/ml) 24 35 415.8 +  58.1P
48 35 919.0 + 131.02
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Figure 3.12 Table and scatter plot of MRP-126 concentration following LPS challenge at TO

The table indicates the number of samples (N), the mean and standard error of the mean (SE). Means that do not share a letter are significantly different. The data is also represented by
the scatter plot. Significant decrease (p < 0.05) of MRP-126 was found at T24h post challenge compared to TOh pre challenge.
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3.4 Discussion

The study in this chapter was aimed to compare the responses of two well established APPs
(AGP and SAA) and three more novel APPs (Ex-FABP, Hpx and MRP-126) in broiler
plasma following an LPS challenge and to test the hypothesis that the feed of broiler
chickens, supplemented with citrus or cucumber extracts, has an immunomodulatory effect
on the APR over a time course of 48h. The rationale for investigating dietary modulation of
the APR by citrus or cucumber during an LPS challenge was based on previous studies which
identified some plant compounds (e.g pectin, flavonoids, essential oils) that are able to
influence the immune response of chickens (Ishisono et al., 2017; Avila et al., 2021;
Ebrahimi et al., 2015; Muhammad et al., 2019). In our study, disappointingly the dietary
interventions did not appear to have a modulatory effect on either of these APPs when
compared to the CTL diet yet increases in the two established APPs (AGP an SAA) at T12h
and T24h post challenge confirmed that an APR had taken place. Similarly, the two novel
APPs (Hpx and Ex-FABP), analysed using ELISA assays, responded to the LPS challenge,
peaking at T24h for Hpx and T12h for ex-FABP with significant concentration increase of
~5-fold and ~17-fold respectively. A difference in AGP (T24h) and Ex-FABP (T12 and 24h)
was detected when the CTS and CMB diets were compared but this seemed to be due to a
number of outlier samples from broilers belonged to the same pen. The reason could be
associated to their registered lower body weight that may have changed the APR and
consequently the AGP and Ex-FABP abundance. The remainder of this discussion therefore
focuses on the second aim which was to document the time course profile of our two novel
APPs pre and post LPS challenge and to compare these to that of the more established APPs
(SAA and AGP).

Ex-FABP has also been reported to increase in plasma in response to inflammation and tissue
degeneration in chickens (Cermelli et al., 2010) and has been shown to influence cartilage,
muscle cell differentiation and heart development (Gentili et al., 2005). Similarly, the study
of Di Marco et al. (2003) observed that liver expresses the protein in vitro and LPS can
enhance its expression; this suggests that liver overexpresses the protein during APR
(Correnti et al., 2011).

Ex-FABP has also been shown to interact with fatty acids like oleic, linoleic and arachidonic
acid but its mechanism of action has not yet been fully determined (Cancedda et al., 1996).
The study of Simon et al. (2019) found that ex-FABP expression increases in chickens with
altered intestinal morphology after fasting or following bacterial infection with the role to

stimulate cell proliferation, tissue repair and defence of the host. Without Ex-FABP, chicken
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liver cells show dramatic reduction in their ability to differentiate with increased apoptosis
(Di Marco et al., 2003); These considerations and our results suggest that ex-FABP is a

useful biomarker of early inflammation in broilers.

Irrespective of dietary treatments, Hpx concentration increased by around 5-fold post LPS
challenge peaking at T24h. Hpx is a 60 kDa glycoprotein, mainly expressed in the liver
tissue, that belongs to the family of APPs whose synthesis increases as a result of
inflammation (Baumann and Gauldie, 1994). Hpx has been demonstrated to be an APP
responsive to stress stimuli in chickens (O’Reilly and Eckersall, 2014). Hpx demonstrates
high binding affinity to heme which is a highly toxic protein that can intercalate into lipid
membrane and produce free radicals. The binding between heme and Hpx suggests that the
role of Hpx is to act as a major vehicle of heme transportation in plasma thus preventing
heme-mediated oxidative stress and heme-bound iron loss (Tolosano and Altruda, 2002).
The observed increased Hpx level during the LPS response confirms its role as a useful

biomarker of inflammation.

Data on the two established APPs, AGP and SAA, reported here, are similar to that
previously reported by Horvatic et al. (2019). In their study these authors quantified the
changes in the plasma proteome of broilers under similar challenge conditions and found
that seven major proteins were significantly altered during the APR; among these SAA and
AGP were upregulated post LPS injection. The current work confirms their findings: AGP
significantly increases to reach a peak at 24h post LPS injection (~8-fold) but its level starts
to increase (~4-fold) in the first 12h post injection and by T48h it still remains ~4-fold higher
compared to TOh pre challenge. In their study Horvati¢ et al. (2018), found that AGP
concentration was still significantly higher at 72h post LPS injection. This would mean that
AGP requires considerable time in broilers to return to its baseline physiological level. Other
similar studies predicted an increase of ~5-fold or more in serum due to inflammation
(Takimoto et al., 2008); All these data are comparable to our findings and makes AGP a

good biomarker of APR in broilers as its trend results to be well established and validated.

In this study SAA showed the great fold increase in concentration post LPS challenge
compared to the other APPs although in terms of actual concentration SAA was the lowest
reaching a peak of 3 mg/ml while Hpx had a concentration of 2mg/ml at its maximum level.
During the first T12h post infection SAA reached a ~2000-fold increase, then it decreased

rapidly at 24h to a level of ~30-fold higher than the baseline normal physiological conditions
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(TO and T48). These results are in accordance with those of Horvatic et al. (2019) and others
(O’Reilly and Eckersall, 2014; Matulova et al., 2013) who have suggested that measuring

SAA at T12 post challenge provides a more sensitive measure of the APR in broilers.

APPs LPS APP Increased APPs trend during APR Restore
peak atthe fold at the after 48h
peak peak
AGP | T24h 14 ~8-fold Slow increase and slow decrease no
mg/ml (still high at T48h)
SAA | T12h 3 ~2000-fold Rapid increase and rapid yes
mg/ml decrease (T0,24 and 48h similar)
Hpx | T24h 2 ~5-fold Slow increase and slow decrease no
mg/mi (still high at T48h)
Ex- T12h 0.02 ~20-fold Rapid increase and slow decrease not
FABP mg/ml (still high at T24h) completely

Table 3.2 Comparison of novel and established APPs in plasma
AGP, SAA, Hpx and Ex-FABP were sampled from broilers subjected to a subcutaneous injection of E. coli
LPS. The table indicates the LPS peak, concentrations, increased fold, trend and restore of each APP.

Table 3.2 compares the results of our two novel APPs (Hpx and ex-FABP) with established
APPs (SAA and AGP) quantified by the study of (Horvati¢ et al. 2019). According to this
data ex-FABP shows a similar early response to SAA post LPS challenge with an increase
of ~20-fold in concentration at its peak which occurs at T12h post challenge. However, the
concentration and the measured APR response is more sustained for ex-FABP suggesting
that this protein might be a more useful biomarker to measure than SAA. AGP and Hpx both
show a similar peak in response to LPS challenge. For these proteins the maximum response
occurs at 24h post challenge with similar baseline concentrations, and a ~5-fold increase.
Based on these comparisons, Hpx and ex-FABP are confirmed to be useful new biomarkers
of APR in broiler chickens challenged with E. coli LPS. The knowledge generated in this
experiment about these two novel biomarkers and their plasma concentration is extremely
useful for those interested in studying the APR in broilers. The validation of the new
diagnostic assays that have been developed and applied in this investigation could led to new

strategies for monitoring the control of disease outbreaks in poultry.

MRP-126 was the only APP measured using the SPARCL™ assay. This APP has a similar
behaviour to calgranulins which are produced by different tissues and then secreted into the
blood and all seem to adopt a variety of roles to protect the host (Bozzi and Nolan, 2020).
This characteristic makes MRP-126 different from the previous APPs which are produced

by liver (O’Reilly and Eckersall, 2014). Our results suggest a significant decrease of this
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protein at T24h compared to TOh. This result is in contrast with our expectations; MRP-126
levels were hypothesized to increase during LPS challenge conditions in broilers (Matulova
et al., 2013). The study of Rychlik et al. (2014) suggests an increase of MRP-126 gene and
protein expression in leukocytes lining the caeca level 4d after Salmonella Enterditis
infection. This could suggest that possibly the effects of LPS on MRP-126 can be observed
after a certain period of time later than 48h post injection used in our study. MRP-126 has
also been found to restrict the growth of certain microbes by sequestering Zn(ll) in a Ca(ll)-
dependent manner in chickens (Bozzi and Nolan, 2020). Due to its role in modulating certain
gut microbes, MRP-126 may be involved in localised responses to infection at the gut level
and is more used locally and so not heavily released into the plasma so this could explain
the decrease in its abundance observed in this study. Gut samples could be used to test and
study this hypothesis. Other possible explanations are under investigation; MRP-126 levels

could be evaluated by using an ELISA assay to compare the accuracy of SPARCL™ assay.

Conclusions

No dietary modulation of the APR by citrus or cucumber extracts was identified in this
challenge experiment by observing the trend of novel and established APPs. However, in
the next chapter of this thesis a proteomic investigation is carried out to determine if more
subtle dietary effects can be detected in either the liver or muscle of broilers subjected to the
same experimental conditions. The strongest APPs modulation observed at T12h and T24h

post LPS injection will be considered as starting point for the proteomics investigation.

Based on our results and observations, Hpx and Ex-FABP, are considered as valuable
biomarkers of APR in broilers; Ex-FABP showed a very strong response to LPS, comparable
to SAA. Similarly, Hpx was comparable to AGP. SAA and Ex-FABP are therefore classified
as major APPs while AGP and Hpx as moderate APPs.

These results indicate the trend of APPs after one single dose of LPS administered by
intramuscular injection; it would be of interest to study their profiles in case of more
continuous production of LPS/another bacterial mediator or changing the injection site. The
knowledge generated about these novel biomarkers and their plasma concentration is
extremely useful to study the role of proteins during APR in broilers. Their validation can
contribute to science knowledge and led to new strategies for the control of disease outbreaks

in poultry industry. Future studies with multiple exposure to the endotoxin or different
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injection sites would be useful to get a clearer overall picture on their normal response to

disease where one would expect the release of endotoxin to occur over a period of time.
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Chapter 4  Proteomics on liver and muscle samples:
effects of novel plant extracts following an LPS
challenge
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4.1 Introduction

Proteomics is the discipline aimed to study the sum of all proteins from an organism, tissue,
cell or biofluid under specific or a defined set of conditions (Chandramouli and Qian, 2009;
Bili¢ et al., 2018; Aslam et al., 2017).The field of proteomics has grown significantly in the
last years, mainly due to improvements in the accuracy, sensitivity, speed and throughput of
MS technology combined with the development of new software (Aslam et al., 2017).
Nowadays, quantitative proteomic investigations can be performed on a range of tissues and
body fluids including blood and tissues using either gel-based or gel-free methods (shotgun
proteomics). The choice of methodology adopted depends on the aim of the study and the
sample size (Abdallah et al., 2012) as discussed in chapter 1. In this chapter the liver and
breast muscle are investigated using shotgun proteomics: the TMTplex labelling method has
been coupled with tandem MS (LC-MS/MS) technology (see 1.8 Proteomics — chapter 1).

As previously discussed in chapter 3, Horvati¢ et al. (2019) investigated the plasma proteome
of broilers subjected to an LPS challenge from E. coli and showed that several proteins were
modulated during the first 12h post LPS injection including some established and novel
APPs (SAA, AGP, Hpx) analysed in chapter 3. These proteins are generally synthesized by
the liver, so it made worth to investigate their expression on the broiler’s liver proteome.
Moreover, liver regulates a range of physiological processes, including nutrient metabolism,
immune function and lipid levels (Wu et al., 2021). The liver or hepatic proteome has been
studied in broilers in relation to a range of metabolic conditions and diseases including heat
stress and ascites and has also contributed to understanding the molecular basis of growth
and fat deposition in different genetic lines (Wu et al., 2021). It is therefore apt to
hypothesize that the hepatic proteome will observably react to inflammatory response under
LPS challenge conditions. The liver is also the major organ involved in coordinating
transitions relating to adaptations in carbohydrate, lipid and protein metabolism and it has
been the subject of several proteomic investigations concerned with dietary modulation on
growth and performance in livestock (Fonseca et al., 2019; Baldassini et al., 2018) but there
is no studies on broilers. It is therefore reasonable to hypothesize that the liver proteome of
broilers will be modulated in response to dietary supplementation which in turn could

influence the broilers inflammatory response.

The intestinal proteome would be the other obvious target for investigation where the focus
of attention is on dietary supplementation (Luo et al., 2013; O’Reilly, 2016), however there

is also growing evidence that proteome changes in skeletal muscle underpin improved meat
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quality and yield in livestock (Picard et al. 2010) and this includes broilers (Zheng et al.,
2014). Under non-infectious inflammatory conditions Morales et al. (2015) showed that
muscle atrophy occurs in mice leading to progressive loss in muscle mass and strength.
Immunological challenge can also induce muscle fibre type conversion in piglets following
an LPS challenge (Jia et al., 2015). The study of Doherty et al. (2004) demonstrated that the
breast muscle of broilers offers an excellent system for proteomics investigation. Moreover,
the study of Liu et al. (2015) has also proved that the mobilisation of skeletal muscle proteins
during the immune stress response supplies the necessary amino acid precursors for the APP
synthesis. In the context of our study, I hypothesise that the muscle proteome of broilers will
react to LPS challenge and that dietary supplementation with CTS of CMB extracts

modulates the muscle proteomes response to an immunological challenge.

4.1.1 Aims and Objective of the study

The main aim of the first proteomics study is to test the hypothesis that LPS challenge can
modulate the liver and muscle proteome of broilers chickens in the first 12h post LPS
challenge as indicated by the major APPs (SAA and Ex-FABP) analysed in the previous
chapter. For this investigation tissues from CTL birds only were analysed.

To investigate the hypothesis that dietary supplementation with CTS or CMB extract
modulate the proteome of liver and muscle to LPS challenge tissues collected from broilers
on each dietary regimen were compared at T12 which corresponds to the peak of the APR

response as defined by Horvati¢ et al. (2019) and by our own observations in chapter 3.

The knowledge generated from the first proteomics study, together with novel APPs and
data from the partner university in Zagreb (Horvati¢ et al., 2019), will be valuable to define
the role of LPS not only in plasma but also on liver and muscle proteome to identify novel
biomarkers of toxicity. Then, if the hypothesis of the second objective is confirmed, this will
add to the evidence base that dietary supplementation with CTS or CMB extract are valuable

alternatives to the use of antibiotic growth promoters in broiler diets.
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4.2 Materials and Methods

4.2.1 Proteomics: Summary workflow

Two proteomics studies were performed to evaluate both the effects of CTS and CMB vs
CTL diets at T12h post LPS challenge, and the effect of LPS challenge during the first T12h
post challenge in CTL, on the liver and muscle proteomes of broilers. The workflow
followed for both proteomics studies was as follows: samples were extracted, quantified in
their total protein concentration by bicinchoninic acid (BCA) assay and then processed by
trypsin digestion using the filter assisted sample preparation (FASP) protocol and tandem
mass tag (TMT) labelling. High resolution LC-MS/MS analysis of TMT-labelled peptides
was performed and acquired MS/MS spectra were analysed for protein identification and
quantification using the SEQUEST algorithm implemented into Proteome Discoverer
(Figure 4.1). Statistical analyses were performed in RStudio. UniProtkKB ID mapping tool
and DAVID conversion tool were used to convert Gl accession numbers into official gene
symbol. Gene ontology enrichment analysis was performed using Protein Analysis Through
Evolutionary Relationship (PANTHER) classification tool. These analyses were carried out
at the University of Zagreb.

Sample processing Label Mix LCMS/MS
- e . -
Protein extraction v TMT-126 v
Quantification - —_ '
Trypsin digestion y ™27y
™T- —
v MT-128 v -
T™T-129
v 2y I
- L/ |
- |
v TMT-130 v \ : |
- -—
TMT-131
v v l

Protein ID and Quantification

Proteome Discoverer

Data analysis

PANTHER " statistics

Classification System Bioinformatics

Figure 4.1 Samples preparation for protein quantification using Tandem mass Tag (TMT) plex and
MS used for our proteomics investigation

Sample processing includes proteins extraction, quantification, trypsin digestion and TMT labelling, LC-
MS/MS analysis of TMT-labelled peptides and the protein ID and quantification in Proteome Discoverer. Then,
data analysis included the use of statistical and bioinformatic tools for proteome discoveries (e.g DAVID,
PANTHER) (modified from A. Horvati¢c, MANNA summer school).



156

4.2.2 Sample selection and preparation

Both proteomics studies were carried out at the equipped laboratory facilities of the
University of Zagreb, under the supervision of Prof. Vladimir Mrljak. In the first study liver
and muscle samples belonging to CTL diet (5 samples at TOh pre challenge and 5 samples
T12h post challenge/each tissue) were randomly selected from broilers in trial 2 and used
for the analysis (Figure 4.2). In the second proteomics study, a total of 54 muscle and liver
samples (9 samples/each diet/each tissue) were randomly selected and processed from
broilers culled at T12h after LPS treatment in trial 2 (see experiment outlined in Chapter 3)
(Figure 4.2). The number of samples was chosen based on the literature and previous
evidence, from our team in Zagreb, to obtain valuable data for statistical evaluations. The
samples of both studies had been stored frozen at -80°C prior to this preparation process. In
both studies the same workflow was applied; 2/3 portions of tissue samples were first
defrosted and homogenized in 300 ml lysis buffer (2% SDS in 0.1 M TEAB) (triethyl
ammonium bicarbonate, TEAB, Thermo Scientific, Rockford, USA) using an Omni TH220
homogenizer (Omni International, Kennesaw, USA), followed by 2 cycles of sonication (2
times x 10 sec) at maximum amplitude (Qsonica, Newtown, USA) on ice. After
centrifugation at 16 000 x g at 4 °C for 20 minutes, the clarified supernatant was transferred

into a new tube and stored at -80°C.

|4
¥ o Wy
TOh Pre LPS challenge Y R 2%
Bird age: 15 days old | AN

Proteomics study 1

T12h post LPS challenge

5 samples CTL 5 samples CTL 5 samples CTL 5 samples CTL

liver muscle liver muscle

Proteomics study 2

9 samples CMB 9 samples CMB

9 samples CTS 9 samples CTS

9 samples CTL 9 samples CTL
liver muscle

Figure 4.2 Samples used for proteomics study 1 and 2

In the first proteomics study, a total of 5 liver and 5muscle samples from CTL diet at TOh pre challenge and
T12h post challenge were chosen for the analysis. In the second proteomics study a 9 liver and 9 muscle
samples at T12h post LPS injection were randomly selected form birds on each dietary regimen.



157

4.2.3 BCA assay

Total protein concentration in liver and muscle protein extract was determined using the
Pierce™ BCA Protein Assay Kit (Thermo Scientific, Rockford, USA). The complex formed
between protein and BCA reagent shows a strong absorbance at 562 nm and high protein
concentration by comparison to a standard reference protein using bovine serum albumin
(BSA). In our BCA assays, liver samples were diluted 100x time while muscle 50x time.
The Blank and BCA standards were prepared using the working reagent (WB) (prepared by
mixing 50 parts of A diluent + 1 part of B diluent) and making serial dilution of the BSA
protein from 2 mg/mL to 25 pg/mL in concentration. All samples, standards and blanks run
in duplicate on the microplate well (Thermo ScientificTM PierceTM 96-Well Plates,
Product No. 15041). 10 uL of each sample and 200ul of WB were added to each well and
the plate was mixed on a plate shaker for 30 seconds. Then the covered plate was incubated
at 37°C for 30 minutes, cooled at room temperature (RT) and the absorbance read at 630 nm
on a plate reader. The standard curve was first checked to ensure our standard value
concentrations coincide with the known values. The average value between all sample’s
duplicates was calculated, then the blank value was subtracted to all samples. The protein
concentration was determined using a standard curve that was plotted according to the BSA
standards (absorbance versus concentration in mg/ml) and the dilution factor. Based on the
formula y = mx + b, all unknown sample’s concentrations (x) were calculated. The Figure
4.3 showed the standard curves obtained from the first proteomics study. The equation y =
mx + b was generated by plotting the BSA concertation on the x axis and absorbance on the
y axis (m and b values are generated from the linear line). Once the equation was obtained,

the unknown protein concentration (x) was calculated.
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Standard curve - liver samples

©
w

y =0.1313x + 0.0045
R?=0.9986

©
)
a1

©
N

Absorbance at 630nm
o
o o

0.05

0 05 1 15 2 2.5
Protein abundance (mg/ml)

Standard curve - muscle samples

0.35
y =0.1468x + 0.0122

o
) o
G w

©
N

Absorbance at 630nm
o

0.05

0 0.5 1 1.5 2 25
Protein abundance (mg/ml)

Figure 4.3 BCA assay: standard curves of liver and muscle samples of the first proteomics study
Scatter plot of the standard average values, subtracted by the blank, found from the BCA assays. In liver
samples the slope is 0.1313 and y intercept 0.0045 while in muscle a slope of 0.1468 and intercept of 0.0122
is found. These standard curves are used to calculate the concentration of the unknown samples. R? represents
the coefficient of determination.

4.2.4 FASP protocol

Sample extracts from each group were processed using the filter aided sample preparation
(FASP) protocol. A detergent-free method was followed which comprises protein extraction
with strong chaotropic reagents and protein precipitation and digestion under denaturing
conditions. The main four steps of the FASP method includes: depletion of detrimental low-

molecular-weight components in urea-containing buffer, carboamidomethylation of thiols,
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digestion of proteins and elution of peptides (Zaefarian et al., 2019). An amount of 35 pg of
total proteins for each sample was diluted to a volume of 200 pl using urea buffer (§ M urea
in 0.1 M Tris—HCI pH 8.5) and subjected to the FASP protocol with some modifications.
Internal standard (a pool of equal protein amount from all samples used as a reference for
normalization) was processed following the same procedure as other samples, and it was
used to compare relative quantification results between the experiments (TMT tenplexes).
Samples were transferred to the 10-kDa membrane filter units (Microcon YM-10, Merck
Millipore), centrifuged (13 000 x g, 20 min, 20 °C) and washed subsequently with 100 ul of
urea buffer twice. Proteins were alkylated (50 mM IAA, 20 min at room temperature in the
dark) (iodoacetamide, IAA, Sigma Aldrich, St. Louis, MO, USA), washed twice with urea
buffer and then twice with TEAB (100 mM pH 8.5). Proteins were digested by trypsin gold
(Promega, enzyme-to-protein ratio 1:35, v/v, at 37 °C overnight). Peptides were then
collected from filter by centrifugation and washed with 50 ul of TEAB/ACN (1:1, v/v).

4.2.5 TMT labelling

The TMT labelling method enables multiplex relative quantitation by MS. Each mass-
tagging reagent has the same nominal mass (e.g isobaric) and chemical structure. For each
sample, a unique TMT label with a unique reporter mass is used to measure the expression
of relative protein levels during peptide fragmentation. In both liver and muscle samples,
TMT 10plex reagents (Thermo Scientific, Rockford, IL, USA) were prepared according to
manufacturer's procedure. An amount of 19 ul of specific TMT label (127c, 127n, 128c,
128n, 129¢, 129n, 130c, 130n, 131) was added to each sample for labelling (60 min, room
temperature). The reaction was quenched using 5% hydroxylamine (Sigma-Aldrich, St.
Louis, MO, USA). Nine TMT-modified samples were randomly combined with the internal
standard, aliquoted and dried before proceeding with LC-MS/MS analysis. An example of
this procedure, using TMT sixplex, is described in the Figure 4.4.

- — Label . __Combine — Fractionate, Data Analysis &
Sample 1 —’ —} - —) Clean-up, Quantitation
Treat — Denature, +— %5 Perform using MASCOT
Sample 2 Samples Reduce, = { LC-MS/MS or Pr()ll,‘flll.lit
& Isolate - Alkylate & " g b analysis Discoverer Software
Sample 3 Proteins Tryptic e

+— Digest —
Sample 4 »

Sample 5 e ava A Ah
Sample 6 RRPTRet
V

Figure 4.4 Example of workflow summary using the Thermo Scientific TMT sixplex Isobaric Mass
Tagging Reagents
(https://www.thermofisher.com/order/catalog/product/90061).
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4.2.6 LC-MS/MS analysis

High resolution LC-MS/MS analysis of TMT-labelled peptides was performed using an
Ultimate 3000 RSLCnano system (Dionex, Germering, Germany) coupled to a Q Exactive
Plus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) (Horvati¢ et al 2019).
Peptides were dissolved in loading solvent (2% ACN, 0.1% formic acid) and loaded onto
the trap column (C18 PepMap100, 5 pm, 100A, 300 umx5 mm), desalted for 12 min at the
flow rate of 15 uL/min and separated on the analytical column (PepMap™ RSLC C18, 50
cmx75 um) using a linear gradient of 5-55% mobile phase B (0.1% formic acid in 80%
ACN) for 120 min. Mobile phase A consisted of 0.1% formic acid in water. lonisation was
achieved using nanospray Flex ion source (Thermo Fisher Scientific, Bremen, Germany)
containing a 10 um-inner diameter SilicaTip emitter (New Objective, USA). The MS
operated in positive ion mode using DDA Top8 method. Full scan MS spectra were acquired
in range from m/z 350.0 to m/z 1800.0 with a resolution of 70,000, 120 ms injection time,
AGC target 1x106, a £ 2.0 Da isolation window and the dynamic exclusion 30 s. HCD
fragmentation was performed at step collision energy (29% and 35% NCE) with a resolution
of 17,500 and AGC target of 2x105. Precursor ions with unassigned charge state, as well as
charge states of +1 and more than +7 were excluded from fragmentation. Acquired MS/MS
spectra were analysed for protein identification and quantification using the SEQUEST
algorithm implemented into Proteome Discoverer (version 2.3., ThermoFisher Scientific).
Database search against Gallus gallus FASTA files (downloaded from Uniprot database on
January 29th 2020, 48387 sequences) was performed according to the following parameters:
two trypsin missed cleavage sites, precursor and fragment mass tolerances of 10 ppm and
0.02 Da, respectively; carbamidomethyl (C) fixed peptide modification, oxidation (M), and
TMT tenplex (K, peptide N-terminus) dynamic modifications. The false discovery rate
(FDR) for peptide identification was calculated using the Percolator algorithm in the
Proteome Discoverer workflow based on the search results against a decoy database and was
set at 1% FDR. At least two unique peptides and 5% FDR were required for reporting
confidently identified proteins. Protein quantification was accomplished by correlating the
relative intensities of reporter ions extracted from tandem mass spectra to that of the peptides

selected for MS/MS fragmentation.
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4.2.7 Statistical analyses

Statistics was performed using R (v4.0.0) under RStudio, “plyr”, “dplyr”, “gplots”,
“EnhancedVolcano” packages were used for data manipulation, statistics, and graphic
visualizations. The effect of LPS challenge on 1) the liver and 2) the muscle proteome was
studied using Student’s T-test (CTL_TOh vs CTL_T12h in the first proteomics study; The
effect of dietary modulation on the immune response was also studied using Student T-Test
(CTL_T12hvs CTS_T12h and CTL_T12h vs CMB_T12h) in the second proteomics study.
Based on Student T-test results, statistical significance was set at p < 0.05. Fold change (fc)
was calculated by the formula Mean(CTL_T12)/Mean(CTL_TO) in the first proteomics
study and Mean(CTS_T12)/Mean(CTL_T12) or Mean(CMB_T12)/Mean(CTL_T12) in the
second proteomics study. Log of fc, between the 2 groups, was been calculated by the
function log(2)fc. The distribution of the differentially expressed proteins (e.g those up or
downregulated,) by both log(2) fc vs. log(10) p was studied through volcano plots. Heatmaps
of the statistically significant proteins were generated using the ward.D hierarchical
clustering method. Heat maps allowed the identification, by different colours, the proteins

that were up and down regulated in each group and their level of phylogenetic similarity.

4.2.8 Gene Ontology Enrichment Analysis

For functional annotation, proteins’ GI accession numbers were first converted into official
gene symbol either by UniProtKB ID mapping tool (https://www.uniprot.org/uploadlists/)
or DAVID conversion tool (https://david.ncifcrf.gov/conversion.jsp) based on the Gallus
Gallus database. Gene ontology (GO) classification was performed using Protein Analysis
Through Evolutionary Relationship (PANTHER) classification tool
(http://www.pantherdb.org/) with subset of GO terms (GO Slim database). The
classifications were again performed using the Gallus Gallus database. Molecular functions,

biological processes, cellular components, protein classes and Kegg pathways were studied.

4.2.9 Validation of selected differentially expressed Proteins by the
Western Blot procedure

The validation of selected proteins was performed through the Western Blot (WB) procedure
for both liver and muscle samples focusing on interesting proteins discovered across the two

proteomics investigations for which commercial antibodies were readily available: Heat


https://www.uniprot.org/uploadlists/
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Shock protein 90 (Hsp90), Lactate Dehydrogenase (LDHA) and Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH). The WB procedure includes preparation of samples
by homogenization, BCA assay to determine protein’s concentrations and gel

electrophoresis (each step is described in the sections below).

4.2.9.1 Sample homogenization

For Western blot analysis, 100 mg of each sample (N=9/diet and time point) were
homogenized through the Kinematica™ Polytron™ PT1200E handheld homogenizer
(Thermo Fisher Scientific) in 1ml of buffer (ImM EDTA, 50 mM Tris-HCI pH 7.4 and
protease inhibitor cocktail 100x), centrifuged at 4°C for 10 mins at 1000g, the supernatant
removed and aliquoted into 200ul batches for either immediate use or for storage at -800C

for later use.

4.2.9.2 BCA assay

The BCA assay was used to determine the concentration of proteins in each sample
following the recommended procedure; once the concentration of each sample was
determined, samples were diluted in Milli-Q (MQ) water to obtain a final protein

concentration of 2mg/ml.

4.2.9.3 Gel electrophoresis

20ug of sample were mixed with MQ water and SB (250ul 4x lemnini + 50ul DTT) to reach
a total volume of 24ul. 3 ul of PageRuler Plus Prestained Protein Ladder (ThermoFisher
Scientific, cat no. 26619) and 10 ul of each prepared sample were loaded into the
CriterionTM XT Precast Gel 4-12% bis-tris 26 wells comb (Bio-Rad, USA). For this gel the
XT MES running buffer (Bio-Rad, USA) was used to rinse the electrophoresis unit. In liver
WB, | used a total of 20 wells in each gel (18 samples + 2 ladders) to compare, in a total of
four gels, CTL TO vs CTL T12 (gel 1), CTL TO vs CTS TO (gel 2), CTL T12 vs CTS T12
(gel 3), CTS TOvs CTS T12 (gel 4) with the aim to demonstrate that the proteins Hsp90 and
LDHA were modulated by LPS and/or CTS diet in the first 12 hours post challenge. All
possible comparisons were considered in the gels as enough antibodies for both proteins
were available. In muscle WB, due to time constrains, | focused on the effect of CTS diet on
the abundance of GAPDH (key finding of our proteomics investigation), by comparing CTL
T12 vs CTS T12 in the same gel with 20 wells (18 samples + 2 ladders).
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For all gels, the electrophoresis machine was set to 140V and run for 1 hour. The running of
the gels was checked periodically to make sure that the dye front did not run too far down
the gel. Once completed, the rig and gels were put under a running tap water tap (buffer
solution contains salt so it’s important to rinse the electrodes). The mixture of proteins was
separated based on molecular weight which are represented by protein bands of various size

on the gel.

4.2.9.4 Transferring procedure

Gels were then transferred on the iBlotTM Transfer stack (ThermoFisher Scientific, cat no.
IB401031) for the transferring procedure. iBlot® Dry Blotting System (Invitrogen, can no.
IB1001UK) was used to complete the transfer of proteins (7 minutes) from the gel to the
cellulose nitrate membranes. The newly transferred blot was placed in Ponceau S. dyed and
shaken gently for 5 minutes. This allowed the proteins to be visualised to ensure correct
loading of wells and transfer to membrane. Then membranes were washed with MQ and Tris
buffer saline (TTBS) to remove dye. The membranes were blocked in 5% dried milk

(Marvel) solution for 1 hour at RT on a shaker.

4.2.9.5 Antibody incubation and ECL

Primary antibodies were prepared according to the manufacturer or optimized protocol
procedures. in liver WB, the Rabbit polyclonal Anti-Lactate Dehydrogenase (LDHA)
(Abcam, cat no. 130923) and the Rabbit Anti-Heat Shock protein Hsp 90-alpha (Rockland
antibodies and assays, cat no. 600-401-929) antibodies were used. The anti-LDHA was
diluted 1:2000 while anti-Hsp90 1:1000.

In muscle WB, the Anti-GAPDH (GA1R) (Abcam, cat no. 125247) was used and diluted
1:4000. Each antibody made up in 5% dried milk (Marvel) was incubated with blots
overnight and washed three times in TTBS. Blots were then Incubated for 1.5 hour at RT in
relevant secondary antibodies made up in 5% marvel (Donkey anti Rabbit HRP (Abcam, cat
no. 205722) 1:10000 for liver samples and Goat anti-Mouse (Abcam, cat no 6708) 1:5000
for muscle samples) and washed with TTBS. The ECL Reagent (ThermoFisher, cat no.
32106) (1.5 ml for 2 blots) was added, and blots were then wrapped in transparent films and
placed on an x-ray cassette. Each blot was read in the dark room and an X-ray film
representing the band of desired protein obtained. Multiple exposures times were tried for

both antibodies, but the best result was obtained at 30 seconds for LDHA, 3 minutes for
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Hsp90, 1 minute for GAPDH. The expected molecular weights for each protein were: 90
kDa for Hsp90, 35kDa for LDHA, 37 kDa for GAPDH.

4.2.9.6 Statistical analysis

The bands area referred to as the antibody abundances of each sample was calculated using
NIH ImageJ software (Wilson et al., 2018; Ferreira and Rasband, 2012). Peak intensity area
of each sample was recorded, and statistical analysis performed by Graphpad Prism v.9.1
(GraphPad Software, San Diego, USA). The unpaired T-test (two-tailed) was used to study
the abundance of LDHA and Hsp90, by comparing the means and standard deviations of
samples of the following comparisons: CTL TOvs CTL T12, CTL TOvs CTS TO, CTL T12
vs CTS T12 and CTS TO vs CTS T12. The abundance of GAPDH was studied as well, using
the same approach and statistical analysis but only in CTL T12 vs CTS T12 (see section
4.2.9.3).
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4.3 Results

4.3.1 Summary of the effects of LPS on the liver and muscle proteome
(CTL diet at TOh vs T12h)

A total of 3114 proteins were identified and quantified by the label-based quantitative
proteomic approach in the liver. By comparing CTL TOh vs CTL T12h, 1243 proteins
belonging to set criteria (2 unique peptides and 5% FDR) were identified from Proteome
Discoverer: 87 proteins displayed differential abundances at T12h post LPS injection (p <
0.05) with 36 proteins associated to unique gene names (24 proteins higher abundances and
12 lower abundances). In muscle samples, a total of 1399 proteins were identified and
quantified with 668 of these belonging to set criteria (2 unique peptides and 5% FDR) when
comparing CTL TOh vs CTL T12h. Only 1 protein was found to be upregulated by LPS

challenge at T12h (Table 4.1).
24 12
Muscle 1339 668 1 1 0

Liver 3114 1243 36

Table 4.1 Effects of LPS at TOh vs T12h post LPS challenge in the CTL diet

The table indicates the total number of proteins identified in liver and muscle samples and the subsequent
filtering steps used for the analysis. Respectively from the left column to the right: proteins with a minimum
number of 2 unique peptides and 5% FDR, total number of proteins associated to unique genes which showed
significant difference (p < 0.05) based on LPS challenge and the proteins significantly increased and decreased
by LPS.
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4.3.1.1 Effect of LPS on the liver proteome (CTL diet at TOh vs T12h)

In liver samples, the 36 proteins related to unique genes (24 higher abundances and 12 lower
abundances) as specified above, were investigated. A description of these protein, their
unique gene name, differential median abundance (relative to internal standards in proteome

discoverer) for each time point, fc and the relative p is provided in Table 4.2.

Volcano plots (Figure 4.5) were used to study the distribution among the differentially
expressed proteins comparing the log fc (-0.2 < log fc < 0.2) vs. log p: isoforms of actin and
fibrinogen and metabolic enzymes were identified to be significantly upregulated at T12h

post LPS challenge (right green dots in Figure 4.5).

Heat maps showed the distribution of significant proteins (p < 0.05) among samples of the
same group; at TOh there was a higher consistency while higher variability was discovered
in samples at T12h with one particular sample showing a strong diversity compared to others
in the same group (Figure 4.6). Note: excluding this sample from our statistical analysis
removed the observed effects on the abundance of actin and fibrinogen. However, no
evidence in the trial records for excluding this sample was found to justify removal of this

sample so the full dataset is presented.
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Accession 1D Description Gene name ;)L:egit?g:s MedianCTL_TO | MedianCTL_T12 fc Log fc p

1730518 Phosphoglycerate kinase PGK1 3 525.4 485.0 0.923 -0.115 0.002
211711 cytochrome P450 CYP2C23a 5 842.3 640.4 0.760 -0.395 0.002
117258 Cytochrome P450 CYP2C23b 4 842.3 640.4 0.760 -0.395 0.002
1390126179 hydroxym;t/rr‘%’r']g'sgtary"cop‘ HMGCS1 5 522.2 755.7 1.447 0.533 0.002
971381973 protein disulfide-isomerase PDIA4 6 880.1 1042.2 1.184 0.244 0.003
766944282 albumin ALB 4 690.8 583.1 0.844 -0.245 0.003
971434955 alpha-2-macroglobulin A2ML4 6 1153.9 1386.0 1.201 0.264 0.004
755815 complement C3 C3 8 1132.7 1453.7 1.283 0.360 0.006
383087734 ribosome-binding protein 1 RRBP1 7 990.6 1099.0 1.109 0.150 0.007
971439575 clathrin CLTA 2 310.5 370.4 1.193 0.254 0.009
125961 Lamin A LOC396224 6 1424.7 1106.7 0.777 -0.364 0.009
14579649 heat shock protein 90 HSP90B1 9 2658.9 2947.7 1.109 0.149 0.012
61611929 visfatin NAMPT 2 731.9 910.1 1.243 0.314 0.015
211827 heat shock protein 70 HSPAS 8 1917.6 2182.7 1.138 0.187 0.016
53131920 hypothetical protein HARS 2 166.3 141.5 0.851 -0.233 0.019
1160421733 Aminopeptidase N ANPEP 6 1001.3 865.6 0.864 -0.210 0.019
46519238 complement C3 precursor C3 2 532.1 605.8 1.139 0.187 0.020
392018 filamin FLNB 4 813.2 894.2 1.100 0.137 0.023
25001747 | K Wpe-sglrlgtlgi% regulatory KHSRP . 416.5 454.0 1.090 0.124 0.024
63389 fibroblast alpha actinin ACTN1 3 709.1 761.6 1.074 0.103 0.025
1390080163 acyl-CoA synthetase family ACSS2 3 925.3 856.1 0.925 -0.112 0.028

1390106302 fibrinogen FGB 2 328.9 400.3 1.217 0.283 0.028
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1390070558 Filamin B FLNB 6 900.3 999.0 1.110 0.150 0.029
226450 cytochrome b5 CYB5A 2 255.2 203.9 0.799 -0.324 0.030
971432776 tropomyosin TPM3 2 623.1 683.5 1.097 0.133 0.030
1172808 Ribosomal protein L10 RPL10L 2 447.0 480.3 1.074 0.104 0.030
60302774 T-complex protein CCT5 2 451.9 522.2 1.156 0.209 0.031
1482417173 Actin ACTA2 2 228.9 308.8 1.349 0.432 0.034
55976646 Actin ACTAl 2 228.9 308.8 1.349 0.432 0.034
8569622 Fibrinogen FGB 3 844.1 990.0 1.173 0.230 0.035
53130414 hygoctg‘l‘f;'égup}‘};e'“ ARCN1 5 1011.6 1079.3 1067 | 0093 0.037
157830870 Dihydrofolate reductase DHFR 2 407.7 391.9 0.961 -0.057 0.037
619534144 aminolevulinate dehydratase ALAD 4 820.3 762.4 0.929 -0.106 0.041
971402751 glutathione S-transferase GSTO1 2 636.0 574.4 0.903 -0.147 0.041
8569626 Fibrinogen FGG 3 681.1 864.1 1.269 0.343 0.044
63516 Heat shock protein 90 HSP90AA1 10 2787.7 2908.3 1.043 0.061 0.046

Table 4.2 Differentially expressed proteins (p<0.05) at TOh vs T12h in liver samples collected from CTL diet pre and post LPS injection
List of significant proteins (N=36) associated to unique genes with the relative median at both timepoints (abundance score relative to internal standard from proteome discoverer), fc,

Log fc and p. Proteins are listed in order of increasing p.
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Figure 4.5 Volcano plots comparing liver proteome at TOh and T12h post LPS challenge

Proteins belonged to CTL diet at Oh (CTL_TO0) and T12h (CTL_T12) post challenge. Green dots represent proteins upregulated (log p > 1.3 and log fc < -0.2) and downregulated (log p
> 1.3 and log fc > 0.2) by CTL T12h (12h post LPS challenge). Red dots represent are proteins (p <0.05) regulated just by the log p. Grey dots indicate no significant proteins by both log
p and log fc (NS) or by log p.
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Figure 4.6 Heat maps of liver proteome in samples collected at TOh and T12h post LPS challenge
Heat map of significant proteins (p < 0.05) associated to unique genes identified in CTL_TOvs CTL_T12 diet. Samples in CTL_TO diet showed higher consistency compared to CTL_T12;
Note: Sample CTL_T12.1 was found to have a strong diversity compared to the other samples. The name of each significant protein is indicated on the right.
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Ontology investigation using the GO Slim analysis in PANTHER GO resource was used to
study molecular functions and biological processes of the liver proteins that were
differentially abundant based on LPS challenge. In the study of molecular functions, proteins
were mainly associated with binding activity (15 genes) and catalytic activity (9 genes),
while a minority were associated with structural activity (2 genes) (Figure 4.7). Among those
associated with binding activity, most proteins were involved in heterocyclic compound
binding, organic cyclic compound binding (8 genes) and protein binding (8 genes) while
among catalytic activity, the majority of proteins were involved in oxidoreductase reactions
in metabolic pathways. Regarding structural activity, actin was identified to be upregulated
by the LPS challenge (this upregulation is mainly attributed to one sample — see Figure 4.6).
In terms of biological process most proteins were found to be involved in cellular process
(18 genes) and includes proteins such as Hsp families (Hsp90 and Hsp70) and actin (Figure
4.7).

In this investigation, the key proteins modulated by LPS challenge at T12h post injection are
represented by Heat shock proteins (Hsp90 and Hsp70) which were found increase post LPS

injection.
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PANTHER GO-Slim Biological Process
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Figure 4.7 GO slim analysis of differentially expressed liver proteins at TOh and T12 post

LPS challenge

The x-axis unit of percentage (%) is the number of genes in GO term. Molecular functions and of biological
process are represented.

4.3.1.2 Effect of LPS on the muscle proteome (CTL diet at TOh vs T12h)

In muscle samples, 1399 proteins were identified and quantified by the label-based
quantitative proteomic approach. Among these, 668 proteins belonging to set criteria (2
unique peptides and 5% FDR) were identified from Proteome Discoverer but just 1 protein
(kelch-like protein) showed significantly higher abundance following LPS challenge (p <
0.05). Based on these finding data, no further investigations were conducted in observing

changes due to LPS challenge in muscle sample.
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4.3.2 Effect of diets on the liver and muscle proteome at T12h post
challenge

The effects of dietary treatments (CTS and CMB) on the liver and muscle proteome were
investigated. CMB diet did not show relevant results in relation to either the immune
response or metabolism when compared to CTL diet at T12h post LPS challenge. For this
reason the results for CMB have been made available in the appendix B but the discussion
below will be focused on the effects of CTS vs CTL diet at T12h post challenge. In total,
3483 proteins associated with the liver proteome were identified and quantified by the label-
based quantitative proteomic approach. Among these, 1373 proteins belonging to set criteria
(2 unique peptides and 5% FDR) were identified from Proteome Discoverer: 108 proteins
showed significantly differential abundances in CTS diet compared to CTL (p < 0.05) with
46 proteins associated to unique gene names (14 proteins upregulated and 32
downregulated). In the muscle proteome, 726 proteins were identified and quantified with
671 of them belonging to set criteria (2 unique peptides and 5% FDR). In total, 122 showed
a significantly differential abundance between CTS vs CTL diets with 57 proteins related to

unique genes (14 upregulated and 43 downregulated by CTS) (Table 4.3).

14 32

Liver 3843 1373 46
Muscle 726 671 57 14 43

Table 4.3 Effects of CTS diet on the liver and muscle proteome at T12h post LPS challenge

The table indicates the total number of proteins identified in liver and muscle samples and the subsequent
filtering steps. Respectively from the left column to the right: proteins with a minimum number of 2 unique
peptides and 5% FDR, total number of proteins associated to unique genes which showed significant difference
(p < 0.05) when comparing CTS vs CTL diet and the proteins significantly increased and decreased by CTS.

4.3.2.1 Effect of CTS diet on the liver proteome (CTS vs CTL diet at T12h)

In liver samples, the 46 proteins related to unique genes, differentially abundant between
CTS and CTL diet at T12h post challenge were investigated in detail. A description of the
first 30 significant proteins, along with their associated unique gene names and their
description is provided in the Table 4.4, the full list is provided in the supplementary
information in appendix B.
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Volcano plots identified 4 unique proteins to be downregulated in the CTS diet by both log
p and log fc (Figure 4.8): two of these proteins belonged to the fibrinogen family, peptidyl-
prolyl cis-trans isomerase and alpha-2-macroglobulin (left green dots Figure 4.8); 4 unique
proteins were also found to be upregulated: phosphoglucomutase-1, L-lactate dehydrogenase
A (LDHA), NADH dehydrogenase and phosphoglucomutase 1 (right green dots in Figure
4.8). Heatmaps, showed the distribution of significant proteins and displayed good

consistency among samples of both CTL and CTS diets (Figure 4.9).
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Accession ID Description Gene name Unique Median Median Fc Log fc p
peptides CTL CTS

118082784 ATP-dependent RNA helicase DDX17 4 1.046 0.952 0.910 -0.136 0.002
971434955 alpha-2-macroglobulin A2ML4 7 1.083 0.924 0.853 -0.229 0.002
971408766 phosphoglucomutase PGM1 6 0.836 1.058 1.266 0.340 0.003
63509 Heat shock protein 90 HSP90B1 8 1.015 0.976 0.962 -0.057 0.004
134800 Spectrin SPTAN1 12 1.044 0.95 0.910 -0.136 0.004
211827 heat shock protein 70 HSPAS5 9 1.053 0.993 0.943 -0.085 0.005
53135191 hypothetical protein LRPPRC 3 1.029 0.977 0.949 -0.075 0.005
33331366 phosphoglucomutase 1 PGM1 8 0.916 1.078 1.177 0.235 0.005
50729534 homogentisate 1,2-dioxygenase HGD 4 1.0465 0.95 0.908 -0.140 0.006
63516 heat shock protein 90 HSP90AA1 13 1.015 0.951 0.937 -0.094 0.007
126046 L-lactate dehydrogenase A LDHA 2 0.916 1.134 1.238 0.308 0.007
1334744 spectrin SPTAN1 11 1.045 0.95 0.909 -0.138 0.008
113610 fructose-bisphosphate aldolase B ALDOB 13 0.984 1.108 1.126 0.171 0.009
971425748 NADPH cytochrome P450 reductase POR 6 1.048 0.994 0.948 -0.076 0.009
53127632 heat shock protein 70 HSPA9 7 1.012 0.973 0.961 -0.057 0.010
53132642 hypothetical protein PDIA4 6 1.042 0.94 0.902 -0.149 0.012
694016481 40S ribosomal protein S28 RPS28 2 0.996 0.917 0.921 -0.119 0.013
1390057732 40S ribosomal protein S19 RPS19 2 1.029 0.98 0.952 -0.070 0.014
971185 fibrinogen FN1 3 1.124 0.956 0.851 -0.234 0.015
8569621 Fibrinogen FGA 3 1.124 0.956 0.851 -0.234 0.015
1390063686 alpha-2-macroglobulin A2M 3 0.991 0.877 0.885 -0.176 0.015
971438075 histidine HINT2 2 1.049 0.981 0.935 -0.097 0.016
971425736 NADPH--cytochrome P450 reductase POR 7 1.048 0.993 0.948 -0.078 0.020
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304277331 NADPH-cytochrome P450 oxidoreductase POR 4 1.048 0.994 0.948 -0.076 0.021
971450877 NADH dehydrogenase NDUFB7 2 0.998 1.1785 1.181 0.240 0.022
118094989 coatomer COPB2 3 1.086 0.982 0.904 -0.145 0.023
65322 heat shock protein 90 HSP90AB1 4 1.002 0.934 0.932 -0.101 0.025
971442707 retinol dehydrogenase LOC107056277 3 0.962 1.062 1.104 0.143 0.026
44969651 calreticulin LOC100859104 2 0.994 0.917 0.923 -0.116 0.029
3641556 fibrinogen FGG 2 1.09 0.903 0.828 -0.272 0.029

Table 4.4 Differentially expressed proteins (p <0.05) in CTS vs CTL diet at T12h post LPS challenge in liver samples
List of the first 30 significant protein with differences in abundance between groups associated to unique genes with the median in CTL and CTS diets (relative to internal standards), fc,
Log fc and p. Proteins are listed, in order starting from the lowest in p. Proteins listed in order of increasing p.
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Figure 4.8 VVolcano plots comparing liver proteome in CTS vs CTL diet at T12h post LPS challenge

Plot of protein data CTS vs CTL depicting the log fc vs. log p. The green dots included between the log p > 1.2 (p < 0.05) and log fc < -0.2 and > 0.2 represents respectively the ones
downregulated and upregulated by both log p and log fc, in CTS diet (proteins where CTS diet has a higher impact). Red dots represent significant proteins (p <0.05) regulated just by
the log p (p < 0.05). Grey dots indicate proteins which are not significant by both log p and log fc (NS) or by log p.
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Figure 4.9 Heat maps of liver proteome in samples of CTS vs CTL diet at T12h post LPS challenge

Heat map presenting significant differentially expressed proteins (p < 0.05) in CTL (green line) vs CTS (orange line) diet. The blue colour indicates the proteins significantly downregulated
by one of the diets while the red colour indicates the ones upregulated. On the left, the Phylogenetic Clustering of proteins indicates their phylogeny. The name of each significant protein
is indicated on the right.
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Ontology investigation using the GO Slim analysis in PANTHER GO resource liver proteins
with significant differences in abundances within CTS and CTL group were involved in the
following molecular functions: binding (14 genes), catalytic (11 genes) and structural
activity (3 genes) (Figure 4.10). The main proteins associated with binding activity belonged
to the family of heat shock proteins: Hsps90 (Hsp90AB1, Hsp90AAL, Hsp90B1) and Hsp70
(HspA9, HspA5) were found to be lower in abundance in CTS diet. The main proteins
involved in catalytic activity were LDHA, malic enzyme (MEL1), which are involved
respectively in oxidoreductase reactions of lactate fermentation and Citrate cycle, and
fructose-bisphosphate aldolase B (ALDOB) which participates in the glycolysis lyase
reaction by converting Fructose-1,6BP to Glyceraldehyde 3P and Dehydroxiacetone-P.
These proteins were found higher in abundances in CTS diet and are intermediates of energy
metabolic pathways (e.g glycolysis, pyruvate and pentose phosphate).

In biological processes, proteins were found to be associated to cellular processes (19 genes),
metabolic processes (11 genes), biological regulation (9 genes), response to stimulus (6
genes), localization (1 gene) and signalling (1 gene) (Figure 4.10). Among the proteins
involved in cellular processes, Hsp90 and Hsp70 were found involved in both protein folding

and cellular response.

In this investigation, the key proteins modulated by CTS diet at T12h post injection are
represented by heat shock proteins (Hsp90, Hsp70) and metabolic enzymes (LDHA, MEL,
ALDOB).
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Figure 4.10 GO slim analysis of differentially expressed liver proteins in CTS vs CTL diet at T12 post
LPS challenge

The x-axis unit of percentage (%) is the number of genes in GO term. Molecular functions and biological
process of CTS vs CTL are shown.
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4.3.2.2 Effect of CTS diet on the muscle proteome (CTS vs CTL diet at T12h)

In muscle samples, the 57 differentially abundant proteins associated to unique gene names,
between CTS and CTL diet at T12h post challenge, were investigated in detail. The
description of the first 30 proteins significantly different, their unique gene names with the
relative values of fc, log fc and p are indicated in the table below (Table 4.5). The list of all

proteins is shown in the supplementary information (appendix B).

The distribution among the differentially expressed proteins, comparing the log fc (-0.2 <
log fc < 0.2) vs. log p ,was explored through the volcano plots (Figure 4.11): 28 proteins
were found to be downregulated by both (log fc and log p) in CTS diet (left green dots in
Figure 4.11) with 11 of them belonging to unique gene names (myosin (MHC), six isoforms
of tubulin, tropomyosin beta chain (TPM), phosphorylase b kinase (PHKB), Peroxiredoxin-
1 (PRDX1), glycogen phosphorylase (PYGL)). On the other hand, 9 proteins were identified
to be significantly upregulated by CTS diet with 5 of them belonging to unique gene names
(glyceraldehyde-3-phosphate  dehydrogenase (GAPDH), fructose-1,6-bisphosphatase
(FBP2), aldolase A (ALDOA), protein ADP-ribosylarginine hydrolase (ADPRS) and an
unnamed protein) (right green dots in Figure 4.11).

Heat maps indicated the significant proteins (p < 0.05) in CTS vs CTL groups. In CTL diet,
protein’s abundance is similar among samples while there is a higher variability in CTS diet

(Figure 4.12).
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Accession ID Description Gene name Uniq;e Median CTL | Median CTS fc Log fc p
peptides

63433 H2A Histone Family Member J H2AFJ 2 1.067 0.878 0.823 -0.281 0.000
63439 nistone cluster 1 FI2A family HISTLH2A4 2 1.067 0.878 0.823 0.281 0.000
63448 histone cluster 1 H2A family LOC101750582 2 1.067 0.878 0.823 -0.281 0.000
63466 H2A Histone Family Member V H2AFV 2 1.067 0.878 0.823 -0.281 0.000
971416845 histone H2A LOC101751709 2 1.067 0.878 0.823 -0.281 0.000
45382147 t“dor'i”teracgp(?terfnpa" regulator | \uDT16LL 4 1.155 0.902 0.781 0.357 0.001
118097461 myozenin-3 MYOZ3 4 1.093 0.914 0.836 -0.258 0.001
9789730 f;:gﬁmfnsrg;fé fggozﬁspr;‘;g ATP2A2 4 1.156 0.852 0.737 -0.440 0.002
238273 myosin heavy chain MHC 2 1.091 0.862 0.790 -0.340 0.005
773669241 myomesin-1 MYOM1 15 1.159 0.943 0.814 -0.298 0.006
60098993 hypothetical protein HK1 S 1.027 0.887 0.864 -0.211 0.008
294662216 myosin heavy chain MHC 4 1.119 0.910 0.813 -0.298 0.009
62738642 Annexin A5 ANXAS5 2 1.081 0.884 0.818 -0.290 0.009
971414380 phosphorylase b kinase PHKB 9 1.077 0.889 0.825 -0.277 0.010
212834 beta-tubulin TUBB1 3 1.155 0.922 0.798 -0.325 0.011
513180238 phosphorylase b kinase PHKA1 3 1.094 0.904 0.826 -0.275 0.011
459714 tubulin TUBB 7 1.155 0.949 0.822 -0.283 0.012
238272 myosin heavy chain MHC 2 1.178 0.993 0.843 -0.246 0.017
212659 skeletal muscle C-protein MYBPC2 22 1.099 0.834 0.759 -0.398 0.019
53136740 hypothetical protein PFKP 3 1.063 0.926 0.871 -0.199 0.026
212868 vimentin VIM 7 1.034 0.681 0.659 -0.603 0.029
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1016080546 vimentin VIM 7 1.034 0.686 0.663 -0.592 0.037
53127891 hypothetical protein SLC25A3 2 1.006 0.568 0.565 -0.823 0.038
1777308 connectin/titin TTN 2 1.353 0.791 0.585 -0.774 0.039
971380098 riggﬁg%ggfgg;r?suﬂgj‘él HNRNPA2B1 2 1.066 0.927 0.870 -0.202 0.039
833608 collagen a2 COL1A2 2 0.935 0.600 0.642 -0.640 0.040
300630016 unnamed protein product HK1 4 1.008 0.884 0.877 -0.189 0.041
211607 alpha-2 type I collagen COL1A2 4 0.909 0.571 0.628 -0.671 0.042
45382029 annexin A6 ANXA6 5 1.085 0.892 0.822 -0.283 0.042
263505112 Peroxiredoxin-1 PRDX1 2 1.067 0.932 0.874 -0.194 0.045

Table 4.5 Differentially expressed proteins (p<0.05) in CTS vs CTL diet at T12h post LPS challenge in muscle samples

List of first 30 significant proteins associated to unique genes with the relative median in CTS and CTL diets, fc, Log fc and p. Listed by increasing p
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Figure 4.11 Volcano plots comparing muscle proteome in CTS vs CTL diet at T12h post LPS challenge
Green dots between log p > 1.2 (p < 0.05) and log fc < -0.2 and > 0.2 represent respectively the proteins downregulated and upregulated in CTS diet, by both log p and log fc. Red dots
indicate significant proteins (p <0.05) regulated just by the log p. Grey dots are referred to no significant proteins by both log p and log fc (NS) or by log p but not log fc.
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Figure 4.12 Heat maps of muscle proteome in samples of CTS vs CTL diet at T12h post LPS challenge

Heat map indicates the significant proteins (p < 0.05) associated to unique genes identified in CTS (orange line) vs CTL (green line) diet. The blue colour represents proteins which are
significantly downregulated by one of the diet while the red colour is referred the ones upregulated. The phylogenetic clustering of proteins is shown on the left while the name of each
significant protein is indicated on the right.
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Molecular functions, biological processes, and pathways were studied in the PANTHER GO
resource following the same method applied for liver proteomics.

In the study of molecular functions, significant differences were noted for proteins which
were associated with catalytic activity (14 genes), binding activity (13 genes) while a
minority were associated with structural (5 genes) and transporter (4 genes) activity (Figure
4.13). The proteins, involved in catalytic activity, which were more strongly modulated by
CTS diet (higher in relative abundance compared to CTL), were FBP2, MDH1, GAPDH,
beta-enolase (ENO3) and nucleic acid deglycase DJ-1 (PARKY7). Regarding binding activity:
TPM2, isoforms of tubulin beta chain (TUBB3 and TUBB4B), myosin (MHC) were
identified to be significantly lower in abundance in the CTS diet. In terms of biological
process most proteins were found to be involved in cellular process (26 genes) (Figure 4.13).
This category includes intermediates of metabolic processes (15 genes) mainly involved in
energy metabolism (e.g glycolysis, and the Citrate cycle) such as FABP2, MDH1 and
GAPDH.

In this investigation, the key proteins modulated by CTS diet at T12h post injection are
represented by metabolic enzymes (GAPDH, MDH1, ENO3) which show higher abundance
in CTS diet and structural proteins (tubulin and myosin) which show lower abundance in
CTS diet.
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Figure 4.13 Gene ontology terms of differentially expressed proteins associated with the muscle
proteome in CTS vs CTL diet at T12h post LPS challenge

The x-axis unit of percentage (%) is the number of genes in GO term. Molecular functions and biological
processes of CTS vs CTL are represented.
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4.3.3 Relevant findings in the liver and muscle proteome of broilers
associated to LPS effect in CTL diet and CTS diet at 12h post
challenge

The key findings of both proteomics investigations have been summarised in the Table 4.6

below.
LPS effect at 12h post
challenge
Liver heat shock proteins (Hsp90, Hsp70)
Muscle kelch-like protein
CTS effect at 12h post
LPS challenge
Liver heat shock proteins (Hsp90, Hsp70)
metabolic enzymes (LDHA, ME1, ALDOB).
Muscle structural proteins (tubulin and myosin)

metabolic enzymes (GAPDH, MDH1, ENO3)

Table 4.6 Summary of the key findings on the effects of LPS and CTS diet on liver and muscle
proteome at T12h post LPS challenge

The table indicates the main proteins modulated by the effect of LPS and CTS diet at T12h post LPS challenge
on the muscle and liver proteome.

4.3.4 Validation of liver proteins by Western Blot procedure

Based on proteomics results and availability of antiserum, LDHA and Hsp90 were elected
as the preferable proteins to be validated through WB procedure. WB was performed using
LDHA and Hsp90 antibodies on 4 gels aimed to compare both dietary treatments (CTL and
CTS) and timepoints (TO and T12). In each gel, the bands referring to LDHA or Hsp90 were
obtained. The molecular weight of LDHA (manual of Abcam, cat no. 130923), corresponded
to the band of 36 kDa, while the molecular weight of Hsp90 (manual of Rockland antibodies
and assays, cat no. 600-401-929) was found correspondent to the band of 90 kDa (Figure
4.14). The abundance of each band per gel was quantified by Image J software. No
significant differences were discovered by comparing CTL TOvs CTL T12 (gel 1), CTL T12
vs CTS T12 (gel 2), CTS TO vs CTS T12 (gel 3) and CTL TO vs CTS TO (gel 4) in terms of
LDHA and Hsp90 abundances (p > 0.05). The abundance of LDHA was found to increase
in CTS T12 relative to the CTL T12 group; even if it did not show significance, its trend
reflected the proteomics results (Figure 4.15). In the same way, Hsp90 abundances among
samples were investigated, and data confirmed that their abundances decreased in samples
of CTS T12 when compared to CTL T12 (Figure 4.15).
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Figure 4.14 LDHA and Hsp90 gels of liver samples comparing CTL TOvs CTL T12 (gel 1), CTL T12
vs CTS T12 (gel 2), CTS TOvs CTS T12 (gel 3) and CTL TOvs CTS TO (gel 4)

Each band on the gels represents the abundance of LDHA and Hsp90 protein per each sample (N=9 samples
per each group). The molecular weight is indicated in kDa. The LDHA band corresponds to a molecular weight
of 40 kDa while the abundance of Hsp90 is represented by the band of 90 kDa in all gels.
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Figure 4.15 LDHA and Hsp90 abundances in liver samples comparing CTL TO vs CTL T12 (gel 1),

gel 1
gel 2
Bl gel3
gel 4

Gel1
Gel2
Gel4
mm Gel3

CTL T12vs CTS T12 (gel 2), CTS TOvs CTS T12 (gel 3) and CTL TO vs CTS TO (gel 4)
Peak area + SD of the mean of LDHA and HSP90 belonged to each dietary group at TO pre challenge and T12
post challenge is represented. No significant differences are discovered based on LDHA and Hsp90 abundances
in all gel’s groups. A slight difference in LDHA abundance is highlighted in CTL T12 vs CTS T12 (gel 2). In
gel 2 the abundance of Hsp90 is shown to decrease in CTS T12 when compared to CTL T12 but the difference

was found to be not significant.

4.3.5 Validation of muscle proteins by Western Blot procedure
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In muscle, GAPDH was considered the best candidate proteins to be validated thanks to the

commercially available anti-GADPH already tested in broilers and its active role in the

metabolism.
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The validation of possible differences in GAPDH as found by proteomics was carried out
using the same approach applied for liver samples, but in this case only CTL T12 vs CTS
T12 samples were compared being performed in a single gel. In the Figure 4.16, samples of
both groups, CTL_T12 and CTS_T12, are represented and the molecular weight of GAPDH
corresponded to the band around 35/40 kDa (manual of Abcam, cat no. 125247). The
abundance of both proteins was studied but no significant difference was found comparing
the abundance of GAPDH in both groups (Figure 4.17).

CTLT12 CTST12

Figure 4.16 GAPDH gel of muscle samples comparing CTL T12 vs CTS T12
Each band indicates the abundance of GAPDH proteins per each sample (N= 9 per each group). The molecular
weight is indicated in kDa. The GAPDH band corresponds to a molecular weight of 35/40 kDa.
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Figure 4.17 GAPDH abundances in muscle samples of CTL T12 vs CTS T12

Peak area + SD of the mean of GAPDH is represented. No significant differences are discovered based on
GAPDH abundances between CTL_T12 vs CTS_T12.
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4.4 Discussion

In this chapter | applied a proteomics to investigate the effects of LPS in liver and muscle
obtained from trial 2. Because of the costs involved our approach was to limit sample size
and choice, without compromising on our ability to address fundamental questions viz. how
the liver and muscle proteome responds to LPS challenge in broiler chickens, and if dietary
supplementation with CTS or CMB extract results in modulatory effects that could benefit
bird health.

Two proteomic studies were carried out. In the first study the effect of LPS challenge on the
liver and muscle proteome was investigated by comparing samples from broilers fed the
CTL diet at TOh and T12h post LPS challenge. The second study compared tissues collected
from the CTS or CMB diet at T12h post LPS challenge with those from the CTL diet
collected at the same timepoint. Our data shows that LPS administration had a major impact
on the liver proteome (study 1) and that the livers response to LPS was highly modulated in
broilers receiving the CTS diet (study 2). The liver proteome of broilers receiving the CMB
diet was also modulated post LPS challenge (study 2), but the effects were much more subtle
and directly related to either immune functions or metabolism. The muscle proteome was
not significantly influenced by LPS administration (study 1) but differences in the response
were again noted in terms of dietary treatment (study 2). The most significant of these
changes were again found in the CTS diet.

The key proteins identified in study 1 are now discussed in relation to their known functional
properties and for study 2 how their abundance maybe influenced by the bioactive

compounds present in our two novel plant extracts.

Effects of LPS challenge on the liver proteome

Proteins found to be modulated by LPS at T12h post challenge included a number of serum
proteins, structural proteins and metabolic enzymes. The proteins that attracted our attention
most were those that that belonged to the Hsp families (Hsp90AA1, Hsp90B1, HspAb5).
These were all found to be significantly higher in the CTL diet at T12h post challenge
compared to samples at TOh.

Hsps includes a number of families with different molecular weights (Hsp110, Hsp90,
Hsp70, Hsp60 and Hsp47) and a small group of Hsps with a molecular weight in the range
of 16 to 40 kDa (Heckathorn, Downs, and Coleman 1999) Hsps play different roles in
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cellular activity such as protein folding, assembly of multiprotein complexes, transport and
sorting of proteins into correct subcellular compartments, cell-cycle control and signalling,
and protection of cells against stress/apoptosis and are also involved in signal transduction
(Shan et al., 2020; Takayama et al., 2003). Hsp’s also known as stress proteins are
synthesised in response to environmental changes such as high temperature (heat stress) or
exposure to oxidative stress , leading to damage and degradation of intracellular proteins
(Slawinska et al., 2016).

Hsp90 was one of the main families modulated in the liver at T12h post LPS challenge.
Hsp90 has been shown to play a role in a myriad of cellular processes and immune responses
in both humans and animals (Hoter et al., 2018). In broilers, Hsp90 is normally expressed at
low levels, but when birds are subjected to heat stress, higher levels have been detected in
the heart, liver and kidney (Lei et al., 2009). Hsp90 expression has also been found to be
naturally higher in modern commercial genetic lines compared to indigenous species
presumably because of their more rapid metabolism and higher body temperature (Hassan
et al., 2018). The increased detection of Hsp90 observed in our study of the liver proteome
can therefore be attributed to pyrexia and the corresponding cytotoxicity (Slawinska et al.,
2016) caused by the LPS challenge. While | was not able to confirm these results by WB, |
was nevertheless able to confirm the presence of Hsp90 in our liver samples. Possible
reasons may be associated to the significance (p = 0.04) of Hsp90 found from the proteomics
investigation that was not strong enough to show a significant result in the WB. Another
possibility is that the linearity and sensitivity of the WB can be affected by antibodies
unverified (i.e predict to react in the species of interest) (Gilda et al., 2015). In our
experiment, antibodies were predicted to react in chickens, so an optimization of the protocol
was required. It is also worth noting that the WB validation step could have been repeated
by selecting one of the other Hsp proteins (e.g Hsp70) that were modulated by the LPS
challenge, but this was not possible due to time and funding constraints. Arguably the fc in
the abundance of these proteins in the liver proteome post LPS was significant but also quite

subtle.

The work of Horvati¢ et al. (2019) demonstrated that an LPS challenge administered in the
form of a single subcutaneous injection causes oxidative stress in broilers, and that this
results in inflammatory damage by increasing proinflammatory pathways (NF-«B and Cox-
2). These authors also confirmed that the APR in broilers is registered in the first T12h
following LPS administration. This was our justification for selecting TOh and T12h post
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challenge as the key timepoints for studying both the liver and muscle response to LPS

challenge.

Interestingly, none of the established and novel APPs (SAA, AGP, FABP and Hpx) studied
in chapter 3 featured in the list of liver associated proteins that were modulated by LPS. This
was surprising as the majority of APPs are produced in the liver (O’Reilly and Eckersall
2014). SAA was detected by the instrument but as it showed less than two unique peptides,
this data would have been filtered out. AGP, FABP and Hpx were not detected. The most
plausible explanation for these results is that during the APR these APPs are synthesised so
rapidly and then immediately exported into the serum that no increase in their abundance
can be detected. Two other APPs however were detected: alpha 2 macroglobulin and
fibrinogen (Jain et al., 2011). Both of these APPs have been confirmed by other studies in
humans and livestock to increase in their abundance during an inflammatory response as
products of APR (Vandooren and Itoh, 2021; Jacobsen, 2007; Tothova et al., 2014;Salini et
al., 2011). Fibrinogen is described as a minor APP in chickens and the difference here it is
mainly attributed to one sample (Figure 4.6). To the best of our knowledge this is the first

time alpha 2 macroglobulin has been described as an APP in chickens.

Effects of dietary supplementation on the response of the liver proteome post LPS

Study 2 compared CTL liver samples collected at T12h post LPS challenge with liver
samples collected from birds fed CTS (or CMB) at the same timepoint. 45 unique proteins
were modulated by CTS diet; among these the ones which were identified as being
particularly interesting (because of their impact on the immune system and/or metabolism)
included a number of Hsp family proteins (lower in abundance in CTS diet compared to
CTL at T12h post challenge) and a number of metabolic enzymes including LDHA, ME1,
ALDOB (higher in abundance in CTS diet compared to the CTL diet at T12h post challenge).

Lower abundances of Hsp70 and Hsp90 were detected in the liver of broilers fed the CTS
diet at T12h post LPS challenge. This is particularly interesting as it suggests that one or
more of the bioactive compounds of CTS extract could be responsible for downregulating
these important families of protein. As previously suggested, increased levels of Hsp90
occur in the liver response to the pyrexia and corresponding cytotoxicity resulting from the
LPS challenge (Slawinska et al., 2016). The most likely candidates in the CTS extract that
could be responsible for modulating the Hsps are the flavonoids which have previously been

shown to protect broilers from oxidative stress during LPS challenge (Kamboh et al., 2016).
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Flavonoids are known to inhibit the synthesis of Hsps including Hsp90, Hsp70, Hsp47 and
Hsp28 (Hosokawa et al., 1990). Genistein and Quercetin for example have been shown to
inhibit tyrosine protein kinases which allow the formation of the Hsp90/Cdc37 complex that
is responsible for coordinating /regulating many facets of the stress response (Akiyama et
al., 1987; Siddiqui et al., 2021). Pectin, could also be responsible for the lower Hsp response
in the CTS diet; pectin can bind and inhibit, toll-like receptor 2 (TLR2), a major target for
LPS, and the proinflammatory TLR2-TLR1 pathway (Sahasrabudhe et al., 2018)
(Aliprantis, 2000). Blocking the proinflammatory pathway in this way, will decrease Hsp
production (Daneri-Becerra and Galigniana, 2016). However, the mechanism of action of
pectin is still unclear and requires further investigations.

An alternative hypothesis is that the lower expression of Hsp90 in the liver could also be a
signal of poorer metabolism (Aliprantis, 2000). Arguably however the CTS diet also appears
to enhance energy metabolism by upregulating a number of livers associated metabolic
enzymes. LDHA, for example regulates the processing of pyruvate fermentation to lactate
(https://www.uniprot.org/uniprot/P00340), MEL1 is involved in the oxidoreductase reaction
of malate to pyruvate (https://www.uniprot.org/uniprot/Q92060), and ALDOB, contributes
to the lyase reaction of glycolysis by converting Fructose-1,6BP to Glyceraldehyde 3P and
Dehydroxiacetone-P (https://www.uniprot.org/uniprot/P07341). Although we were unable
to confirm the result for our target proteins (Hsp90 and LDHA) by WB, LDHA is considered

a key protein for further study on the role of CTS diet in promoting metabolism. The
available literature confirms many plant extracts boost the metabolism (Pirgozliev, 2018)
which could also explain the higher food intake, lower body weight and higher FCR
observed in trial 1 (chapter 2) for the CTS diet. The inconclusive WB result may be associate
to the loss of linearity and sensitivity of the method caused by the unverified antibodies (i.e

predict to react in the species of interest) (Gilda et al., 2015).

Effects of LPS on the muscle proteome

No major significant differences were found in the muscle proteome post (12h) LPS
challenge. This may have been due to the short duration of the applied stressor which in this
case was a single dose of LPS. According to the literature a common manifestation of a
variety of disease processes is the loss of muscle mass as broilers can suffer from anorexia
post LPS challenge. However, to contrast this stress condition, muscle proteins are
catabolized to AA substrates to supply energy via liver gluconeogenesis (Gordon et al.,

2013), although the mechanism of action is not clear. Ma et al. (2021) observed elevated
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atrophy of breast muscle mass in broilers that had been subjected to prolonged heat stress;
this study confirmed that the activation of muscle breakdown occurs in broilers to provide
AA substrates to liver gluconeogenesis to supply energy under prolonged periods of stress.
This indicates that a different timescale (e.g considering later post challenge time points) is

a reasonable explanation for not observing a massive proteome muscle change.

However, it’s important to note that in our study | did see an increase of kelch-like protein
T12h post LPS challenge. This protein has been found to be associated with prolonged heat
stress in broilers (Hu et al., 2020). During heat stress, the content of superoxide free radicals
and hydrogen peroxide significantly increase and induce oxidative stress through nuclear
factor erythroid 2—related 2/Kelch-like ECH-associated protein 1 (Nrf2-Keapl) pathway
(Zhang et al., 2018) (Song and King, 2015). Our results suggest that LPS initiates oxidative
damage in broiler muscle through the activation of the Nrf2-Keapl pathway. However,
further investigation is required to confirm this hypothesis as just kelch-like protein was
found. Based on these considerations, | could have observed a different result in muscle if |
had used different time points post challenge or administered repeat injections of LPS,

changed the mode of delivery or indeed used a different type of endotoxin.

Effects of dietary supplementation on the muscle proteome post LPS challenge

57 unique proteins were modulated in the muscle of broilers receiving the CTS diet at T12h
post LPS challenge. Among these, the abundance of a number of metabolic enzymes
(MDH1, ENO3, GAPDH) were found to be higher in CTS diet compared to CTL diet. Two
structural proteins (tubulin and myosin) in contrast were lower in abundance. Unfortunately,
| was not able to validate these results using GAPDH as our target protein by WB.
Nevertheless, by exploring the literature possible interactions between the bioactive

compounds in the CTS diet and each of these proteins was explored.

GAPDH and ENOS3 are glycolysis enzymes which play an important role in energy
generation in muscle cells. GAPDH is widely expressed in most cell types and its levels
increase during the development of fast twitch muscle fibres in chickens (Stone et al., 1985).
In rats, the study of Lowe et al. (2000) suggests that myofiber type in skeletal muscle
influences GAPDH expression. Increased levels of GAPDH have also been registered in
muscle during heat stress (Cedraz et al., 2017), the possible explanation is that the release of

endotoxins causes a decline in pH and consequently a change in the activity of this enzyme
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because glycolysis becomes the main pathway aimed to generate energy (Picard etal., 2010).
The study of Kamboh et al. (2013) indicates that muscle hypermetabolism in livestock
animals is typically caused by antemortem stress factors, particularly heat stress. No
evidence was found to support the hypothesis that bioactive compounds found in CTS
extracts can modulate GAPDH. Therefore, a possible explanation for this result is that the
increase GAPDH is an indirect effect that relates more to the overall response to stress

induced by LPS challenge in the CTS group.

The proteomics results also suggested that the abundance of myosin and tubulin was
significantly lower in the muscle samples associated with the CTS diet, but these results
could not be validated by WB. Myosin is a structural protein which binds to actin and is able
to convert chemical energy in the form of ATP to mechanical energy resulting in muscle
contraction (Nunnally et al., 1985). Calcium ions are the main signal, that can induce
activation of actin-myosin interactions (Szent-Gyorgyi, 1975). Given the abundance of
myosin ATPase in skeletal muscle, ATP hydrolysis by myofibrillar component is
demonstrated to drive post-mortem changes to meat quality (Ferguson and Gerrard, 2014).
Tubulin is the major constituent of microtubules and allows multiple important cellular
functions such as structural support and pathways for transport (Binarova and Tuszynski,
2019). No evidence could be found that directly links the bioactive components found in the
CTS diet to myosin and Tubulin. The observed lower abundances of these proteins are
therefore interpreted as being consistent with the hypothesis that under stress conditions
muscle atrophies and muscle proteins are catabolized to AA substrates to supply energy via

liver gluconeogenesis (Gordon et al., 2013).

Conclusions

CTS diet revealed promising results in reducing the abundance of stress proteins (Hsp) and
accelerating the metabolism of the liver in response to the activation of the immune system
by LPS. This was mainly evidenced by the modulation of different Hsps and metabolic
enzymes in liver as a result of the proteomics investigation. A possible interaction between
bioactive compounds found in the CTS diet (e.g pectin, flavonoids) and Hsps, and some of
the metabolic enzymes was also established. However, Western Blot results for 3 selected
proteins (HSP90, LDHA and GAPDH) was inconclusive so further investigations are
required to validate these findings. A tenuous link was also made between a number of
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metabolic enzymes and structural proteins associated with muscle and the response

associated with the CTS diet to LPS challenge which is worth further investigation.

In the next chapter a metabolomics approach is used to investigate the LPS response of
broilers under each dietary regime in plasma collected from the same birds over a period of
48h post LPS challenge.
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Chapter5  Metabolomics on plasma samples: effects
of novel plant extracts pre and post LPS challenge
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5.1 Introduction

Metabolomics is an emerging field that studies the complete set of metabolites found in a
biological sample (Agin et al., 2016). Metabolites referred to multiple small molecules such
as amino acids, fatty acids, carbohydrates, or other products of cellular metabolic functions
(Johnson et al., 2016). Metabolomics is used as a complementary approach to genomics,
transcriptomics, and proteomics; the first manuscript on metabolomics was published in
1998 but the main development of this technique was reported to have occurred from 2010
(Pinu et al., 2019) so it can be considered as a new field of investigation. Metabolite levels
and their ratios reflect metabolic function and animal health so when levels are out of normal
range, it can be synonymous of disease or infection (Hasin et al., 2017). When a pathologic
condition occurs, the levels of metabolites in the circulation reflect the host’s condition. The
main aim of metabolomics is to identify potential small molecule biomarkers that are
correlate to diseases, environmental variation, specific dietary administration and to

interrogate the overall metabolic network (Rinschen et al., 2019).

Mass Spectrometry (MS) is the preferred method for metabolite identification (Gowda and
Djukovic, 2014) (see chapter 1). MS-based studies provide a highly sensitive means of
compiling a metabolic profile. Metabolomics can be divided into targeted and non-targeted
(Ribbenstedt at al., 2018). Targeted metabolomics is aimed to study and analyse specific
known metabolites of interest (Roberts et al., 2012) while untargeted metabolomics analyse
all detectable metabolites in a sample without a specific target (Schrimpe-Rutledge et al.,
2016). As a discovery approach, untargeted analysis, can led to the discovery of novel

biomarkers (Carneiro et al., 2019).

Metabolites can be detected in both plasma and tissues (see 1.9 Metabolomics -chapter 1).
Plasma samples have already been used by researchers to study the metabolome of broilers
post hatch (Van Every and Schmidt, 2021), on different dietary regimens (Wu et al., 2021)
and at sexual maturity (Afrouziyeh et al., 2022). Plasma metabolites are an indicator of
broilers health, but a wide range of factors can alter specific metabolites or the overall
metabolome of broilers. LPS and dietary treatments can impact the metabolome profile of
broilers during physiological or challenge conditions. The study of Barnes et al. (2002) and
Asai et al. (2008) found a decrease in plasma amino acids in chickens post LPS challenge.
Williams and O’Neill (2018) found that LPS can induce a significant decrease in the

expression of genes involved in mitochondrial energy metabolism.
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No information is available in the literature on the effects of citrus (CTS) and cucumber
(CMB) diets on the broilers metabolome but both plant extracts could be potential
modulators of metabolites due to active molecules such as pectin, vitamins, carotenoids and
flavonoids included in the extracts (Vouldoukis et al., 2004; Farag et al., 2019; Fotakis et
al., 2017) as discussed in chapter 1.

Metabolomics investigation generates big data, so a possible approach includes a first
screening and overview of data by pooling samples based on a specific variable of interest
(e.g age, sex, time points, pens etc..). Then, based on data generation, increase the number
of individual samples for a study based on individual samples. This type of approach was
used for our analysis: plasma samples from trial 2 (see chapter 3) were used to run two
Untargeted metabolomics investigations in plasma with the main aim to explore the effects
of LPS and experimental dietary treatments (CTS and CMB diets) on the broiler’s
metabolome. A functional study, based on plasma results, was then carried out. This was
designed to evaluate the role of CTS diet in modulating the stress response of broilers before
LPS challenge.

5.2 Aims and Objective of the study

The main aim of this study was to characterise the response of the plasma metabolome of
broiler chickens to an LPS challenge and to test the hypothesis that dietary supplementation
with CTS or CMB can modulate the plasma metabolome at TOh pre challenge and T12,24
and 48h post LPS challenge. The pooled sample and individual sample studies gave very
comparable results and while the methods for both approaches are given in this chapter, the
detailed results for the pooled samples are in the appendix C and the focus here is on the

results of the study of individual samples.

The knowledge generated from this investigation will be used to identify novel biomarkers
of broilers health and bioactive compounds in citrus and cucumber extracts which could

interact with metabolites for reducing the stress or inflammatory response of broilers.
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5.3 Materials and methods

5.3.1 Metabolomics: Summary workflow

Two untargeted metabolomics studies (LC-MS based), 1 pooled and 1 individual sample
study, were performed to look at the effects of LPS challenge and diets on the metabolome
of broilers at TOh pre challenge and T12, T24 and T48h post challenge. The pooled plasma
study was performed at Glasgow Polyomics, University of Glasgow, with the grant support
of British poultry science, UK. The following individual sample study took place at the
facilities of the faculty of Faculty of Veterinary Medicine, Zagreb, Croatia. The workflow
used for the two untargeted metabolomics studies was as follow: samples were extracted
using chloroform/methanol/water (1:3:1) in the volume of 30/90/30 ml and separated by
liquid chromatography (LC) before the MS identification. Data obtained from MS were
investigated using Polyomics integrated Metabolomics Pipeline (PiMP), which identifies
metabolites, and MetaboAnalyst which allows statistical analysis. The last stage of analysis
includes the biological interpretation of the results and discussion. The Figure 5.1 below

summaries the pipeline used for metabolomics investigation.

1. SAMPLES SELECTION: 2. SAMPLE PREPARATION: 3. LC-MS BASED
1. Pilot study — plasma samples Samples in Chloroform UNTARGETED
48 pooled samples belonging to the > /Methanol/Water 1:3:1 > METABOLOMICS

same treatment, pen and time point
' -
2. Complete study— plasma samples - l

92 unpooled samples belonging to
control and citrus treatment

6. BIOLOGICAL e 5.STATISTICAL =~ 4. METABOLITES <

INTERPRETATION ANALYSIS - IDENTIFICATION -
. METABOANALYST PIMP
. T -
2‘ QN T
}.\’. &JLM\

=3

H Gy

Figure 5.1 Workflow of LC-MS based Untargeted Metabolomics
Sample processing includes proteins extraction by chloroform, methanol, water (1:3:1), LC-MS/MS analysis,
metabolites identification in PiMP, statistical analysis in MetaboAnalyst and biological interpretation.
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5.3.2 Sample selection and preparation

Pooled study on plasma: plasma samples (N=144) from trial 2 (see 3.2.1 Trial 2
Experimental design - chapter 3), collected from broilers (15d old) belonging to all dietary
groups (CTL, CTS and CMB) at TOh pre challenge and T12,24 and 48h post LPS challenge

were pooled together based on the same diet as shown below in the Figure 5.2.

Figure 5.2 Pooling of samples for Untargeted metabolomics analysis in broilers fed with cucumber diet

—
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Cucumber, Pen 9, TO Cucumber, Pen 9, T24

Tot. 16 pooled
samples/diet/pen

Cucumber, Pen 12, TO . h
time point.

Cucumber, Pen 12, T24

Cucumber, Pen 2, T12 Cucumber, Pen 2, T48

Same process for
control and citrus
Cucumber, Pen 5, T48 (16x3) = 48 pooled
samples

Cucumber, Pen 5, T12
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1111

] ] ] ] <]
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as an example.

Samples were pooled together based on the same diet, pen and time point (N= 48). For any one diet, 12 samples
at each timepoint pre and post LPS treatment were selected and mixed into 4 pools with 3 samples per pool to
allow statistical analysis so that for each diet there were 16 pooled samples, with one for every timepoint (TO,
T12, T24, T48). In total there were 48 pooled samples for the three dietary treatments.

Cucumber, Pen 9, T48
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Individual sample study on plasma: Individual plasma samples from trial 2 (see 3.2.1 Trial
2 Experimental design - chapter 3) were randomly selected from CTL and CTS diets only
(12 birds/2diet/4 time points) to further investigate the key findings of the pooled analysis.
Due to the death of 1 bird at T12h post challenge, a total of 92 individual samples were

analysed.

In both studies samples were extracted using the optimized Polyomics protocol; 25ul of
plasma was diluted in 975ul of Chloroform/Methanol/Water (1:3:1) at 4°C. Plasma samples
were then vortexed for 5 min, centrifuged for 3 min at 13.000g at 4°C and ~800ul of
supernatant collected from each sample. For the pooled study, 200l of 3 unpolled samples,
belonging to the same diet/pen and timepoint, were pooled together. Samples were then

stored at -80°C until the start of the analysis.
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5.3.3 LC-MS/MS analysis

The untargeted LC-MS/MS technique, in conjunction with bioinformatics tools, was used to
provide a complete spectrum of metabolites which are modulated by each dietary treatment
(CTL, CTS and CMB pooled; CTL and CTS individual samples) and time points pre (TOh)
and post challenge (T12,24,48h). Metabolites were first separated by LC, before the MS
identification. In Polyomics, where the pooled study on plasma was performed, Hydrophilic
interaction liquid chromatography (HILIC) was carried out using their optimised protocol

(https://www.polyomics.gla.ac.uk/assets/downloads/ MSMetabolomicsPrepLiquids-

Aug2013.pdf) on a Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific, Hemel
Hempstead, UK) using a ZIC-pHILIC column (150 mm x 4.6 mm, 5 pm column, Merck
Sequant). The column was maintained at 25°C and samples were eluted with a linear
gradient consisting of 20 mM ammonium carbonate in water (solvent A) and 80% ACN
(solvent B) at a flow rate of 0.3 ml/min. The injection volume was 10 pl and samples were
maintained at 5°C prior to injection. For the MS analysis, a Thermo Orbitrap QExactive
(Thermo Fisher Scientific, Bremen, Germany) was operated in polarity switching mode. MS
spectra were acquired in range from m/z 70.0 to m/z 1050.0 with a resolution of 70,000,
AGC target 1e6. In the University of Zagreb, where the individual sample study was carried
out, the separation was performed with procedure (Rubi¢ et al., 2022), which had been
optimised with advice from Glasgow Polyomics, on a ZIC-pHILIC column (150 mm x 4.6
mm, 5 um column, Merck Sequant, Darmstadt, Germany), at a temperature of 30°C. The
LC-MS system runs in a binary gradient solvent mode consisting of 20mM ammonium
carbonate (Honeywell, Charlotte, NC, USA) in water (solvent A) and ACN (solvent B) with
the flow rate of 0.3 mL/min. 10 pL of each sample were injected and analysis were carried
out on a Dionex UltiMate 3000 UHPLC system (Thermo Fisher Scientific, Germering,
Germany) coupled to a Thermo Orbitrap QEXxactive Plus (Thermo Fisher Scientific, Bremen,
Germany) in both positive and negative ion modes. Full scan MS spectra were acquired in
range from m/z 70.0 to m/z 1050.0 with a resolution of 70,000, AGC target 1e6. In all
studies, a quality control (QC) of the LC-MS system was assessed before starting the
complete analysis. The QC sample was prepared by mixing equal volumes (15uL) from each
sample (CTS, CTL, CMB for the pooled study and CTS, CTL for the individual sample
study). This pooled sample was then used to provide a mean profile representing all the
analytes during the analysis. The pooled QC sample was injected five times before running

the analysis to ensure a proper system equilibrium had been established and then, every 51


https://www.polyomics.gla.ac.uk/assets/downloads/%20MSMetabolomicsPrepLiquids-Aug2013.pdf
https://www.polyomics.gla.ac.uk/assets/downloads/%20MSMetabolomicsPrepLiquids-Aug2013.pdf
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sample to monitor the consistency. The Total lon Chromatogram (TIC) of the pooled QC
sample shown in Figure 5.3, indicates the minimum and maximum signals seen in the
positive mode and the interquartile range and shows the spread of the samples over time.
Figure 5.4 shows the negative mode plot. Both TIC examples are referred to the plasma
pooled study performed in Polyomics, UK. Based on this observation, it’s possible to
conclude that the instrumentation can perform to nominal standards and provide

reproducible data.
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Figure 5.3 Minimum/maximum and interquartile range of the TIC signals for the positive mode pooled
samples showing high reproducibility of the instrument over time.
TIC; total ion chromatogram, RT; retention time.
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Figure 5.4 Minimum/maximum and interquartile range of the TIC signals for the negative mode
pooled samples showing high reproducibility of the instrument over time.

TIC; total ion chromatogram, RT; retention time.

Default Polyomics standards mixes of known metabolites (standards 1, standards 2 and
standards 3) were also run in MS to allow the identification of experimental metabolites in

both studies. The data/metabolites were peak-detected and noise-reduced. A list of the peaks’
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intensities was released at the end of the analysis and the first chromatogram was generated
(Rt-m/z data pairs were used as identifiers). Then, data obtained from LC-MS were
converted into mzXML format files using the convert tool of Proteo Wizard

(msConvertGUI, http://proteowizard.sourceforge.net/) and uploaded on PiMP for

metabolites identification and Metabonalyst for the statistical analysis. For the overall
metabolomics investigations, | pursued the standard work pipeline used by the Glasgow

Polyomics facility.

5.3.4 Metabolite’s identification Polyomics integrated Metabolomics
Pipeline (PiMP)

PiMP software is based on R pipeline (Gloaguen et al., 2017) and it was used to evaluate the
preliminary results on the effect of dietary administration and LPS in broilers. The use of
PiMP was characterised by the following steps: project administration, data upload, quality
control, parameters analysis and data interpretation. The pipeline supports only pairwise and
combinatorial comparisons. The following experimental analysis were conducted in the

pooled study:

e 3 pairwise comparisons to explore the effects of LPS challenge at all time points

irrespective to diet:

CTL_T12 relativeto CTL_TO
CTL _T24 relativeto CTL_TO
CTL_T48 relative to CTL TO

e 8 pairwise comparisons to explore the effects of experimental diets (CTS and CMB)
vs CTL. In the individual sample study only the CTS and CTL diets were compared
at TO, T12, T24 and T48:

CTS_TOrelative to CTL_TO
CMB_TO relative to CTL _TO
CTS_T12 relative to CTL_12
CMB_T12 relative to CTL_12
CTS_T24 relative to CTL_T24
CMB_T24 relative to CTL_T24
CTS_T48 relative to CTL_T48
CMB_T48 relative to CTL _T48


http://proteowizard.sourceforge.net/
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In the individual sample study on plasma the same analysis was applied but limited to
considering CTL and CTS diet (CMB was not included, to allow focus on the effect of CTS).
Once each analysis was complete, the quality of the data was verified by studying the total
ion chromatograms for the datasets. Total ion chromatograms release information on the
total detected masses from the instrument. In most cases, a large broad peak is visible
towards the end of the chromatogram which is usually a consequence of salty samples using
HILIC chromatography. Metabolites are assigned to four categories based on their
mass/RT/polarity: identified, identified+fragments, annotated, annotated+fragments. Data
from identified compounds matched internal standards used for the analysis by retention
time and mass (high reliability and accuracy) while the annotated compounds were assigned
putatively based on mass (low reliability and accuracy). Significantly changing compounds
(adjusted p < 0.05) were listed and detected per each pairwise comparison. VVolcano plots
were used to evaluate significant metabolites (adjusted p < 0.05) per each pairwise
comparison. Results were filtered based on the peak (clear or not) and assignment class
(identified/annotated). The metabolic maps tab, derived from the Kyoto Encyclopedia of
Genes and Genomes database (Keeg), was studied to gain information about the pathways
in which metabolites detected were involved. Each Keeg map gives information about the

categories (identified/annotated/unknown) of the metabolites involved in the pathway.

5.3.5 MetaboAnalyst: statistical analysis

The online platform MetaboAnalyst (https://www.metaboanalyst.ca) is an easy-to-use free
online web tool that can be used to analyse Omics data. The platform allows data analysis
and data interpretation (Chong and Xia, 2020). The peak intensity table from PiMP was
upload in MetaboAnalyst software to perform statistical analysis. Once data were uploaded,
missing values were replaced by 1/5 of min positive values of their corresponding variables
by default. The assumption for this approach is that missing values are present due to low
abundance metabolites. Moreover, as the presence of zero values can cause problem in the
following step of data normalization, they are replaced with small values (Steuer et al.,
2007). As mentioned above, data normalization was then applied to remove redundancy and
it was mainly characterised by two steps: data transformation and data scaling. Data were

transformed via a Log10 transformation, and the means were centred and divided by the
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value range of each feature. The normalization of data was confirmed by looking at the
distribution of samples through the Kernel density plot before and after normalization. Once,
data normalization was confirmed, multivariate (PCA and PLSDA) and univariate (one-way
ANOVA) analyses was applied. PCA and PLSDA reduced the dimensionality of the
complex data set generated from LC-MS analysis because the data matrix was reduced to
principal components (PCs) and samples distributed in a defined space; this allowed a better
visualization of the effect of dietary treatment and time point pre and post challenge. The
metabolites which showed significant differences were studied by one-way ANOVA to
identify differences based on dietary treatments and LPS challenge. Fisher's least significant
difference method (Fisher's LSD) was used as ANOVA Post hoc test. Results were
considered significant with a p < 0.05.

Metabolites were studied in the negative and positive ion modes. When MS is coupled with
LC, the positive ion mode (+) is generally preferred as more compounds are expected to
ionize in this mode (Cech and Enke, 2001). Metabolites detected in the positive ion modes

are presented in the results, when not available the negative ion mode is used instead.

5.3.6 Follow-up functional study: Corticosterone assay

Based on the metabolomics data, a corticosterone assay was carried out to examine the
hypothesis that adenosine levels were associated to a lower stress status in broilers fed with
CTS diet. To evaluate this hypothesis the levels of corticosterone were measured in plasma
samples of CTS, CTL and CMB TOh pre challenge. CMB was used as a second control in
the analysis. 12 plasma samples per each diet (N=36) were used for this assay (see 3.2.1
Trial 2 Experimental design - chapter 3). Corticosterone was measured using a commercial
ELISA kit (Cayman chemical, Ann Arbor, USA, 501320). Samples were extracted and
reconstituted following the validated protocol of our laboratory which previously evaluated
the extraction efficiency by spiking samples with 10ul H3-labelled cortisol (Lot. 3632075,
Perkin Elmer, Boston Massachusetts, USA). In our protocol, 50 ul of each plasma sample
was added into a glass 20 ml tube and mixed with 4 ml of diethyl ether. Samples were placed
for 10 minutes on a mechanical shaker and the solvent phase was decanted into a new glass
tube after freezing the aqueous phase with a methanol dry ice bath. Then, extracts were
evaporated to dryness using a ventilated hot block. Each sample was reconstituted in 600ul
of the ELISA buffer of the kit, by shaking for 1hr at RT. Samples were stored at 4°C
overnight. The ELISA was run according to the manufacturer’s instructions. In brief, serial

dilutions of standards: S1 (5000pg/ml), S2 (2000 pg/ml), S3 (800pg/ml), S4 (320 pg/ml), S5
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(128 pg/ml), S6 (51.2pg/ml), S7 (20.5 pg/ml), and S 8 (8.2 pg/ml) were prepared. Each plate
contained blanks, non-specific binding wells (NSBs), maximum binding wells(BOs),
standards and samples which run in duplicate. 100 pl of ELISA buffer were added to NSBs
while 50 pl were placed in BOs wells. 50 ul of each standard, blank and sample were placed
on the plate. 50 pl of corticosterone AChE tracer was added to all wells except for the blank.
Then, 50 pl of ELISA Antiserum was placed in each well except the blank, NSBs and BOs.
The plate was then stored and incubated overnight at 4°C. The next day, the plate was washed
five times using the wash buffer before adding 200 pl of EImans reagent to each well. The
plate was covered and put in the dark on an orbital shaker. The absorbance was measured by
a spectrophotometer at a wavelength of 405 nm in the BOs wells averaged between 0.3-1.5
A.U (blank subtracted). The assay developed in ~90-120 minutes. Absorbance results were
calculated by subtracting the absorbance average of blank wells from the standards. The
samples concentrations of Corticosterone were calculated using the equation obtained from
the standard curve. Statistical analyses were performed in RStudio; ANOVA test was used
to evaluate if any differences in terms of corticosterone levels were found in the

supplemented diets (CTS or CMB) compared to control.
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5.4 Results

5.4.1 Plasma metabolome

Minor differences were discovered between the analysis of pooled samples (results can be
consulted in the appendix C at the end of the thesis) and the individual sample study on

plasma so the focus here will be on the results obtained from this last one.

5.4.2 Characterising the LPS effect on the plasma metabolome of
broilers at T0, T12, T24 and T48 post LPS challenge- CTL diet

In this study, a total of 5316 identified and annotated features were discovered. After
processing the peaks annotated/identified based on mass and mass/retention time, 73 unique
compounds matched the known standards (identified and identified+fragments metabolites).
In the evaluation of LPS challenge, the 3 group-wise comparisons identified differences in
fold changes (fc). Each fc was associated to significance statistics. Peaks with an adjusted p
< 0.05 were considered significant. Each pairwise comparison was studied separately:
significant differences on identified and annotated metabolites were found based on LPS
challenge at all time points post challenge. Both metabolite categories were filtered based
on peak and isoforms evaluations (Table 5.1). The peak evaluation consists in visualise, in
the Pimp software, the peak referred to each significant metabolite per pairwise comparison
and define it as clear or unclear peak. In most cases there is noise and multiple peaks
associated to one metabolite, in this case the feature must be filtered out. The isoform
evaluation was aimed to identify the same peak associated to multiple metabolites. In most
cases, metabolites which shared the same peak were associated to isoforms of the same
metabolite. If different metabolites shared the same peak, the evaluation was made based on
the biological interpretation in collaboration with Glasgow Polyomics, University of
Glasgow, and University of Zagreb. Annotated and Identified metabolites, post evaluations,
are presented in Tables 5.2, 5.3 and 5.4. The full filtered list of identified and annotated
metabolites has been uploaded at the University of Glasgow's repository for research data
(http://dx.doi.org/10.5525/gla.researchdata.1272).


http://dx.doi.org/10.5525/gla.researchdata.1272

BEFORE peak and isoforms
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POST peak and isoforms

evaluation evaluation
Pairwise Identified Annotated Identified Annotated
comparisons metabolites  metabolites metabolites metabolites
CTLTOhvs CTL
T12h 52 1317 17 308
CTLTOhvs CTL
T24h 30 793 13 187
CTL TOhvsCTL
T48h 18 858 7 205

Table 5.1 LPS challenge: pairwise comparisons of TOh vs T12,24,48h and the respective metabolites
annotated (assigned putatively on the basis of mass) and identified (matched by mass and retention time
to standards) detected before and post peak and isoforms evaluation.
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Peak id Metabolite Log2 fc p Adjusted p Peak intensity TOh Peak intensity T12h Identification
1 Betaine -0.98 0.0000 0.0000 1704046315 864408838 identified+fragment
48 L-Glutamine -0.66 0.0000 0.0000 157564731 99997618 identified+fragment
99 L-Arginine -0.51 0.0000 0.0000 57344499 40226320 identified+fragment
242 L-Valine -0.29 0.0000 0.0000 23293168 19026420 identified+fragment
249 L-Methionine -0.78 0.0000 0.0000 27563852 16059557 identified+fragment
263 beta-Alanine -0.84 0.0000 0.0000 28674370 16069185 identified
291 L-Lysine 1.07 0.0000 0.0000 9706419 20441740 identified
320 L-Tyrosine -0.64 0.0000 0.0000 17063947 10969979 identified+fragment
1269 L-Glutamate -0.76 0.0000 0.0000 4080611 2410382 identified+fragment
1401 L-Ornithine -0.50 0.0000 0.0000 1649963 1164798 identified+fragment
1712 Cytidine 0.84 0.0000 0.0000 625725 1117303 identified
2757 L-Cystine -0.62 0.0000 0.0000 318502 206611 identified+fragment
1839 citrate -1.30 0.0001 0.0006 4877544 1981169 identified+fragment
1933 L-Serine -0.37 0.0002 0.0010 4088694 3154451 identified+fragment
1395 L-Aspartate -1.25 0.0008 0.0039 429333 180189 identified+fragment
547 thymine 0.75 0.0010 0.0047 452429 760513 identified
126 Orotate -1.28 0.0070 0.0269 129917 53634 identified

Table 5.2 Significant metabolites in CTL TOh vs CTL T12h in plasma samples

List of significant identified metabolites with the relative Log2 fc, p, adjusted p and identification. Identified metabolites can match the m/z and RT of features with internal standards

(identified) and through the comparisons of fragmentation spectra against mass spectral database (identified + fragment). Metabolites listed in the order of increasing adjusted p.
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Peak id Name Log2 fc p Adjusted p peak intﬁnsity peak intensity T24h identification
TO
173 beta-Alanine -0.78 0.0000 0.0000 28674370 16692828 identified
235 L-Tyrosine -0.97 0.0000 0.0000 17063947 8694339 identified+fragment
662 L-Glutamate -0.72 0.0000 0.0000 4080611 2483110 identified+fragment
1 Betaine -0.54 0.0001 0.0014 1704046315 1175697621 identified+fragment
47 L-Glutamine -0.45 0.0002 0.0021 157564731 115120831 identified+fragment
991 Cytidine -0.68 0.0003 0.0028 625725 390525 identified
3095 thymine 0.29 0.0003 0.0032 452429 551328 identified
231 Hypoxanthine -0.77 0.0003 0.0034 16841451 9850372 identified+fragment
4562 Homocystine -0.75 0.0005 0.0051 41814 24783 identified
73 L-Arginine -0.47 0.0009 0.0076 57344499 41398532 identified+fragment
843 L-Ornithine -0.61 0.0012 0.0187 1649963 1078471 identified+fragment
167 L-Valine -0.45 0.0031 0.0221 23293168 17034966 identified+fragment
170 L-Methionine -0.46 0.0068 0.0416 27563852 20095208 identified+fragment

Table 5.3 Significant metabolites in CTL TOh vs CTL T24h in plasma samples

List of significant identified metabolites with the relative Log?2 fc, p, adjusted p and identification. Identified metabolites can match the m/z and RT of features with internal standards
(identified) and through the comparisons of fragmentation spectra against mass spectral database (identified + fragment). Metabolites listed in the order of increasing adjusted p.
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Peak id Name Log2 fc p Adjusted p peak intensity TOh peak intensity T48h identification
1204 Adenosine -2.13 0.0000 0.0000 336284 76640 identified+fragment
4562 Homocystine -0.69 0.0001 0.0012 41814 25914 identified
843 L-Ornithine -0.57 0.0002 0.0021 1649963 1114771 identified+fragment
3095 thymine 0.40 0.0003 0.0027 452429 598945 identified

662 L-Glutamate -0.31 0.0008 0.0061 4080611 3288425 identified+fragment
170 L-Methionine -0.38 0.0027 0.0175 27563852 21183247 identified+fragment
231 Hypoxanthine -0.50 0.0064 0.0371 16841451 11892666 identified+fragment

Table 5.4 Significant metabolites in CTL TOh vs CTL T48h in plasma samples

List of significant identified metabolites with the relative Log2 fc, p, adjusted p and identification. Identified metabolites can match the m/z and RT of features with internal standards
(identified) and through the comparisons of fragmentation spectra against mass spectral database (identified + fragment). Metabolites listed in the order of increasing adjusted p.
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KEGG maps from PiMP were used to study metabolic pathways in which identified
metabolites were involved. Four metabolic pathways: were confirmed to be influenced by
LPS and studied in detail: Alanine, Aspartate, Glutamate; Glycine, Serine, Threonine;
Methionine and Cysteine; Arginine and Proline. The identified and annotated metabolites in
each KEGG maps were studied and evaluated.

Note that the entire pathways described below were confirmed to be modulated in both the
pooled (appendix C) and individual sample study. In each pathway, identified (yellow dot),
annotated (grey dot) and unknown (white dot) metabolites are represented. Metabolites
circled in red represent the ones which are confirmed, post peak evaluation, to be
significantly decreased by LPS challenge at T12h (Figure 5.5A, B, C, D, E).

e In alanine, Aspartate and Glutamate pathway: L-Alanine, L-Aspartate, L-
Asparagine, D-Aspartate, L-Glutamine, L-Glutamate were confirmed to be
significantly decreased by LPS at T12h post challenge (Figure 5.5A).

e In Glycine, Serine and Threonine pathway: Cystathionine, Betaine, Sarcosine,
Threonine and L-Aspartate were decreased at T12h post challenge (Figure 5.5B).

e In Cysteine and Methionine pathway: Sulfate, O-Acetyl-L-Serine, L-Cysteine, L-
Alanine, L-Aspartate, L-Cystathionine, L-Serine, L-Homocysteine, L-Methionine-
S-oxide, L-Methionine were found significantly decreased by LPS at T12h post
challenge (Figure 5.5C).

e Intermediates of the Krebs’s cycle: Citrate, (S)-Malate, Cis-Aconitate were also

found significantly decreased in the first 12h post LPS challenge (Figure 5.5D).
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Figure 5.5 KEGG pathways influenced by LPS challenge.

Alanine, Aspartate and Glutamate pathway (Figure A), Glycine, Serine and Threonine pathway (Figure B),
Cysteine and Methionine pathway (Figure C) and the Citrate cycle (Figure D) are represented. In all pathways,
red cycles indicate intermediates significantly decreased at T12h post challenge compared to TOh pre
challenge. Yellow dots indicate identified metabolites, grey dots indicate annotated metabolites and white dots
unknown metabolites.

Following data normalization in MetaboAnalyst, multivariate analysis using PCA and
PLSDA shown in Figure 5.6, confirmed that LPS significantly modulated the entire
metabolome of broilers at all time points. In PCA, samples clearly cluster a at TOh and T12h
post LPS challenge while minor differences are observed between T24h and T48h. In

PLSDA, samples at each time point cluster separately.
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Figure 5.6 PCA and PLSDA of samples belonged to CTL diets at time points 0,12,24 and 48h pre and
post challenge.

In PCA, samples clustered depending on LPS at all time points with a clear difference at TOh and T12h post
challenge (minor differences are observed between T24h and T48h). In PLSDA, all time points clustered
separately. In both multivariate analyses, LPS shifted the overall metabolome composition post challenge.
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Metabolites which were considered more interesting, in terms of their biological role and the
pathway in which they are involved, were studied in detail. For example, essential amino
acids such as Cysteine and Methionine and intermediates of Citrate cycle such as Citrate and
(S)-Malate. All these metabolites showed a decrease in their abundance due to LPS injection

in the first T12h. Then the abundance was found restored after 24/48h (Figure 5.7).
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Figure 5.7 Cysteine, Methionine, Citrate and (S)- Malate, pre (TOh) and post (T12,24,48h) LPS
challenge in CTL diet.

The box and whisker plots (mean +/- SD) referring to CTL diet at each timepoint summarize the normalized
values of Cysteine, Methionine, Citrate and (S)-Malate intensities. Both metabolites resulted to be significantly

decreased (p < 0.05) at T12h compared to T0,24,48h. (+) and (-) indicate the ion mode in which metabolites
are detected.
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5.4.3 Plasma metabolome: dietary effect

In the pooled samples study no differences were discovered comparing CMB vs CTL diet
(appendix C), for this reason only CTS vs CTL diet comparisons were compared in the
complete study. The 4 group-wise comparisons identified significant changes mainly
associated to the annotated category of metabolites; peaks with an adjusted p < 0.05 were
considered significant. The overall list of annotated and identified metabolites was studied
and filtered based on peak and isoform’s evaluation. Metabolites at TO and T48 hours post
challenge were either regulated upwards or downwards by CTS while most metabolites at
T12 hours were found to be increased by CTS (mainly belonging to amino acids metabolism)
(Table 5.5). The full filtered list of annotated metabolites has been uploaded at the University
of Glasgow's repository for research data (http://dx.doi.org/10.5525/gla.researchdata.1272).

BEFORE peak and isoforms POST peak and isoforms
evaluation evaluation
Pairwise Identified Annotated Identified Annotated
comparisons metabolites metabolites metabolites metabolites
CTL T_quhvs CTS 1- Adenosine 260 1- Adenosine 76
CTLT12h vs CTS 1- Adenosine 199 1- Adenosine 47
T12h
CTL T24h vs CTS
T24h 0 ! 0 0
CTL T_fiigr:/ sCTS 1- Adenosine 218 1- Adenosine 45

Table 5.5 Pairwise comparisons of CTL vs CTS diet at each time point (T0,12,24,48h) and the
respective annotated and identified metabolites detected before and post peak and isoforms evaluation.

The overall metabolome modulation was studied through multivariate analysis in
MetaboAnalyst, PCA and PLSDA, as presented in Figure 5.8. In PCA plot, samples clearly
clustered separately based on diet (CTS vs CTL) mainly at TOh and T12h compared to T24
and 48h. PLSDA identified similar clusters at TOh and T12h and highlighted a minor shift
of metabolome composition in the first T12h post LPS challenge in CTS diet compared to
CTL.



http://dx.doi.org/10.5525/gla.researchdata.1272
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Figure 5.8 PCA and PLSDA of samples belonged to CTS and CTL diets at time points 0,12,24 and 48h
pre and post challenge.

In PCA, samples clustered depending on dietary treatments mainly at TOh and T12h post challenge while minor
differences are observed at T24h and T48h. In PLSDA, samples belonging to CTS diet at TOh and T12h post
challenge showed minor changes compared to the CTL diet at the same time points. In both multivariate
analyses, LPS shifted the overall metabolome composition at all time points post challenge.
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Based on these data, a wide range of metabolites were found to be influenced by CTS diet.
The results were found comparable to the plasma pooled study (appendix C). Despite the
high number of metabolites modulated by CTS diet, Adenosine was the only identified
metabolite that significantly differed between the two groups. The concentration of
Adenosine was significantly lower (adjusted p< 0.05) at TOh in broilers fed with CTS diet
compared to CTL diet. Then its level significantly increased after T12h and remained stable
at T24h and T48h. In the case of the CTL diet, the level of Adenosine started higher then

decreased after T24h leading to a significantly lower concentration at T48h compared to
CTS diet (Figure 5.9).
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Figure 5.9 Adenosine intensity of samples at T0,12,24 and 48 in CTL and CTS diets

The box and whisker plots (mean +/- SD) referring to each diet and timepoint summarize the normalized
intensities of Adenosine intensity per each group. The metabolite was detected in the positive (+) ion mode.
The level is significantly lower at TOh and T12h in broilers fed with CTS diet compared to CTL while at T48h

birds on the CTL diet displayed a significantly lower level of adenosine compared to CTS (p < 0.05). This
metabolite is shown in the positive ion mode (+).
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5.5 Functional study: Corticosterone assay

Table 5.6 compares the mean and SE concentration of corticosterone (ng/ml) in plasma
collected at TO (pre LPS challenge) from (N=12 per diet, CTL, CTS or CMB). No
significant difference was observed between dietary treatments.

Diet N Mean + SE
Corticosterone (ng/ml) CTL 12 2979 + 0.443°

CTS 12 2.615 + 0.409?

CMB 12 3.772 + 0.593?

Table 5.6 Corticosterone concentrations (ng/ml) in plasma of broilers fed different dietary regimes at
TO (pre LPS challenge).

The data show the mean + SE of the corticosterone concentration in CTL, CTS and CMB groups. The groups
that share the same letters indicate that no significant difference is displayed among groups; No significant
differences were discovered based on different dietary administration.
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5.6 Discussion

In this investigation, the initial pooled study was used as a basis for sample selection for the
individual sample study in order to keep the cost of the MS analysis within budget. The
samples from the CMB diet were compared to the CTL diet in the pooled study but the
results showed that this diet was not effective in term of metabolites modulation. This was
the justification for not including the CMB diet in the individual sample study. Regarding
the LPS challenge and CTS dietary influence, results of both studies were found to be
comparable with just minor differences; for this reason the results of the individual sample
study on CTL and CTS form the basis for this discussion. This result also adds to the
evidence base that conducting pooled sample studies is justifiable especially where
consumable and timing constraints are a limiting factors although individual sample studies

are more approriate when possible (see Discussion in chapter 6).
Here below the effects of LPS challenge and modulating effects of the CTS diet on broilers
plasma metabolome are discussed by first comparing the results with the existing literature

and then providing a biological interpretation of data.

Effects of LPS on the plasma metabolome

LPS was found, in both studies (pooled and individual sample study), to modulate the
broilers plasma metabolome at all time points post challenge. The strongest impact was
observed at T12h which corresponds to the highest malaise of broilers and initiation of the
APR based on our time points as demonstrated by increases of at least two major APPs, SAA
and ex-FABP (see chapter 3) (Horvati¢ et al., 2019). In the first T12h post challenge,
metabolism of many amino acids was greatly affected with Alanine, Aspartate, Glutamate/
Glycine, Serine, Threonine/Methionine and Cysteine/ Arginine and Proline being identified
the most identified and annotated intermediate metabolites found. LPS triggers immune
activation by activating the inflammatory pathway that involve the production of cytokines
and chemokines (Koppenol et al., 2015). Due to the metabolic effort of activating the
immune system and the sickness induced reduction of feed intake, broilers face a generalized
dysregulation of nutrient homeostasis which leads to an imbalance in essential amino acids
during endotoxemia (Lieboldt et al., 2016). According to Asai et al. (2008) the lack of
energy intake promotes the degradation of amino acids to produce energy. As a consequence,
a decrease in plasma free amino acid during the early phase post LPS injection is generally

registered in plasma (Barnes et al., 2002).
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In this study Intermediates of the Citrate cycle were also modulated by LPS: Citrate, 2-Oxo-
glutarate, (S)-Malate, Cis-Aconitate were also found to significantly decreased in the first
12 hours post challenge. During inflammation, LPS induces a significant decrease in the
expression of genes involved in mitochondrial energy metabolism (Williams and O’Neill,
2018); Glycolysis is upregulated to generate more ATP and intermediates from the pentose
phosphate pathway are needed to produce a range of inflammatory mediators (Soto-
Heredero et al., 2020). Mitochondrial enzymes involved in the Krebs cycle are inhibited and
the Citrate cycle shifts from a catabolic pathway to anabolic pathway (Martinez-Reyes and
Chandel, 2020). Thus Citrate is withdrawn from the cycle and is exported from mitochondria
to the cytosol, where it is cleaved into acetyl-CoA and Itaconate (Williams and O’Neill,
2018). Our findings were found in line with Wu et al. (2021) that used a broilers challenge

experimental model and demonstrated that LPS can modulate entire amino acid pathways.

Effects of CTS diet on plasma metabolome pre and post LPS challenge

CTS diet was found to modulate the metabolome of broilers under normal physiological
conditions (TOh) as well as during the LPS stimulation of the immune response, mainly in
the first T12h post injection. However, difficulty in analysing these data occurred mainly
because many metabolites were assigned to the annotated category which means that the
metabolite identification was difficult as many metabolites were associated with the same
peak. To overcome this problem, a future study using different standard mixes could help in
interpreting results and may allow better detection and identification of metabolites. Another
large number of metabolites modulated by CTS diet were assigned to the unknown category,
which made it impossible to formulate any plausible hypothesis. Despite these difficulties,
some considerations are given to the annotated metabolites modulated by CTS pre and post
challenge below. The main reason of these changes, before LPS challenge, could be
attributed to the effects of bacterial strains found influenced by CTS diet. As demonstrated
in chapter 2, CTS can influence the abundance of different beneficial bacterial strains such
as lactic acid bacteria at the jejunum level of broilers. Lactic acid bacteria can decompose
proteins to produce a variety of small molecule peptides or free amino acids (Wang et al.,
2021). Similarly, other bacterial strains could have influenced amino acids, lipids or
secondary metabolites but no information are available in the literature so further
investigation is required to clarify this aspect. In the first 12 hours post LPS challenge,

broilers fed with CTS diet showed an increase in many annotated metabolites involved in
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the amino acids’ and carbohydrates metabolism. When lack of energy occurs, because of
LPS (see Effects of LPS on plasma metabolome), muscles are entitled to degrade amino
acids for energy needs but broilers fed with CTS show higher protein and carbohydrates

availability.

However, our attention was focused on the main identified metabolite, Adenosine, which
has an interesting biological role. Adenosine is a purine nucleoside formed by Adenine and
Ribose, and plays an important role in the modulation of the immune system of humans and
animals (Haskd, 2004). During inflammation or as a result of stress Adenosine levels in
plasma dramatically increase by the breakdown of adenosine triphosphate (ATP) (Antonioli
et al., 2019) (Figure 5.10).

Inflammation

Dying cells produce ATP

during inflammation
anti-inflammation
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Figure 5.10 Adenosine production during inflammation or as a result of stress.

During inflammation or pathological changes, Adenosine is produced by ATP dephosphorylation in the
extracellular spaces. This is transformed into adenosine monophosphate (AMP) by the ectonucleoside
triphosphate diphosphohydrolase- 1 (also named CD39). AMP is then successively dephosphorylated by the
enzyme ecto-5'-nucleotidase (CD73) to form Adenosine which decreases proinflammatory cytokine release
while increasing the secretion of IL-10 (modified from Antonioli et al., 2019).

Alternatively, Adenosine can be generated through the pathway nicotinamide adenine
dinucleotide (NAD+) and CD38 enzyme that converts extracellular NAD+ into adenosine
diphosphate ribose (ADPR) which is transformed by CD203a into AMP. Then, AMP can be
dephosphorylated by the enzyme CD73 to form Adenosine (Antonioli et al., 2019). The main
action of Adenosine is then determined by its interaction with four receptors A1, Aza, Azs,
As which are expressed on the surface of immune cells (e.g macrophages and monocytes);

each receptor has a different direct action on the cAMP metabolism and consequently the
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modification of secondary metabolic pathways (Koupenova and Ravid, 2013). With respect
to the current study adenosine was found to be lower in the plasma at TO in birds fed the
CTS diet. This led to the hypothesis that certain active compounds in the CTS diet, such as
flavonoids or pectin, improved the health and wellbeing of broiler chickens compared to
those on the CTL diet. For this reason, a functional study, aimed to evaluate plasma
Corticosterone concentrations (biomarkers of stress inflammation conditions) was
performed, but no differences in corticosterone levels were observed based on different

dietary administration.

An alternative hypothesis is that the difference in adenosine concentration in CTS vs CTL
(and CMB diets) at TOh and T12h post LPS challenge may result from the associated
interactions of CTS active compounds, such as pectin with Galactin-3 (Gal-3). Gal-3 are
carbohydrate binding proteins belong to lectin families which are highly expressed in
monocytes, macrophages and dendritic cells (Barondes et al., 1994). In mice, during
inflammation, Gal-3 passes into the extracellular space to active the inflammatory response
but in the presence of citrus pectin, Gal-3 is inhibited and the pro-inflammation pathway is
blocked (Nangia-Makker et al., 2002). The mechanism described above leading to an
increase in Adenosine is uninitiated. No available information is available in the literature
on broilers chickens, but a possible relation between pectin and the suppression of the

inflammatory pathway could explain differences in Adenosine concentrations.

Another hypothesis would be that other active CTS compounds, such as flavonoids
(quercetin or hesperidin) or limonene, could interact with the Adenosine pathway or its
receptors. In humans, quercetin can inhibit the enzyme CD73 (Braganhol et al., 2007) which
would cause a lower production/inhibition of Adenosine during LPS inflammation.
Hesperidin is an agonist of A1, A2a receptors (Muhammad et al., 2019) and their interaction
could determine an increase in free circulating adenosine. Limonene, is demonstrated to be
agonist of Aza receptors as well (Park et al., 2011) (Figure 5.11). The affinity of flavonoids
and limonene to Adenosine receptors suggests that CTS diet may potentially block the
effects of Adenosine and determine an increase in free extracellular Adenosine levels as the

receptors site is occupied by the interaction of CTS compound.
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Figure 5.11 Interaction between CTS compounds (quercetin, hesperidin, and limonene), adenosine and

its receptors Al, A2A, A2B, A3.

CD39-CD79 led to the formation of adenosine and its action it’s on A1, Aza, Az, Az receptors. Quercetin can
inhibit the enzyme CD73 leading to a decrease the production of Adenosine. Hesperidin is agonist of A1, Aza
receptors while Limonene is agonist of Axa receptors (modified from Antonioli et al., 2019).

Conclusions
LPS endotoxin was found to modulate the overall plasma metabolome of broilers at all time

points post challenge with a major impact at T12h which corresponds to the peak of the
innate immune response based on the levels of two major APPs (see chapter 3). Multiple
amino acids and carbohydrate metabolites were found to be significantly modulated by LPS

because it promotes the degradation of amino acids and shifts the Citrate cycle from a

catabolic pathway to anabolic pathway.
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CTS diet was found to have a strong modulation on plasma metabolome at TO and T12h pre
and post challenge by observing PCA and PLSDA, many other metabolites were also
changed but most where labelled as unknown or annotated metabolites which made a clear
interpretation problematic. However, CTS appears to increase amino acids abundance as a
sign of higher energy and protein availability. The abundance of the main identified
metabolite, Adenosine, was found influenced by a possible interaction between the
metabolite and CTS bioactive compounds such as pectin, flavonoids, and limonene. Our
biological interpretation of the Adenosine metabolite makes CTS compounds good
candidates in modulating the immune response of broilers during inflammation. However,
the mechanism of action needs to be clarified. The proteomics data described in chapter 4
suggests a possible interaction between CTS compounds and their influence in reducing the
abundance of proteins involved in the immune response of broilers. The investigation on
metabolites in which liver metabolic enzymes, identified by proteomics investigation, are
involved could help to understand the role of CTS diet and its compounds. This is the
approach adopted in the next chapter which describes an untargeted metabolomics study on

liver samples using the same experimental setup (as described in chapter 3).

In conclusion LPS and diet shows effects on the plasma metabolome with many metabolites
involved in these changes are metabolic enzymes or amino acids whose activity is altered
either by control mechanisms and/or up or down regulated synthesis. The complementary
proteomics study on liver and muscle described in chapter 4 was limited in term of samples
selection but nevertheless revealed interesting results which made it worthwhile to study the
liver metabolome of the broilers as described in the next chapter. Further discussion that

could explain the outcomes of both studies is provide in the General discussion (chapter 7).
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Chapter 6  Metabolomics on liver pooled samples:
effects of novel plant extracts pre and post LPS
challenge
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6.1 Introduction

In this chapter an untargeted metabolomics approach is used to investigate the effects of LPS
and dietary supplementation on the liver metabolome. In chapter 4 our proteomics study of
liver revealed that LPS challenge influences proteins associated with the APR and a number
of important metabolites associated with energy metabolism. Important modulatory effects
of the CTS diet were also revealed. As the liver produces most of the plasma proteins,
chapter 5 (plasma metabolomics) investigated the effects of LPS and diet on the plasma
metabolome. This study revealed that metabolites associated with AA metabolism and the
Citrate cycle decreased in plasma following LPS challenge. However, the abundance of
adenosine and a large number of unidentified metabolites in the plasma were significantly
changed by the CTS diet both pre and post LPS challenge. For these reasons and in order to
further investigate the mechanisms responsible for these results our attention is once again
directed back to the liver in this chapter. This is the first study of its kind to look at the effects
of broiler dietary supplemented with CTS extract on the liver metabolome both pre and post
LPS challenge. For completeness the effect of dietary supplementation with the CMB extract

were also considered.

Following the same approach used for the Metabolomics plasma investigation, a pooled
sample study on liver samples was performed to investigate the role of LPS and experimental
dietary treatments (CTS and CMB diets) on the broiler’s liver metabolome. The results on
plasma described in Chapter 5 gave confidence that the pooled approach would yield valid

results.

6.2 Aims and Objective of the study

The primary aim of this study was to test the hypothesis that dietary supplementation with
CTS or CMB extract can modulate the liver metabolome pre and/or post LPS challenge at
T0,12,24 and 48h. To address this aim | first had to characterise how the liver metabolome
in broilers receiving the CTL diet responds to LPS challenge and then compare this to that

of broilers on each of the experimental diets.
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6.3 Materials and methods

6.3.1 Sample selection and preparation

An untargeted metabolomics study of pooled liver samples (LC-MS based), was performed
to look at the effects of LPS challenge and diets on the liver metabolome of broilers at TOh
pre challenge and T12,T24,T48h post challenge at the University of Zagreb, Croatia
facilities. Liver samples (N=144) from trial 2 (see chapter 3), collected from 15d old birds
belonging to CTL, CTS and CMB diets at TOh pre challenge and T12,24,48h post LPS
challenge were pooled together (N=48) based on the same pen, diet and time points
following the same procedure applied for the plasma pooled sample study (see Figure 5.2 -

chapter 5).

Samples were extracted using the optimized Polyomics protocol; 2/3 portions of liver tissue
(~100 mg) were first defrosted and homogenized in 975ul of Chloroform/Methanol/Water
(2:3:1) using an Omni TH220 homogenizer (Omni International, Kennesaw, USA). Samples
were then vortexed for 5 min, centrifuged for 3 min at 13.000g at 4°C and ~700ul of
supernatant was collected. To prepare pooled samples, 200ul of 3 individual samples,
belonging to the same diet/pen and timepoint, were pooled together. Samples were then

stored at -80°C until the start of the analysis.

6.3.2 Liver Untargeted Metabolomics workflow

The same Metabolomics pipeline described in the previous chapter for plasma samples (see
chapter 5) was applied to liver samples. In summary, Untargeted LC-MS/MS technique, in
conjunction with bioinformatics tools (PiIMP and Metaboanlyst), was used to provide a
complete spectrum of metabolites which were modulated by each dietary treatment (CTL,
CTS and CMB) and time points pre (TOh) and post challenge (T12,24,48h). Volcano plots,
Kegg maps, PCA and PLSDA were studied in detail following the same workflow applied
to plasma samples.
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6.4 Results

6.4.1 Pooled study on liver: LPS effect

A total of 5593 identified and annotated features were detected in the liver pooled study.
Based on mass and retention time, 97 unique compounds were found to match the internal
standards. In liver, significant differences were found based on LPS challenge at TOh vs post
challenge time points. The 3 group-wise comparisons identified differences in fold changes
(fc). Each fc was associated to significance statistics. Peaks with an adjusted p < 0.05 were
considered significant Identified and annotated metabolites which showed significant
differences per each pairwise comparison, before and post peak and isoforms evaluation, are
represented in the Table 6.1. Identified metabolites, post evaluations, are indicated in Tables
6.2, 6.3 and 6.4 (see Glasgow university repository database
http://dx.doi.org/10.5525/gla.researchdata.1272 for the full list of annotated and identified

metabolites).

BEFORE peak and isoforms POST peak and isoforms
evaluation evaluation
Pairwise Identified Annotated Identified Annotated
comparisons metabolites metabolites metabolites metabolites
CTLTOhvs CTL
T12h 114 2546 35 625
CTL TOhvs CTL
T24h 25 647 6 176
CTL TOhvs CTL
T48h 30 688 8 156

Table 6.1 LPS challenge: pairwise comparisons of TOh vs T12,24,48h and the respective annotated and
identified metabolites detected before and post peak and isoforms evaluation.


http://dx.doi.org/10.5525/gla.researchdata.1272
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Peak id Metabolite Log2 fc p Adjusted p Peak intensity Peak intensity CTLT12h Identification
CTL TOh

1 Betaine -1.04 0.0000 0.0000 2705088320 1320054272 identified+fragment

31 Hypoxanthine -2.35 0.0000 0.0000 369858112 72556805 identified+fragment
116 L-Valine -1.81 0.0000 0.0000 118959670 33855504 identified+fragment
137 L-Methionine -1.88 0.0000 0.0000 88358132 24088644 identified+fragment
146 beta-Alanine -1.55 0.0000 0.0000 109481032 37497190 identified
149 L-Arginine -1.34 0.0000 0.0000 90412425 35638168 identified+fragment
168 Nicotinamide -1.78 0.0000 0.0000 69032133 20070509 identified+fragment
170 L-homoserine -1.25 0.0000 0.0000 74107600 31158635 identified+fragment
209 L-Tyrosine -1.81 0.0000 0.0000 55242248 15791040 identified+fragment
266 L-Serine -1.34 0.0000 0.0000 27032162 10665263 identified+fragment
411 L-Ornithine -2.48 0.0000 0.0000 8423028 1508908 identified+fragment
448 Creatinine -1.03 0.0000 0.0000 10594521 5180474 identified+fragment
2804 pyrophosphate -5.25 0.0000 0.0000 9390607 246005 identified
2830 L-Aspartate -1.27 0.0000 0.0000 73662101 30596196 identified
2838 CMP -2.28 0.0000 0.0000 1093147 225561 identified+fragment
2993 L-isoleucine -2.09 0.0000 0.0000 24940411 5873168 identified
3066 Orotate -2.12 0.0000 0.0000 1025379 235142 identified
3422 L-Tryptophan -1.54 0.0000 0.0000 3125259 1071355 identified

27 Choline phosphate -0.91 0.0000 0.0001 405994096 215471644 identified
3801 2-Oxoglutarate 1.48 0.0000 0.0001 621631 1739905 identified
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4241 cis-Aconitate -1.53 0.0000 0.0001 228688 79253 identified

225 L-Lysine -1.42 0.0000 0.0002 43407129 16207801 identified+fragment
1114 riboflavin -1.25 0.0000 0.0002 1078849 454554 identified+fragment
693 Cytidine -1.32 0.0000 0.0003 3255725 1304475 identified

60 L-Kynurenine -1.34 0.0001 0.0005 2848111 1127072 identified+fragment
2801 Taurine -0.67 0.0002 0.0008 104988204 65820270 identified+fragment
1780 L-Cystine -3.25 0.0005 0.0019 301284 31620 identified
4033 D-Glucosamine -0.94 0.0005 0.0019 137594 71710 identified

277 Adenine -0.65 0.0019 0.0058 32470894 20649249 identified+fragment

128 L-Glutamate -0.51 0.0028 0.0079 99882658 69948984 identified+fragment

Table 6.2 Significant metabolites in CTL vs CTL diet in liver samples at T12h

List of first 30significant identified metabolites (p < 0.05) with the relative Log?2 fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p.
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Peak id Metabolite Log2 fc p Adjusted p Peak intensity Peak intensity Identification
CTL TOh CTLT24h
146 beta-Alanine -0.88 0.0000 0.0006 109481032 59616172 identified
2830 L-Aspartate -1.06 0.0001 0.0027 73662101 35427470 identified
1114 riboflavin -1.12 0.0003 0.0076 1078849 495926 identified+fragment
2804 pyrophosphate -2.73 0.0004 0.0087 9390607 1418222 identified
209 L-Tyrosine -0.83 0.0006 0.0111 55242248 30981864 identified+fragment
411 L-Ornithine -1.08 0.0058 0.0486 8423028 3979480 identified+fragment

Table 6.3 Significant metabolites in CTL vs CTL diet in liver samples at T24h

List of significant identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p.

Peak id Metabolite Log2 fc p Adjusted p Peak intensity Peak intensity Identification
CTL TOh CTLT48h

2830 L-Aspartate -1.11 0.0000 0.0010 73662101 34116336 identified

303 AMP 1.27 0.0000 0.0011 12457422 30086573 identified+fragment
46 Adenosine 1.13 0.0006 0.0134 113782140 249397612 identified+fragment
411 L-Ornithine -1.38 0.0008 0.0123 8423028 3242198 identified+fragment

1780 L-Cystine -1.65 0.0013 0.0172 301284 95803 identified

209 L-Tyrosine -0.72 0.0037 0.0346 55242248 33484049 identified+fragment

2838 CMP -1.28 0.0051 0.0428 1093147 448889 identified+fragment
137 L-Methionine -0.82 0.0057 0.0461 88358132 49906705 identified+fragment

Table 6.4 Significant metabolites in CTL vs CTL diet in liver samples at T48h
List of significant identified metabolites (p < 0.05) with the relative Log?2 fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p.
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Metabolic pathways were used to study the relation among these identified and annotated
metabolites (before and after data normalization) to find out the ones which were mainly
influenced by LPS during the first T12h post challenge. Alanine, Aspartate, Glutamate/
Glycine, Serine, Threonine/ Methionine and Cysteine/ Arginine and Proline, Krebs cycle,
Glycolysis/Gluconeogenesis, purine, and pyrimidine pathways, showed a significant
decrease of their intermediates. In each pathway, identified (yellow dot), annotated (grey
dot) and unknown (white dot) metabolites are represented. Metabolites circled in red and
green represent respectively the ones which were confirmed to be significantly decreased
and increased by LPS challenge at T12h (Figure 6.1A, B, C, D, E).

e In alanine, Aspartate and Glutamate pathway: L-Alanine, L-Aspartate, L-
Asparagine, Succinate, 2-Oxoglutaramate, L-1-Pyroline -5-carboxylate were
confirmed to be significantly decreased by LPS at T12h post challenge while the
abundance of 2-Oxoglutarate was found increased by LPS (Figure 6.1A).

e In Glycine, Serine and Threonine pathway: 2-Phosho-D-glycerate, 3P-D-
Glycerate, Serine, L-Tryptophane, L-Cysteine, Guanidinoacetate, Betaine,
Sarcosine, 5-Aminolevulinate, Threonine, Homoserine, L-Aspartate, L-Aspartate 4-
semialdehyde, L-Ectoine were found to be decreased by LPS in the first T12h post
challenge (Figure 6.1B).

e In Cysteine and Methionine pathway: L-Serine, 2-Aminocytrate, O-Acetyl-L-
Serine, Sulfate, L-Cystine, 3-Sulfopyruvate, L-Alanine, D-Cysteine, L-Cysteine-
sulfinate, L-Aspartate, L-Homoserine, L-Cystathionine, L-Homocysteine, L-
Methionine-S-oxide, L-Methionine, S-Adenyl-L-homocysteine, 5-Methyl-5-
throadenosine, Ethylene were found significantly decreased by LPS at T12h post
challenge. The only metabolite found to increase was N-Formyl-L-methione (Figure
6.1C).

e In Arginine and Proline pathway: N2-Succinyl-L-arginine, Octopine, Arginine,
Sarcosine, Ornithine, Creatinine, Proline, D-Proline, 1-Pyroline-2-carboxylate, 5-
aminopentanoae, Glyoxylate, 2-Oxoarginine, 4-Guanidino-butanoate, N-4-Acetyl-
ainobutanal, N-4-Acetyl-amino-butanoate, 4-Amino-butanoate were found
decreased by LPS at T12h post challenge. N2-Succinyl-L-ornithine displayed an
increase in its abundance at T12h post LPS challenge (Figure 6.1D).

e Glycolysis and Gluconeogenesis pathway: o-D-Glucose, B-D-Glucose, o-D-

Glucose-1P, o-D-Glucose-6P, B-D-Fructose-6P, B-D-Fructose-1,6P2,
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Glyceraldehyde-3P, Glycerate-3P, Glycerate-2P were significantly decreased by

LPS at T12h (Figure 6.1E).
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CYSTEINE AND METHIONINE METAROLISM I
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Figure 6.1 KEGG pathways influenced by LPS challenge at T12h compared to pre challenge at TOh
Alanine, Aspartate and Glutamate pathway (Figure A), Glycine, Serine and Threonine pathway (Figure B),

Cysteine and Methionine pathway (Figure C),

Arginine and Proline pathway (Figure

D),

Glycolysis/Gluconeogenesis (Figure E) are displayed. In all pathways, green cycle indicates intermediates
significantly increased by LPS at T12h while the red cycle represents the ones significantly decreased at the
same time point compared to TOh pre challenge. Yellow dots indicate identified metabolites while grey dots
indicate annotated metabolites and white dots the unknown metabolites.
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Following data normalization in MetaboAnalyst, multivariate analysis was applied; PCA and
PLSDA shown in Figure 6.2 confirmed LPS can significantly modulate the entire liver
metabolome of broilers, compared to TOh pre challenge, mainly at T12h and T48h in PCA
plot and T24h and T48h post challenge in PLSDA.
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Figure 6.2 PCA and PLSDA of samples belonged to CTL diets at time points 0,12,24 and 48h pre and
post challenge.

In PCA, samples clustered depending on LPS mainly at T12 and T48h post challenge. Minor differences are
observed between TOh and T24h). In PLSDA, all time points clustered separately. In both multivariate
analyses, LPS shifted the overall metabolome composition post challenge.
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Metabolites which were considered more interesting, in terms of their biological role and the
pathway in which they are involved, were studied in detail. For example, essential amino
acids such as Cysteine, Methionine, Arginine, Proline (+ ion mode) were studied pre and post
challenge at all time points. The decrease in metabolites abundance caused by LPS at T12h

was confirmed in all diets (see Figure 6.3).
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Figure 6.3 Cysteine, Methionine, Arginine and Proline, pre (TOh) and post (T12,24,48h) LPS challenge
in CTL diet

The box and whisker plots (mean +/- SD) referring to CTL diet at each timepoint summarize the normalized
values of Cysteine, Methionine, Arginine and Proline intensity. All metabolites resulted to be significantly
decreased at T12h compared to T0,24,48h (p < 0.05). These metabolites are shown in the positive ion mode

(+).
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6.4.2 Pooled study on liver: dietary effect

Significant differences (adjusted p < 0.05) were found based on experimental diets. CMB
diet was found to slightly affect the broilers metabolome at T12h post challenge. However,
our attention was focused on CTS diet which showed a strong effect at most of the time
points pre and post challenge. The 4 group-wise comparisons (CTL vs CTS diet) identified
significant changes mainly associated to the early phase of LPS injection (T12h post
challenge); peaks with an adjusted p < 0.05 were considered significant. The overall list of
annotated and identified metabolites was studied and filtered based on peak and isoform’s
evaluation (Table 6.5). The first 30 identified metabolites modulated by LPS challenge at
T12h can be seen in the Table 6.5; the higher significance was found associated to amino
acids metabolism. The full list of identified and annotated metabolites significantly different
at each time point based on dietary treatments can be consulted at the Glasgow university

repository database (https://researchdata.gla.ac.uk).

BEFORE peak and isoforms

POST peak and isoforms

evaluation evaluation
Pairwise Identified Annotated Identified Annotated
comparisons metabolites metabolites metabolites metabolites
CTL TOhvs CTS
Toh 2 98 2 23
CTL T12hvs CTS
T12h 146 3146 49 800
CTL T24h vs CTS
T24h 0 79 0 20
CTL T48hvs CTS
T48h 0 66 0 15

Table 6.5 Pairwise comparisons of CTL vs CTS diet at each time point (T0,12,24,48h) and the

respective annotated and identified metabolites detected before and post peak and isoforms evaluation.
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Peak id Metabolite Log2 FC p Adjusted p Peak intensity Peak intensity Identification
CTL T12h CTST12h

1 Betaine 0.97 0.0000 0.0000 1366206763 2670571008 identified+fragment
27 Choline phosphate 1.15 0.0000 0.0000 198816456 442474952 identified

31 Hypoxanthine 2.52 0.0000 0.0000 56656878 326040096 identified+fragment
60 L-Kynurenine -1.62 0.0000 0.0000 17241694 5625174 identified+fragment
101 FMN 141 0.0000 0.0000 119897 318297 identified
116 L-Valine 1.62 0.0000 0.0000 50048747 153379136 identified+fragment
128 L-Glutamate 1.27 0.0000 0.0000 61795585 148549786 identified+fragment
133 L-Citrulline 2.62 0.0000 0.0000 15388150 94526498 identified+fragment
137 L-Methionine 2.64 0.0000 0.0000 18339888 114298440 identified+fragment
146 beta-Alanine 1.82 0.0000 0.0000 26959159 94882372 identified
149 L-Arginine 1.48 0.0000 0.0000 37983687 105946074 identified+fragment
168 Nicotinamide 1.66 0.0000 0.0000 29173622 92235718 identified+fragment
170 L-homoserine 1.94 0.0000 0.0000 24503412 94174260 identified+fragment
209 L-Tyrosine 2.33 0.0000 0.0000 13316641 66731657 identified+fragment
225 L-Lysine 2.05 0.0000 0.0000 16418266 67950599 identified+fragment
266 L-Serine 2.52 0.0000 0.0000 7370024 42195865 identified+fragment
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277 Adenine 1.33 0.0000 0.0000 16202056 40709146 identified+fragment
303 AMP -1.09 0.0000 0.0000 13999092 6588582 identified+fragment
411 L-Ornithine 248 0.0000 0.0000 2133712 11908962 identified+fragment
448 Creatinine 1.42 0.0000 0.0000 4555200 12222408 identified+fragment
693 Cytidine 1.77 0.0000 0.0000 1622648 5543777 identified
1114 riboflavin 2.04 0.0000 0.0000 393112 1611531 identified+fragment
2801 Taurine 1.40 0.0000 0.0000 48784079 128870158 identified+fragment
2804 pyrophosphate -0.20 0.0000 0.0000 17188574 14973340 identified
2838 CMP 1.79 0.0000 0.0000 270903 938746 identified+fragment
2867 sn-Glycerol 3-phosphate 1.34 0.0000 0.0000 35165264 88759352 identified+fragment
2993 L-isoleucine 3.10 0.0000 0.0000 4029403 34608311 identified
3066 Orotate 2.17 0.0000 0.0000 215523 970790 identified
3422 L-Tryptophan 1.80 0.0000 0.0000 1096132 3826471 identified
3801 2-Oxoglutarate -1.25 0.0000 0.0000 1451488 611201 identified

Table 6.6 Significant metabolites in CTL T12h vs CTS T12h in liver samples
List of the first 30 significant identified metabolites (p < 0.05) with the relative Log2 fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p.
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Due to the massive modulation observed by CTS diet at T12h post challenge, the relation
among metabolites at T12h was studied through the KEGG maps. Five metabolic pathways
(Figure 6.4): Alanine, Aspartate, Glutamate/ Glycine, Serine, Threonine/ Methionine and
Cysteine/ Arginine and Proline/ Citrate cycle/Glycolisis and Gluconeogenesis were
confirmed to be influenced by CTS diet. In each pathway, both identified (yellow dots) and
annotated (grey dots) metabolites were studied: most of intermediates in each pathway
showed a significant increase in their abundance at T12h post challenge when CTS diet is

supplied in broilers diet (green circle in Figures 6.2).

e In alanine, Aspartate and Glutamate pathway: N-Acetyl-Laspartate, L-Alanine,
L-Aspartate, L-Asparagine, D-Aspartate, L-Glutamine, L-Glutamate, Adenylo-
succinate, L-Arginino-succinate, Pyruvate, 2-Oxoglutamarate, 4-Aminobutanoate,
L-1-Pyroline-5-carboxylate were confirmed to be significantly increased by CTS diet
at T12h post challenge while 2-Oxoglutarate was found to be decreased by CTS diet
(Figure 6.4A).

e In Glycine, Serine and Threonine pathway: 2-Phosho-D-glycerate, 3P-D-
Glycerate, Serine, D-Serine, Pyruvate, L-Tryptophane, Cystathionine, Creatine,
Glycine, L-Allothreonine, L-2-Amino-acetoacetate, Aminopropen-2-ol, L-Cysteine,
Betaine, Sarcosine, 5-Aminolevulinate, Threonine, Homoserine, L-Aspartate, L-
Aspartate were found to be increased by CTS diet in the first T12h post challenge
(Figure 6.4B).

e In Cysteine and Methionine pathway: L-Serine, O-Acetyl-L-Serine, Sulfate, L-
Cystine, Pyruvate, 3-Sulfo-pyruvate, L-Alanine, D-Cysteine, L-Cysteine-sulfinate,
L-Aspartate, L-Homoserine, L-Cystathionine, L-Homocysteine, L-Methionine-S-
oxide, L-Methionine, S-Adenyl-L-homoadenosine, S-Adenyl-L-homocisteine, 5-
Methyl-5-thio-D-ribose, Methanethiol were found significantly increased by CTS
diet at T12h post challenge (Figure 6.4C).

e In Arginine and Proline pathway: Glutamate, Guanidino-acetate, Sarcosine,
Octopine, Arginine, Sarcosine, Ornithine, Creatinine, L-Glutamate-5-semialdehyde,
1-Pyroline-5-carboxylate, Proline, D-Proline, 4-Hydroxyproline, Pyruvate,
Glyoxylate, = 5-Aminopentanoate,  1-Pyroline-2-carboxylate,  1-Pyroline-5-
carboxylate, 2-Oxo-5-aminovalenate, = N-Hydroxy-arginine, 2-Oxoarginine,
Feruloyl-ptrescine, N-Acetly-putrescine, N-4-Acetyl-ainobutanal, N-4-Acetyl-
amino-butanoate,  4-Amino-butanoate, L-Aspartate-4-semialdehyde,  y-L-

Glutamylputrescine were found increased by CTS diet at T12h post challenge
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(Figure 6.4D). 4-Guanidino-butanoate displayed a decrease in its abundance at T12h
in broilers fed with CTS diet.

Citrate cycle pathway: Citrate, Isocitrate, Pyruvate were found significantly higher
at T12h in CTS diet while Acetyl-CoA, (S)-Malate and 2-Oxoglutarate showed a
significant decrease in their abundances (Figure 6.4E).
Glycolysis/Gluconeogenesis pathway: o-D-Glucose, -D-Glucose, 3-D-Glucose-
6P, p-D-Fructose-6P a-D-Glucose-1P, a-D-Glucose-6P, [-D-Fructose-1,6P2,
Glyceraldehyde-3P, Glycerate-3P, Glycerate-2P, Pyruvate were significantly
increased by CTS diet at T12h (Figure 6.4F).
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| cYSTERE AND METHIONINE METABOLISM |
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Figure 6.4 KEGG pathways influenced by CTS diet at 12h post challenge

Alanine, Aspartate and Glutamate pathway (Figure A), Glycine, Serine and Threonine pathway (Figure B),
Cysteine and Methionine pathway (Figure C), Arginine and Proline pathway (Figure D), Citrate cycle (Figure
E) and Glycolysis/Gluconeogenesis (Figure F) are displayed. In all pathways, green cycle indicates
intermediates significantly increased by CTS while the red cycle represents the ones significantly decreased.
Yellow dots indicate identified metabolites while grey dots indicate annotated metabolites and white dots the
unknown metabolites.
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Multivariate analysis, PCA and PLSDA (Figure 6.5), was also investigated in
MetaboAnalyst. In PCA an PLSDA plots, samples clearly clustered separately based on CTS
diet vs CTL diet at T12h. Less differences were observed at TOh, T24h, and T48h comparing
CTS vs CTL diet.
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Figure 6.5 PCA and PLSDA of samples belonged to CTS and CTL diets at TO, T12, T24, T48h pre and
post challenge.

In both PCA and PLSDA, samples clustered depending on CTS diet mainly at T12h post challenge. No overall
metabolome modulation is observed based on LPS challenge itself comparing the different time points.

Many metabolites, influenced by CTS diet, were studied in detail during the overall LPS
response from TOh pre challenge to T48h post challenge. An example is reported in the
Figure 6.6 below which showed essential amino acids such as Cysteine, Methionine,
Arginine and Proline and intermediates of the Citrate cycle such as Citrate. The abundance
of these metabolites resulted to be significantly higher in CTS diet compared to CTL diet at
12 hours post challenge while less differences were found at T24h and T48h. Metabolites
levels in CTL diet significantly decrease at T12h post challenge while in CTS diet no
significant differences were found by comparing TOh vs T12h.
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Figure 6.6 Cysteine, Methionine, Arginine, Proline and Citrate pre (T0h) and post (T12,24,48h) LPS
challenge

The box and whisker plots (mean +/- SD) referring to CTL and CTS diet at each timepoint summarize the
normalized values of Cysteine, Methionine, Arginine, Proline and Citrate intensities. All these metabolites
showed higher abundance in CTS diet at T12h compared to CTL diet at the same time point, while less
differences were found at T24h and T48h (p < 0.05). These metabolites are shown in the positive ion mode

(+).
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Adenosine was also studied in detail at each time point as it was the major identified
metabolite in plasma modulated by CTS diet (see 5.4.3 Plasma metabolome: dietary effects).
Its abundance resulted significantly lower at TOh pre challenge and T12h post challenge in
CTS diet compared to CTL, while a significant higher abundance was discovered at T48h in
CTL diet compared to CTS diet (Figure 6.7).
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Figure 6.7 Adenosine intensity of samples at T0,12,24,48 in CTS and CTL diets.

The box and whisker plots (mean +/- SD) referring to CTL and CTS diets at each timepoint summarize the
normalized values of Adenosine. The intensity of Adenosine is significantly lower at TOh and T12h in broilers
fed with CTS diet compared to CTL while at T48h birds on the CTL diet displayed a significantly higher
abundance compared to CTS at the same time points (p < 0.05). This metabolite is shown in the positive ion
mode (+).
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6.5 Discussion

In this chapter the effects of LPS and dietary treatments (CTS and CMB diets) were explored
on the liver metabolome. Our results are based on pooled samples and the influence of LPS
in modulating metabolites in CTL diet during the first 48h post challenge was demonstrated

with the strongest response occurring at T12h.

The main dietary effect was observed when CTL and CTS were compared at T12h post LPS
challenge. In CTS at this time point the expression of entire amino acids and energy
pathways were modified. Comparing the CTL and CMB diet revealed only a few differences,
this occurred mainly at T12h, but the metabolites concerned were associated with secondary
pathways and therefore were of little biological interest, so our attention was again focused
on CTS diet.

Effects of LPS on the liver metabolome

In this study, LPS was found to modulate the liver metabolome of broilers at all time points
with the biggest impact occurring at T12h. Because many intermediates were modulated,
entire metabolic pathways were influenced. This result is consistent with the data from our
LPS plasma metabolome study (chapter 5) and represent a further confirmation of the strong
influence of this non infectious agent on broiler metabolism. In both the liver and plasma,
LPS causes an imbalance in the abundance of amino acids. As discussed in chapter 3, due to
the activation of the immune system and the associated reduction in broiler feed intake
following an LPS challenge, a dysregulation of nutrient homeostasis causes imbalance in
amino acids detected in both the plasma and the liver metabolome. As previously discussed
in chapter 4, under challenge conditions amino acids can also be released from skeletal
muscle into the circulation and used for hepatic production of APPs and gluconeogenesis,
as well as immunological processes (Barnes et al., 2002). It would therefore of interest to

look at the muscle metabolome following LPS challenge.

Intermediates of the Citrate cycle also decreased in the liver at T12h post challenge. Again,
this is consistent with the results of the plasma metabolomics study. LPS is known to
decrease metabolites involved in energy and carbohydrate metabolism (Bicer et al., 2009).
As previously indicated, broilers suffer from anorexia post LPS challenge and consequently

their metabolism changes to hepatic gluconeogenesis to support the energy requirements of
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tissues and organs (Rosenblatt, 1983). Hepatic gluconeogenesis partly uses intermediates of
the Citrate cycle which can be generated from the degradation of several amino acids

including Alanine, Arginine, Asparagine, Methionine.

Effects of diets on liver metabolome

A significant and strong modulation of many metabolites and entire pathways was
discovered in the CTS diet especially at T12h post LPS challenge (49 identified metabolites
and >2000 annotated metabolites). CMB also showed some modulation of metabolites at
T12h, but as these were small, they were considered of little value and so these were not

considered further.

Multiple pathways including many essential and not essential amino acids were modulated
by CTS diet. Among these, alanine which is one of the intermediates in glucose metabolism
significantly increased. A primary function of alanine is as a signalling molecule in
gluconeogenesis between muscle and liver (Fotakis et al., 2017). According to these authors,
Alanine is the main glucogenic amino acid, produced by muscle degradation. This supported
our hypothesis under challenge conditions, broilers may mobilize AA from muscle to meet

the energy needs of other tissues and organs.

Based on these results, the interaction between citrus bioactive compounds which could be
responsible for the modulation of entire metabolic pathways and specific metabolites was
explored. Pectin is able to escape digestion and participates in the immune response of
broilers in vitro (Avila et al., 2021); however, the mechanism of action in vivo has not been
determined. Avila et al. (2021) demonstrated that citrus pectin has interesting effects on the
APR in particular modulating the response of monocytes and reducing APP release leading
to an increase in metabolic intermediates of amino acids, carbohydrates, lipids and
nucleotide metabolisms Thus these findings in the broilers fed with citrus diet are an
indicator of higher energy availability which may help broilers to recover faster from

challenge.

Carotenoids and essential oils were also demonstrated in chapter 2, to influence the growth
of beneficial bacteria which are involved in the production of SCFAs at the gut level. SCFAs
are recognised to be involved in reducing inflammation and regulation of the metabolism. In

particular glucose metabolism has been demonstrated to be modulated by SCFAs so
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allowing the maintenance of blood glucose stability. SCFAs can also increase fatty acid
oxidation and heat production, inhibit fatty acid synthesis, and reduce fat storage (He et al.,
2020). SCFAs have demonstrated a strong ability in the regulation of metabolism, but the
entire network is very complex, and so the molecular mechanisms remain unclear as most
of metabolites participate in multiple metabolic pathways. Thus when the lipid or energy
metabolism is modified, this alteration is likely to be cause repercussions throughout the

whole metabolome.

Finally, the flavonoids in CTS diet such as hesperidin and naringenin seem to enhance the
action of citrate synthase and stimulate the Citrate cycle (Kamboh et al., 2016). This could
explain higher concentration citrate cycle intermediates by using CTS dietary treatment.
Hesperidin and naringin have been proven to have a beneficial role in altering hepatic lipid
metabolizing enzyme activities so regulating lipid metabolism (Fotakis et al., 2017). Betaine
was discovered to be the most increased metabolite by CTS diet at T12h; this metabolite is
involved in antioxidant defence by regulating sulfur-amino acid metabolism. Its increased
concentration could be explained as counteracting the high lipid content. Betaine increases
the activity of antioxidant enzymes, so it protects against lipid peroxidation (Fotakis et al.,
2017). Different studies have demonstrated that antioxidant and anti-inflammatory agents
are also beneficial in LPS-induced hepatic damage, so flavonoids can reduce oxidative stress

and relieve tissue injuries by its antioxidative properties (Ajuwon et al., 2014).

These considerations suggest that bioactive compounds of citrus may have a direct or
indirect action on the abundance of specific metabolites (e.g.reducing the inflammatory
response or modulating any bacterial challenge). In this liver study, the CTS diet has been
demonstrated to stimulate amino acids, carbohydrates, lipids and nucleotide metabolisms
indicators of higher energy and protein availability. These may help the broilers to recover
faster from challenge such as the LPS here. This result was found in line with our findings
on plasma metabolome (chapter 5), but interestingly the effect of the citrus extract was found
to be greater in liver than plasma. This difference observed between plasma and liver
metabolome in terms of number of identified metabolites and entire pathways modulation
was not expected as liver is the main tissue for many metabolic pathways, and since plasma
metabolites are largely released from liver, one would expect it to reflect the tissue results.
This may be a matter of liver sample size (pooled samples) so further investigation would
help to clarify this.
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Conclusions

LPS challenge and CTS diet were identified to modulate the overall liver metabolome of
broilers with a strong impact at T12h post challenge. LPS was confirmed to decrease the
abundance of amino acids and carbohydrates at the liver level, by reflecting the previously
shown results on the plasma metabolome (chapter 5). The effect of CTS diet was found
strong as well; amino acids and metabolites associated to energy metabolism were found
upregulated by the diet. Our results suggest that citrus bioactive compounds such as pectin,
essential oils, carotenoids and flavonoids, may infer the immune system or stimulate the
growth of beneficial bacteria during challenge. This would indicate that broilers fed with

CTS diet may recover faster post challenge.

In the next chapter a general discussion which integrate microbiota, APPs, proteomics and
metabolomics (plasma and liver) results will be aimed to clarify and define the role of LPS

and citrus during normal physiological conditions and APR in broilers.
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Chapter 7  General discussion
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7.1 Citrus and Cucumber extracts as antibiotics growth

promoters’ alternatives

The meat production side of the poultry industry is a low profit margin industry which is
facing challenging times due to intensification and the associated elevated risk of disease.
Historically this led to the widespread prophylactic use of some common antibiotics to
control disease which were also found to improve growth rate. However bacteria and viruses
are constantly evolving and this has significantly contributed to the appearance of
antimicrobial resistant (AMR) pathogens (Landers et al., 2012). This has led to a number of
countries banning their prophylactic use and limitations on the use of antibiotics in general.
For this reason, the animal feed industry has a need to identify alternatives to these additives.
Novel plant extracts, such as citrus (CTS) and cucumber (CMB) extract, have been identified,
in collaboration with NuScience company, as potential candidates for use in broiler diets. At the
start of this PhD NuScience had already undertaken studies with the CTS extract with some
encouraging results whereas the CMB extract was more exploratory in choice because of its
bioactive components. The aim of this thesis was to establish if broiler diets supplemented with
CTS or CMB extract confer any advantage over a control baseline diet in terms of bird
performance by for example enhancing gut health and /or increasing bird resilience to a LPS
challenge that mimics a gram negative bacterial infection (E.coli). As the work was carried out
as part of MANNA (http://www.phd4manna.eu), it was possible to apply a wide range of
innovative technologies to study each supplement, the key findings of which are discussed in

this final chapter.

7.2 Effect of CTS and CMB diets on broilers under normal

physiological conditions

The study of the overall microbiota composition and gut health of broilers, fed with CTS or
CMB, investigated the role of these as potential ‘growth promoters’ under normal rearing
conditions (trial 1; chapter 2). This study demonstrated that both CTS and CMB supplemented
diets can modulate the growth of beneficial bacteria in both the jejunum and caeca at 14 and
28d old. However, the biggest effect was found associated with the use of CTS where a number
of beneficial bacteria including Lactobacilli increased in the jejunum, and Blautia increased

in the caeca. Other potential pathogenic bacteria decreased in the jejunum (Enterococcus
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and Clostridia) and caeca (Enterococcus). These results were found in accordance with the
existing literature (Yu et al., 2019; Ebrahimi et al., 2016; Mao et al., 2019).

Polyphenols, essential oils and vitamins associated with CTS extract were hypothesised to
be associated with the increased concentration of Lactobacilli, which allow the fermentation
of dietary fibres to produce SCFAs, while carotenoids and polyphenols may be responsible
for the observed decreasing count of Clostridium and Enterococcus genus (lgbal et al.,
2020). The latter hypothesis is supported by Marin et al., (2015) who found that the
abundance of Lactobacillus, Clostridium and Enterococcus was respectively increased and
decreased by polyphenols. Organic acids or SCFAs produced by beneficial bacteria
(especially by Lactobacilli) can reduce the pH and alter the caecal count of Blautia genus
(YYadav and Jha, 2019; Kumar et al., 2019). SCFAs are well known to be a source of energy
for enterocytes and exert antimicrobial properties against pathogenic bacteria, and can also
influence the broilers metabolism (Yadav and Jha, 2019; Mao et al., 2019). The mechanisms
of action of these bioactive compounds needs to be clarified, but further insight can be
obtained from the current work by comparing the microbiota (chapter 2) results with those

from the metabolomics investigations reported in chapters 5 and 6.

Based on the plasma metabolomics study in broilers at 15d old (chapter 5), CTS was found
to be strongly involved in the modulation of plasma metabolome during normal
physiological conditions (TOh). However, due to the nature of metabolites (annotated or
unknown) it was not possible to establish their biological role. The plasma and liver
metabolome (chapter 6) in CTS diet pre challenge was compared but interestingly no CTS
modulation at TOh was noted in liver. Possible explanations of the plasma metabolome
influenced by CTS diet were associated to bacterial activity on broilers metabolism.
Lactobacilli catabolise sugars present in food during the fermentation process and produce
lactic acid. These bacteria also have the capability to metabolize other substrates, such as
Citrate and promote absorption of nutrients (Rowland et al., 2018). Because | am comparing
the results of two different trials, | cannot say with certainty that this is the mechanism of
action but nevertheless it is plausible as the environmental conditions and facilities used for

the two in vivo trials were comparable.

It is clear from the literature that beneficial bacteria such as Lactobacilli should promote gut
health; for this reason, tissue samples of the jejunum collected at 14 and 28d old from each

dietary treatment were compared (chapter 2). Morphometric parameters such as villus
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length, epithelium height and crypt depth are commonly used as indicators of gut health
status in both human and veterinary medicine (Ducatelle et al., 2018). However, in our study,
no differences were observed indicating that the beneficial effects of Lactobacilli on the
jejunum were more subtle. However, thanks to the availability of tissue samples collected

during the trial, it would be interesting to investigate other regions of the GIT.

Follow up work is also recommended to investigate the interaction between the CTS diet
and the gut microbiota. For example, a study to measure the concentration of SCFAs such
as lactic acid, acetate, propionate, and butyrate by HPLC, could define if their production is
positively correlated to the relative abundance of Lactobacillus or Blautia genus (Pourabenin
etal., 2015). Gut viscosity could also be evaluated to determine if the positive effects of CTS
bioactive compounds can be associated with a reduction in viscosity of jejunal and caecal
contents. Another approach could be to carry out in-vitro experiments which investigate the
impact of the known active compounds in the CTS extract, such as flavonoids, pectin or
limonene on bacterial strain cultures. If citrus bioactive compounds would increase the
growth of bacteria, a higher number of colonies would be observed in the agar plate cultured
with bacteria+ CTS bioactive compounds compared to a negative control (only bacteria).
Ideally, I would have collected plasma samples from the first trial for the metabolomics
studies of broilers under normal physiological conditions. This would have allowed direct
comparisons with the microbiota study and enabled us to better clarify the mechanism of
action of bacteria in modulating metabolic pathways and specific metabolites. Moreover, the
microbiota is very dynamic so different time points with broilers age could show different
outcomes. Future studies should also therefore consider evaluating the influence of CTS at
multiple sampling time points. Finally, in designing a future experiment, it would be useful
to include a positive control, namely an antimicrobial growth promoter such as
virginiamycin. However, because of their ban, many legal and ethical considerations would

have to be overcome.

For a dietary supplement, to be acceptable the evidence base usually also requires that there
is a beneficial effect in terms of bird performance e.g BW, Fl and FCR. Broiler performance
was therefore also studied in trial 1 (chapter 2). Based on the data, CTS was found to
decrease the FI and BW, and to increase FCR. BW and FI was also depressed in the CMB
diet. This scenario did not correspond to the one observed in trial 2 (chapter 3) where the FI
was increased by CTS diet. This last scenario is supported by the literature because citrus

extract can stimulate the appetite of broilers (Krauze et al., 2021). Moreover, according to
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NuScience zootechnical data, our CTS results do not reflect bird performance recorded in a
commercial setting. This highlights a common problem of trying to translate zootechnical

data results from small scale experiments to commercial trials and vice versa.

Based on our studies, the CTS extract appears to be promising in terms of promoting the
growth of some beneficial bacteria which can consequently improve the absorption of
nutrients while the CMB extract was found to have little effect. The impact of diets
supplemented with the CTS extract however was quite subtle but along with the NuScience
zootechnical data these findings were nevertheless encouraging and justified further work

on the role of both supplements in relation to disease resilience.

7.3 Effect of Citrus and Cucumber extracts on broilers under

LPS challenge

The influence of each dietary supplement on the APR following a E. coli LPS challenge was
studied in 15-day old broilers over a time course of 48 hours. The references time points
chosen, pre and post challenge, were respectively TO, 12, 24 and 48 hours. These time points
were chosen based on previous knowledge (Horvati¢ et al., 2019) and practicalities in terms
of timing the administration of LPS and the time taken to bleed and sample individual each
individual bird. If further measures were to be taken a much larger team of personelle would

be required than was available here (6 persons).

Some of the bioactive compounds present in citrus fruits (e.g pectin and flavonoids) and
their positive effects on modulating the immune response have been studied in vitro (Avila
et al., 2021; Ishisono et al., 2017; Muhammad et al., 2019). However, to the best of our
knowledge this is the first in vivo study of its kind where novel biomarkers of the APR are
presented along with detailed information on the effects of dietary intervention (CTS and

CMB diet) on the proteome and metabolome of broilers pre and post LPS challenge.

In this study | was fortunate to have been given access to a range of established and novel
assays to measure APPs, so this was our first approach in studying the immunomodulatory
effect of the CTS and CMB diets. Whilst was able to demonstrate with confidence that | had
induced an APR at T12h post LPS injection (see 7.4 Broilers immune response to LPS and
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biomarkers discovery), no differences in APP responses were identified between diets using
any of the established (AGP and SAA) or more novel biomarkers (Ex-FABP, Hpx) (chapter
3).

Most APPs in plasma originate from the liver (O’Reilly and Eckersall, 2014). The
mobilisation of skeletal muscle proteins also occurs during the immunological response to
stress to supply amino acid precursors for the APP (Powers et al., 2016). Thus, the liver and
muscle proteome are linked and were therefore studied in chapter 4 to investigate if more
subtle dietary effects could be detected on the proteome of these two tissues. 12 hours post
LPS challenge was chosen as the main target time for these proteomic studies. This revealed
that CTS supplementation influenced both the liver and muscle proteome when compared to
the CTL diet while CMB had little or no effect. In the liver proteome, Isoforms of heat shock
proteins (Hsp70 and Hsp90) and metabolic enzymes (LDHA, fructose-bisphosphate aldolase)
were found to be decreased and increased respectively in the CTS versus CTL diet while in the
muscle proteome, metabolic enzymes (GAPDH) and structural proteins (myosin, tubulin) were

found to be increased.

The literature suggests that liver and muscle proteomic studies have a physiological
relevance associated with specific diseases and metabolic conditions (Doherty et al., 2004;
Hassan et al., 2018). Under stress conditions, the activation of muscle breakdown occurs in
broilers to provide AA substrates to liver gluconeogenesis to supply energy (Gordon et al.,
2013). Western Blot (WB) results for 3 of the differentially expressed proteins (HSP90,
LDHA and GAPDH) identified in these studies were inconclusive but the overall trend in
the CTS versus the CTL diet reflects the proteomics data. The choice of which proteins to
validate was somewhat limited to the availability of species-specific commercial antibodies
and with exception of GAPDH the presence of each protein was confirmed in both liver and
muscle. Further refinements for example in the processing of the tissue samples and or using
a greater number of samples may also help to improve the statistical power of the WBs and
should be considered if this work is to be repeated. Despite all of these limitations the results
of the proteomic investigation support the hypothesis that CTS may indeed offer at least
some resilience to gram negative bacterial infection and possibly even other agents by
positively modifying the metabolism of broilers following LPS challenge. One of the
limitations of this proteomics study has been the choice of only one time point (T12h post
challenge). Further investigations however are required to clarify this beyond the time point

chosen for this investigation. A further proteomics experiment with higher doses of CTS per
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bird and a greater number of chicken samples per group would also enhance the statistical

power and yield significant results.

The proteomics and microbiota studies indicate an interaction between CTS diet and the
metabolism of broilers either by a direct action of bioactive compounds on enzymes or
through beneficial bacteria pre and post LPS challenge. The CTS diet was found to modulate
the plasma metabolome under normal physiological conditions (TOh) and both the plasma
and liver metabolome T12h post LPS challenge while CMB did not show any differences.

In the liver metabolome study, multiple amino acids (e.g. Cysteine, Methionine, Arginine,
Proline) and carbohydrate metabolites (e.g Citrate) were found to be significantly modulated
by CTS at T12h post challenge; all of these changes indicated a shift in energy production:
amino acid catabolism was induced as an energy source, as well as the Citrate cycle. This
indicates that, broilers fed with CTS diet during LPS challenge have higher carbohydrate
and amino acid availability compared to broilers fed with the CTL diet. This result suggests
that CTS provides a higher abundance of metabolites to broilers which can be used as a
source of energy for broilers to contrast their sickness and pyrexia state during challenge.
This result is in accordance with our proteomics findings which suggest that CTS can

stimulate the metabolism by increasing the number of metabolic enzymes (chapter 4).

In the liver, most metabolites significantly modulated by CTS diet were identified based on
mass and retention time which gives a more accurate interpretation of the overall data while
in plasma most metabolites were assigned putatively based on mass. For this reason, in the
plasma metabolome, our attention was concentrated on the abundance of Adenosine (the
main identified metabolite) which in the CTS was lower than that of the CTL birds at TOh
and T12h post challenge compared to the CTL diet at the same time points. Adenosine plays
an important role in the modulation of the immune system and during inflammation or stress
conditions, its plasma level dramatically increases (Antonioli et al., 2019). Many citrus
bioactive compounds such as pectin, flavonoids, and limonene could be responsible for the
difference in Adenosine associated with the CTS diet. Pectin and Gal-3 in citrus for example
may be able to suppress pro- inflammatory pathways induced by LPS which meant that the
birds experienced less stress. This hypothesis however was not confirmed by carrying out a
corticosterone assay on plasma collected pre and post challenge from the CTS versus CTL
groups. The affinity of flavonoids and limonene to Adenosine receptors suggests that CTS
diet may also block the effects of intracellular Adenosine resulting in an increase in free

extracellular adenosine. To investigate these hypotheses, follow up in vitro studies might
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include affinity testing of a range of bioactive compounds known to be present in CTS
(pectin, flavonoids and limonene) and interact with Adenosine and its receptors using high

performance liquid chromatography (HPLC).

A limitation of the liver metabolomic study was that this relied on a pooled sample approach.
However, our two-pronged approach to investigate the plasma proteome suggests that
studies on pooled and individual samples were comparable. A search of the literature
research also show the positive side of analysing pooled samples: Diz et al. (2009) stated
that by pooling samples, the reduction in the measured biological variation increases
statistical power and because pooling is representative of averages, differences or similarities
may be easier to elucidate. Lamichhane et al. (2017) suggested that pooling samples of
human faeces minimizes the errors between individual subjects’ variation. A pooled sample
approach has also been used in metabolomics studies of bovine milk (Yanibada et al., 2018),
and human milk (Ten-Doménech et al., 2020). A further limitation of metabolomics in
general is that the results are only representative of the animal’s metabolism at the time of
sampling and in this case in response to a single LPS subcutaneous injection. Future work

should therefore consider alternative sampling regimens and modes of LPS administration.

In conclusion, this body of work has shown that broiler diets supplemented with CTS extract
show interesting immunomodulatory and metabolic effects while broiler diets supplemented
with CMB extract were not associated with any specific changes pre or post LPS challenge.

Moreover, the strongest action of CTS was observed in the plasma and liver metabolome.

7.4 Broilers immune response to LPS and discovery of new

biomarkers

As previously discussed, a range of established and novel APPs were used in this thesis to
measure the APR of broilers in our dietary investigations. SAA is the gold standard used by
many researchers to monitor the APR in a range of species including chickens. In our
experiments Ex-FABP was found to be comparable to SAA in that its levels peaked in
plasma at T12h post challenge. AGP another established biomarker and Hpx our other novel
APP, both peaked at T24h post challenge. SAA and Ex-FABP was therefore classified as
major APPs of the APR in broilers. In the same way, AGP and Hpx were both classified as
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moderate APPs of the APR in broilers. Although in the context of the thesis the APP study
did not reveal any interesting effects of dietary supplementation with CTS or CMB, the work
presented has enabled Ex-FABP and Hpx to be validated as novel biomarkers of APR in
broilers under the prescribed experimental conditions. The commercial kits developed for

these novel proteins can therefore be used with confidence by other researchers.

A massive modulation of proteins associated with the liver and muscle proteome was
expected following the LPS challenge. However, the proteomics study described in chapter
4 did not reveal this to be the case in either the liver or the muscle at T12h post challenge.
Moreover, SAA, AGP, FABP and Hpx were not included in the list of significant proteins
in the liver that were modulated by LPS. This was surprising as most APPs are produced in
the liver (O’Reilly and Eckersall, 2014) and as previously mentioned their abundance in the
plasma was noticeably increased at T12h (see chapter 3). SAA was detected by the
instrument but as there were less than two unique peptides, this data was filtered out by the
instrument. AGP, FABP and Hpx on the other hand were not detected. One of the possible
reasons for this result could be that these APPs were being synthesised so rapidly by the liver
and exported to serum that no overall increase in their abundance was observed. However,
both alpha 2 macroglobulin and fibrinogen (Jain et al., 2011) were detected. Both of these
APPs have been confirmed by other studies in humans and livestock to increase in their
abundance during an inflammatory response (Vandooren and lItoh, 2021; Jacobsen, 2007,
Tothova etal., 2014; Salini et al., 2011). To the best of our knowledge alpha2 macroglobulin

has never been described in relation to the APR response of chickens.

The overall plasma metabolome (chapter 5) of broilers was found to be modulated by LPS
at all time points post challenge with the biggest effect occurring at T12h. This corresponds
to the peak of the innate immune response based on our APP study and that of others
(Horvati¢ et al., 2019; O’Reilly and Eckersall, 2014). Multiple amino acids and
carbohydrate metabolites were found to be significantly modulated presumably because
when the immune system is activated the degradation of amino acids in the liver and other
tissues is initiated and there is a shift the Citrate cycle from a catabolic pathway to anabolic
pathway (Martinez-Reyes and Chandel, 2020). Our results were compared to the study of
Horvati¢ et al. (2019) which focused on proteomics changes in the plasma , using the same
experimental model and conditions. These authors showed that many proteins were either

increased or decreased in the plasma at T12h post LPS challenge. This implies that
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corresponding amino acids associated with these proteins would be changing which is in line

with our findings.

As previously indicated, it is important to consider that all of the results reported in this
thesis relate to the immune response in broilers following a single dose of LPS administered
by injection subcutaneously; it would therefore be of interest to extend this work by studying
the APR of broilers using these different technologies under repeat administration of LPS or

using another bacterial mediator.

7.5 Conclusions

The studies described in this thesis aimed to evaluate the effects of two novel plant extracts,
(CTS and CMB) on broiler performance during normal physiological conditions and also
following an LPS challenge condition. These two novel extracts were chosen on the
recommendation of our industry partner NuScience who reported that because of their
bioactive components showed considerable promise as alternatives to the use of antibiotics
as growth promoters in broiler diets.

Based on our experimental findings, | could find no evidence to justify the inclusion of the
CMB extract in broiler diets either in terms of enhancing gut health or providing resilience
to disease. In discussion with NuScience it was concluded that further work is perhaps
needed to a) optimise the extraction procedure used to produce the CMB extract and b) the
optimal concentration to use in broiler diets. The CTS extract on the other hand was found
have subtle effects on the gut microbiota and to have an effect on metabolome of both the
liver and plasma pre and post challenge for up to 48h. The liver and muscle proteome were
also influenced albeit more subtly by the CTS in the early phase (T12h post challenge) of
the immune response. Further investigations on metabolic enzymes influenced by CTS and
an increased frequency of sampling, larger numbers and different concentration of the extract
would help to clarify the role of CTS in terms of modulating the proteome of broilers under

challenge conditions.

I conclude that of the two novel plant extracts studied in this thesis the use of CTS extract in
broiler diets is the most promising in terms of promoting gut health and enhancing the

immune system. However even with the evidence base generated here there still remains
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more work to do in order to understand the mechanism of action of the CTS extract bioactive

compounds in order to justify the additional costs of its inclusion in commercial broiler diets.
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Appendix A - Microbiota
QIIME™scripts

Several scripts that run systematically compose the workflow of the QIIME™
bioinformatics analysis described above. Every time an input file with specific parameters
is uploaded on QIIME™, it creates a specific output file or a folder with the resulting data.
From the 132 samples analysed with QIIME™, 3 were excluded because of the low number
of sequences (< 5000 count/sample). The scripts used for our analysis are described below:

e Split_libraries_fastg.py

It performs demultiplexing of fastq sequence data where barcodes and sequences are
contained in two separate fastq files.

e add_giime_labels.py

The metadata mapping file with samples information is used to generate a combined fasta
file with valid QIIME labels based upon the SamplelDs specified in the mapping file.

e pick_open_reference_otus.py

The OTU picking step assigns similar sequences to operational taxonomic units, or OTUs,
by clustering sequences based on a user-defined similarity threshold. Sequences that are
similar at or above the threshold level are taken into account to represent the presence of a
taxonomic unit in the sequence collection. There are 4 possible OTU Picking:

e De novo OTU picking

Reads are clustered against each other without any external reference sequence. This is the
primary interface for de novo OTU picking in QIIME, and includes taxonomy assignment,
sequence alignment, and tree-building steps. A benefit of de novo OTU picking is that all
reads are clustered. A drawback is that there is no existing support for running this in parallel
in QIIME, so it can be too slow to apply to large datasets. It’s important to use this OTU
picking if there is not a reference sequence collection to cluster against.

e Closed-reference OTU picking

Reads are clustered against a reference sequence collection and any reads that do not hit a
sequence in the reference sequence collection are excluded from downstream analyses. If
the user provides taxonomic assignments for sequences in the reference database, those are
assigned to OTUs. It is important to use this OTU picking if non-overlapping amplicons are
compared.

e Open reference OTU Picking:

reads are clustered against a reference sequence collection and any reads that do not hit the
reference sequence collection are subsequently clustered de novo. It is the primary interface
for open-reference OTU picking in QIIMETM, and includes taxonomy assignment,
sequence alignment, and tree-building steps. In pick-open reference OTUs all of the
sequences from the samples are matched against the reference sequences, as well in closed
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reference OTUs, with a determined threshold, traditionally set at 97% of sequence similarity.
Sequences with almost 97% of similarity are clustered into Operational Taxonomic Units
(OTUs) as well in the de novo strategy. UCLUST is the algorithm that divides sequences
into clusters and each one represents a bacteria species. The fasta file seqs_rep_set.fasta
contains one representative sequence for each OTU. This representative sequence will be
used for taxonomic identification of the OTU and phylogenetic alignment. Therefore, the
RDP classifier connects the OTUs to named organisms. The QIIME workflow proceeds with
the sequence alignment with PyNAST creating phylogenetic tree that represents the
evolution of sequences from a common ancestor.

e core_diversity analyses.py

This script can lead to several QIIME diversity analyses using a BIOM table, mapping file,
and optional phylogenetic tree. The script includes:

the alpha_rarefaction.py,
beta_diversity through_plots.py,
summarize_taxa_through_plots.py,
make_distance_boxplots.py,
compare_alpha_diversity.py,
group_significance.py.

Additionally, a table summary is generated by running the ‘biom summarize-table’
command. Once its run ends, the alpha diversity that means “difference within bacterial
community in each sample” is explored and a rarefaction curve referred to each specific
experimental variable is generated and evaluated the richness, evenness, or both, of samples.
Beta diversity considers the differences in microbial communities between samples, and it
is calculated between each pairs of input samples and form distance matrices that represent
the dissimilarity among samples. This script needs a rep_set.tre in order to elige which
phylogenetic distance matrix to use.

o Koeken_Runs.py

Koeken is a wrapper around QIIME and LEfSe which allows the identification of specific
microbial species as biomarkers of a specific treatment or variable of interest. It has been
specifically developed for experiments which uses more than one group to compare. It has
the capability to compare a chosen group to another, without any additionally subsetting.
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Appendix B - Proteomics

Proteomics study 2 on liver: effects of CTS diet at T12h post LPS challenge

Accession ID |Description gene name Unique.Peptides [medianCTL |medianCTS |Fc Logfc |p
118082784 |ATP-dependent RNA helicase DDX17 DDX17 4 1.046 0.952( 0.910| -0.136| 0.002
971434955 |alpha-2-macroglobulin-like protein 1 A2ML4 7 1.083 0.924( 0.853| -0.229| 0.002
971408766 | phosphoglucomutase-1 isoform X1 PGM1 6 0.836 1.058| 1.266| 0.340| 0.003

63509|Heat shock protein 90 kDa beta member 1 HSP90B1 8 1.015 0.976| 0.962| -0.057| 0.004
134800|Spectrin alpha chain, non-erythrocytic 1 SPTAN1 12 1.044 0.950( 0.910| -0.136| 0.004
211827|78-kD glucose-regulated protein precursor HSPAS 9 1.053 0.993( 0.943| -0.085| 0.005

53135191 | hypothetical protein RCIMBO04_24j16 LRPPRC 3 1.029 0.977| 0.949| -0.075| 0.005
33331366 |phosphoglucomutase 1 PGM1 8 0.916 1.078| 1.177| 0.235| 0.005
50729534 |homogentisate 1,2-dioxygenase HGD 4 1.047 0.950| 0.908| -0.140| 0.006

63516|heat shock protein HSP 90-alpha HSPS0AA1L 13 1.015 0.951| 0.937| -0.094| 0.007

126046 |L-lactate dehydrogenase A chain LDHA 2 0.916 1.134| 1.238| 0.308| 0.007
1334744 |spectrin alpha chain SPTAN1 11 1.045 0.950( 0.909| -0.138| 0.008
113610|Fructose-bisphosphate aldolase B ALDOB 13 0.984 1.108| 1.126 0.171| 0.009
971425748 | NADPH--cytochrome P450 reductase isoform X2 POR 6 1.048 0.994| 0.948| -0.076| 0.009
53127632 |heat shock 70 kDa protein 9 HSPA9 7 1.012 0.973| 0.961| -0.057| 0.010
53132642 | hypothetical protein RCJIMB04_1317 PDIA4 6 1.042 0.940| 0.902| -0.149| 0.012
694016481 |40S ribosomal protein S28 RPS28 2 0.996 0.917( 0.921| -0.119| 0.013
1390057732(40S ribosomal protein S19 RPS19 2 1.029 0.980( 0.952| -0.070| 0.014
971185 |fibrinogen alpha-E subunit FN1 3 1.124 0.956| 0.851| -0.234| 0.015
8569621 (Chain A, Native Chicken Fibrinogen FGA 3 1.124 0.956| 0.851| -0.234| 0.015
1390063686 [alpha-2-macroglobulin isoform X1 A2M 3 0.991 0.877| 0.885| -0.176| 0.015
971438075 | histidine triad nucleotide-binding protein 2 HINT2 2 1.049 0.981( 0.935| -0.097| 0.016
971425736 |NADPH--cytochrome P450 reductase isoform X1 POR 7 1.048 0.993( 0.948| -0.078| 0.020
304277331|NADPH-cytochrome P450 oxidoreductase POR 4 1.048 0.994| 0.948| -0.076| 0.021
971450877|NADH dehydrogenase beta subcomplex subunit 7 NDUFB7 2 0.998 1.179| 1.181| 0.240| 0.022
118094989 [coatomer subunit beta COPB2 3 1.086 0.982( 0.904| -0.145| 0.023
65322 |heat shock protein 90 beta HSPS0AB1 4 1.002 0.934| 0.932| -0.101| 0.025
971442707 |retinol dehydrogenase 12 isoform X1 LOC107056277 3 0.962 1.062| 1.104( 0.143| 0.026
44969651 |calreticulin LOC100859104 2 0.994 0.917| 0.923| -0.116| 0.029
3641556 |fibrinogen gamma chain precursor FGG 2 1.090 0.903( 0.828| -0.272| 0.029
71896197 |polyadenylate binding protein 1 PABPC1 5 1.006 0.965( 0.959| -0.060| 0.029
50657412 |cytochrome P450 family 4 subfamily V. member 2 CYP4V2 2 1.171 1.088| 0.929| -0.107| 0.030
60099043 | hypothetical protein RCOMB04_21b18 HNRNPH3 4 1.068 0.957| 0.896| -0.158| 0.031
971445900|delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase ECH1 7 0.956 1.045( 1.093| 0.128| 0.035
513204295 |6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 isoform X3 LOC100859653 3 1.036 0.926| 0.894| -0.162| 0.039
363734138|acetyl-coenzyme A synthetase 2-like, mitochondrial isoform X1 LOC423347 5 0.923 1.007| 1.090| 0.125| 0.039
118092591 | putative hexokinase HKDC1 HKDC1 4 0.926 1.028| 1.110|{ 0.151] 0.040
45383538 NADP-dependent malic enzyme ME1 11 1.003 1.041| 1.038| 0.054| 0.043
1390115922 [heterogeneous nuclear ribonucleoprotein H3 isoform X5 HNRNPH3 3 1.039 0.955( 0.919| -0.122| 0.044
45384446 60S ribosomal protein L27 RPL27 3 1.055 0.961( 0.911| -0.135| 0.044
45382571|40S ribosomal protein S6 RPS6 2 1.042 0.926| 0.889| -0.170| 0.045
50754810 |catenin alpha-1 CTNNA1 3 1.060 1.000| 0.943( -0.084| 0.046
1390106239 | peptidyl-prolyl cis-trans isomerase FKBP11 PPIA 2 1.056 0.878| 0.831| -0.267| 0.047
71896389 |ATP-citrate synthase ACLY 24 0.970 1.038| 1.070( 0.098| 0.048
513230931 |heterogeneous nuclear ribonucleoprotein K isoform X3 HNRNPK 5 0.895 0.996( 1.113| 0.154| 0.049
50745031 |protein disulfide-isomerase A6 PDIA6 5 0.995 0.939| 0.944| -0.084| 0.049

Table 8.1 Significant proteins (p<0.05) of CTS diet at T12h vs CTL diet at T12h in liver samples

List of significant protein with differences in abundance between groups associated to unique genes with the
median in CTS and CTL diets (relative to internal standards), fc, Log fc and p-value. Proteins are listed, in
order starting from the lowest in p. Proteins listed in order of increasing p.
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Proteomics study 2 on muscle: effects of CTS diet at T12h post LPS challenge

Accession Description gene name | Unique Peptides | medianCTL | medianCTS fc Log fc [
63433 [unnamed protein product, partial H2AF) 2 1.067 0.878 0.823 -0.281 0.000
63439 unnamed protein product, partial HIST1H2A4 2 1.067 0.878 0.823 -0.281 0.000
63448 unnamed protein product LOC1017505 2 1.067 0.878 0.823 -0.281 0.000
63466 unnamed protein product H2AFV 2 1.067 0.878 0.823 -0.281 0.000

971416845 | histone H2A type 2-B LOC1017517| 2 1.067 0.878 0.823 -0.281 0.000
118097461 | myozenin-3 MYOZ3 4 1.093 0.914 0.836 -0.258 0.001
45382147 |tudor-interacting repair regulator protein precursor NUDT16L1 4 1.155 0.902 0.781 -0.357 0.001
9789730|Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 ATP2A2 4 1.156 0.852 0.737 -0.440 0.002
238273 | myosin heavy chain 22 kDa fragment [chickens, skeletal muscle, Peptide Partial, 197 aa] |MHC 2 1.091 0.862 0.790 -0.340 0.005
773669241| myomesin-1 MYOM1 15 1.159 0.943 0.814 -0.298 0.006
60098993 | hypothetical protein RCJMBO04_18g2 HK1 5 1.027 0.887 0.864 -0.211 0.008
294662216 (Chain M, MYOSIN HEAVY CHAIN, SKELETAL MUSCLE MHC 4 1.119 0.910 0.813 -0.298 0.009
62738642 Chain A, Annexin A5 ANXAS5 2 1.081 0.884 0.818 -0.290 0.009
971414380 (phosphorylase b kinase regulatory subunit beta isoform X2 PHKB 9 1.077 0.889 0.825 -0.277 0.010
513180238 phosphorylase b kinase regulatory subunit alpha, skeletal muscle isoform isoform X6 PHKA1 8 1.094 0.904 0.826 -0.275 0.011
212834 |beta-tubulin TUBB1 3 1.155 0.922 0.798 -0.325 0.011
459714 |beta-5 tubulin TUBB 4 1.155 0.949 0.822 -0.283 0.012
17974316|DJ-1 PARK7 3 0.957 1.335 1.395 0.480 0.013
53129115 | hypothetical protein RCIMB04_5g20 PGAM1 4 0.790 1.243 1.573 0.654 0.016
13432175|RecName: Full=Myosin heavy chain, skeletal muscle, adult MYH1E 15 1.095 1.006 0.919 -0.122 0.016
238274 myosin heavy chain [chickens, skeletal muscle, Peptide, 1938 aa] MHC 15 1.094 1.008 0.921 -0.118 0.016
238272 |myosin heavy chain 50 kDa fragment MHC 2 1.178 0.993 0.843 -0.246 0.017
212659 skeletal muscle C-protein, partial MYBPC2 22 1.099 0.834 0.759 -0.398 0.019
71896203 | tubulin beta-4 chain TUBB3 5 1.071 0.956 0.893 -0.164 0.024
53136740 | hypothetical protein RCJMB04_33d2 PFKP 3 1.063 0.926 0.871 -0.199 0.026
1706654 |Beta-enolase ENO3 7 0.901 1.171 1.300 0.378 0.028
118099967 [ATP synthase subunit d, mitochondrial ATPSH 2 0.746 1.016 1.362 0.446 0.028
135464 | Tubulin beta-3 chain TUBB4B 7 1.043 0.970 0.930 -0.105 0.028
212868 vimentin VIM 7 1.034 0.681 0.659 -0.603 0.029
135446 | Tubulin beta-1 chain TUBB2B 7 1.046 0.969 0.926 -0.110 0.030
61098440/ calcium-binding mitochondrial carrier protein Aralar2 SLC25A13 2 0.845 1.030 1.219 0.286 0.032
1390110269 | phosphorylase b kinase regulatory subunit alpha, skeletal muscle isoform isoform X1 PHKA2 10 1.094 0.970 0.887 -0.174 0.033
135474|RecName: Full=Tubulin beta-7 chain; AltName: Full=Tubulin beta 4' TUBB 8 1.046 0.985 0.942 -0.087 0.034
211797 [glyceraldehyde-3-phosphate dehydrogenase GAPDH 9 0.824 1.032 1.252 0.325 0.034
1628381 |glyceraldehyde-3-phosphate dehydrogenase H2AF) 9 0.824 1.032 1.252 0.325 0.034
63401 |unnamed protein product, partial GAPDH 4 0.839 1.133 1.350 0.433 0.036
28911960 | heart fatty acid-binding protein, partial FABP3 2 1.047 1.535 1.466 0.552 0.037
1016080546 |vimentin VIM 8 1.034 0.686 0.663 -0.592 0.037
53127891 | hypothetical protein RCIMB04_4e21 SLC25A3 2 1.006 0.569 0.565 -0.823 0.038
971380098 heterogeneous nuclear ribonucleoproteins A2/B1 isoform X1 HNRNPA2B1| 2 1.066 0.927 0.870 -0.202 0.039
1777308 connectin/titin, partial TTN 2 1.353 0.792 0.585 -0.774 0.039
381140392 glyceraldehyde-3-phosphate dehydrogenase, partial GAPDH 2 0.758 0.837 1.104 0.143 0.039
57530355 | malate dehydrogenase, cytoplasmic isoform MDH1 MDH1 3 0.807 1.033 1.280 0.356 0.040
212811 | beta-tropomyosin TPM2 3 0.965 0.918 0.951 -0.072 0.040
971436767 [tropomyosin alpha-4 chain isoform X4 TPM4 3 0.965 0.918 0.951 -0.072 0.040
833608|collagen a2, partial COL1A2 2 0.935 0.600 0.642 -0.640 0.040
300630016 |unnamed protein product HK1 4 1.008 0.884 0.877 -0.189 0.041
211607 [alpha-2 type | collagen, partial COL1A2 4 0.909 0.571 0.628 -0.671 0.042
45382029|annexin A6 ANXA6 5 1.085 0.892 0.822 -0.283 0.042
50762391 |fructose-1,6-bisphosphatase isozyme 2 FBP2 3 0.858 0.965 1.125 0.170 0.045
263505112 |RecName: Full=Peroxiredoxin-1 PRDX1 2 1.067 0.933 0.874 -0.194 0.045
53133714 | hypothetical protein RCJMB04_19j12 OGHD 5 0.888 1.128 1.270 0.345 0.046
409191 |aldolase A, partial ALDOA 2 1.022 1.092 1.068 0.096 0.047

1390105509 | protein ADP-ribosylarginine hydrolase isoform X1 ADPRS 3 0.916 1.027 1.121 0.165 0.047

1390105511 protein ADP-ribosylarginine hydrolase isoform X2 ADPRS 3 0.916 1.027 1.121 0.165 0.047

1390086457 |glycogen phosphorylase, muscle form-like PYGL 6 1.067 0.951 0.891 -0.166 0.047

971401047 |2-oxoglutarate dehydrogenase-like, mitochondrial isoform X1 OGDHL 2 0.888 1.090 1.227 0.296 0.050
261490820 peptidyl-prolyl cis-trans isomerase A PPIA 4 1.047 1.211 1.157 0.210 0.050

Table 8.2 Significant proteins (p<0.05) of CTS diet at T12h vs CTL diet at T12h in muscle samples

List of significant protein with differences in abundance between groups associated to unique genes with the
median in CTS and CTL diets (relative to internal standards), fc, Log fc and p-value. Proteins are listed, in
order starting from the lowest in p. Proteins listed in order of increasing p.
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Proteomics study 2 on liver: effects of CMB diet at T12h post LPS challenge

Comparing CTL vs CMB, 1373 proteins belonging to set criteria (2 unique peptides and 5%
FDR) were identified. Among these, 59 proteins were significantly modulated by the CMB
diet (22 higher abundances and 37 lower abundances), with 23 of them belonged to unique
genes (12 higher abundances and 11 lower abundances) (Table 8.3).

Accession Description Gene name Unique Median | Median fc Log fc p
1D peptides CTL CTS
2687360 sulfotransferase LOC395933 3 1.063 0888 | 0.835 | -026 | 0.003
363743802 thimet oligopeptidase THOP1 2 1.033 0899 | 087 | -02 | 0004
513165204 von Willebrand factor 8 VWAS 5 0983 | 1.0815 | 1.1 | 0137 | 0.006
1390080541 fatty aldehyde dehydrogenase ALDH3A2 4 0.945 1.046 1.107 0.146 0.009
971393589 UDp'g'”C“rozr"oc\’sy'"amferase UGT2A1 2 0.705 0851 | 1206 | 0271 | 0.01
117258 Cytochrome P450 2H2 CYP2C23b 6 0.852 0979 | 1149 | 02 0.015
478247043 NADH dehydrogenase NDUFB6 3 1.062 0.8 0753 | -0.409 | 0.016
3913805 Solute carrier SLC2A2 4 0.988 1.071 1.084 0.116 0.017
118082784 | /ATP-dependent RNA helicase DDX17 4 1046 | 0993 | 0949 | -0075 | 0.018
DDX17
118084650 propionyl-CoA carboxylase PCCA 2 1.058 0.925 0.874 | -0.194 0.019
48479076 ribosomal protein S13 RPS13 4 0.892 0993 | 1113 | 0155 | 0.019
971424105 perox'soma('):icé’;;goenzyme A ACOX1 9 1.062 1.007 | 0.948 | -0.077 | 0.022
971445000 | 9elta(3,5)-Delta(2,4)-dienoyl- ECH1 7 0956 | 1021 | 1.068 | 0095 | 0.025
CoA isomerase
212811 beta-tropomyosin TPM2 3 0.952 1.065 | 1.119 | 0162 | 0.025
211827 Heat shock protein 70 HSPAS5 9 1.053 0999 | 0.949 | -0.076 | 0.026
971422596 spectrin SPTANL 13 1.044 0981 | 094 | -009 | 0.033
50754810 catenin CTNNAL 3 1.06 1019 | 0.961 | -0.057 | 0.035
971420215 | Peroxisomal 2,4-dienoyl-CoA DECR?2 3 0972 | 09925 | 1.021 | 0029 | 0.038
reductase
54036699 actin ACTC1 3 0.888 1076 | 1.212 | 0277 | 0.039
971402148 actin ACTA2 3 0.888 1076 | 1212 | 0277 | 0.039
1334744 spectrin SPTAN1 11 1.045 0996 | 0.953 | -0.069 | 0.04
381342486 405 ribosomal protein S10 RPS10 2 0973 | 10845 | 1.115 | 0157 | 0.042
6-phosphofructo-2-
513204300 kinase/fructose-2,6- LOC100859653 3 1.036 0904 | 0.873 | -0.197 | 0.046
bisphosphatase 4

Table 8.3 Significant proteins (p<0.05) of CTL diet at T12h vs CMB diet at T12h in liver samples

List of significant protein with differences in abundance between groups associated to unique genes with the
median in CMB and CTL diets (relative to internal standards), fc, Log fc and p-value. Proteins are listed, in
order starting from the lowest in p. Proteins listed in order of increasing p.
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Proteomics study 2 on muscle: effects of CMB diet at T12h post LPS challenge

In CMB vs CTL diet, from the 671 proteins belonging to set criteria (2 unique peptides and
5% FDR), 15 proteins were identified to be significantly different in their abundance with 9
of them (2 upregulated and 7 downregulated by CMB diet) being related to unique genes
(Table 8.4).

Accession Description Gene name Unique Median | Median fc Log fc p
1D peptides CTL CTS
trifunctional enzyme
971390685 subunit alpha, HADHA 3 1.155 0.899 0.779 -0.361 0.001

mitochondrial isoform X1
sarcoplasmic/endoplasmic

45382929 | reticulum calcium ATPase | ATP2AL 11 1.088 0.953 0876 | -0.191 | 0.013
1
68566062 Tudor-interacting repair |\ j5r16) 1 4 1.155 1.045 0.905 | -0.144 | 0.035
regulator protein
408498 globin HBBA 2 0.97 1.065 1008 | 0135 | 0035
212834 tubulin TUBB1 3 1.155 0.987 0855 | -0.227 | 0.036
513162756 ATP synthase ATP50 2 0.953 1.145 1201 | 0265 | 0.038
45383808 60S ribosomal protein L6 RPL6 3 1.056 0.902 0.854 -0.227 0.048

Triosephosphate
Isomerase

Table 8.4 Significant proteins (p<0.05) of CMB diet at T12h vs CTL diet at T12h in muscle samples
List of significant protein with differences in abundance between groups associated to unique genes with the
median in CMB and CTL diets (relative to internal standards), fc, Log fc and p-value. Proteins are listed, in
order starting from the lowest in p. Proteins listed in order of increasing p.

999976 TPI1 4 1.02 0.844 0.827 -0.273 0.049
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Appendix C- Metabolomics

Pooled study on plasma: LPS effect

A total of 6362 identified and annotated metabolites were detected in the plasma pooled
study. Following processing the peaks annotated/identified based on mass and
mass/retention time, 90 unique compounds matched the known standards (identified and
identified+fragments metabolites). In the evaluation of LPS challenge, all pairwise
comparison was considered as follow:

In CTL TOh vs CTL T12h, 72 identified and 1034 annotated metabolites were found
significantly modulated by LPS challenge.

In CTL TOh vs CTL T24h, 23 identified and 594 annotated metabolites were found
differentially expressed comparing the two groups.

In CTL TOhvs CTL T48h, 16 identified and 559 annotated metabolites displayed differences
between the two time points.

After peak and isoforms evaluation, 35 identified metabolites were found significantly
different at CTL T12 compared to TOh while 12 identified metabolites were found
significantly different in CTL T24h and 48h compared to TOh (Tables 8.5,8.6,8.7).
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CTL TOhvs CTL T12h
Peak id Metabolite Log FC p Adjusted p Peak intensity Peak intensity Identification
TOh T12h

1 Betaine -1.01 0.0000 0.0000 2546708096 1264838080 identified+fragment
202 L-Asparagine -1.10 0.0000 0.0000 12660841 5889615 identified+fragment
479 N-acetyl-L-glutamate -0.86 0.0000 0.0000 186614 102782 identified
1163 sn-glycero-3-Phosphocholine -1.83 0.0000 0.0000 242818 68130 identified
3715 Orotate -1.57 0.0000 0.0000 183524 62002 identified

4 L-Proline -0.63 0.0000 0.0001 554959904 359044224 identified

76 L-Methionine -0.86 0.0000 0.0001 45433854 25067849 identified+fragment
2108 citrate -0.65 0.0000 0.0001 44782416 28614479 identified+fragment
2219 L-Serine -0.56 0.0000 0.0001 13248853 8955985 identified+fragment

10 L-Glutamine -0.53 0.0000 0.0002 488861984 337516832 identified+fragment
2803 Uridine 1.18 0.0000 0.0002 528202 1198730 identified
2582 D-Galacturonate -0.48 0.0000 0.0004 2552868 1832544 identified+fragment
2090 (R)-Lactate -0.55 0.0001 0.0005 60350562 41150424 identified
819 Cytidine 0.82 0.0001 0.0006 535484 944130 identified+fragment

85 L-Lysine 1.01 0.0001 0.0007 12259060 24746948 identified+fragment
268 L-Cystine -0.51 0.0001 0.0007 1039434 729986 identified+fragment
167 L-Tyrosine -0.65 0.0001 0.0008 13761065 8750022 identified+fragment
362 O-Acetylcarnitine -0.84 0.0001 0.0009 5537363 3092390 identified
2110 (S)-Malate -0.70 0.0002 0.0012 33639641 20645189 identified+fragment

25 L-Arginine -0.45 0.0002 0.0017 113309352 82720822 identified+fragment
2478 cis-Aconitate -0.55 0.0002 0.0017 4130264 2817939 identified
2669 D-Ribose -0.93 0.0003 0.0019 1412973 741530 identified
1166 L-Cystathionine -0.66 0.0004 0.0025 357445 225889 identified+fragment

79 L-Leucine -0.54 0.0004 0.0028 37091570 25462822 identified+fragment
3902 2-Oxoglutarate -0.66 0.0005 0.0032 87056 55145 identified
3041 Malonate -0.53 0.0007 0.0046 834089 576851 identified

98 L-Valine -0.43 0.0009 0.0055 30523754 22589188 identified+fragment
3736 allantoin -0.71 0.001 0.0059 125139 76700 identified
347 Adenine -0.55 0.0017 0.0094 330205 225657 identified+fragment
2872 D-Galactarate -0.45 0.0022 0.0113 169774 124144 identified
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2866 2-Methylcitrate -0.52 0.0023 0.0119 236835 165201 identified
1703 L-Kynurenine -0.76 0.0029 0.0144 103970 61395 identified
2623 L-Aspartate -1.39 0.0029 0.0144 815828 312041 identified
4080 4-Coumarate -0.64 0.0052 0.024 75412 48309 Identified
562 N-Acetylglutamine -0.53 0.0068 0.03 1714733 1189113 Identified

Table 8.5 Significant metabolites in CTL TOh vs CTL T12h in plasma samples
List of the first 30 significant identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p.

CTL TOhvs CTL T24h
Table 8.6 Significant metabolites in CTL TOh vs CTL T24h in plasma samples
Peak id metabolite Log FC p Adjusted p Peak intensity Peak intensity Identification
TOh T24h
479 N-acetyl-L-glutamate -0.86 0.0000 0.0000 186614 102546 Identified
2582 D-Galacturonate -0.60 0.0000 0.0000 2552868 1689535 identified+fragment
167 L-Tyrosine -0.84 0.0000 0.0001 13761065 7678238 identified+fragment
66 L-homoserine/L-Threonine -0.47 0.0001 0.0008 51918117 37569749 identified+fragment
202 L-Asparagine -0.57 0.0001 0.0008 12660841 8502293 identified+fragment
3521 L-Citrulline -0.61 0.0002 0.0022 240291 157353 Identified
311 L-Glutamate/O-Acetyl-L-serine -0.46 0.0009 0.0088 7673971 5597139 Identified
1 Betaine -0.46 0.0019 0.0173 2546708096 1849570336 identified+fragment
2613 Pyruvate -0.32 0.0021 0.0186 2277300 1818044 Identified
98 L-Valine -0.42 0.0022 0.0188 30523754 22760132 identified+fragment
3165 thymine 2.43 0.0022 0.0192 81685 440065 Identified
3715 Orotate -0.71 0.0056 0.0412 183524 112161 Identified

List of significant identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification.

Metabolites listed in the order of increasing adjusted p.
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CTL TOh vs CTL T48h
Peak id metabolite Log FC p Adjusted p Peak Peak intensity Identification
intensity TOh T48h
479 N-acetyl-L-glutamate -0.78 0.0000 0.0000 186614 108953 identified
1064 Adenosine -1.83 0.0000 0.0000 393389 110772 identified+fragment
2513 D-glucose/D-Fructose -0.29 0.0000 0.0001 4074804 3337556 identified
3521 L-Citrulline -0.70 0.0000 0.0006 240291 148084 identified
2582 D-Galacturonate -0.42 0.0002 0.0025 2552868 1902116 identified+fragment
202 L-Asparagine -0.48 0.0008 0.008 12660841 9072486 identified+fragment
268 L-Cystine 0.39 0.0012 0.0121 1039434 1360700 identified+fragment
1163 sn-glycero-3-Phosphocholine 0.72 0.0014 0.0131 242818 398726 identified
1109 Choline phosphate 1.31 0.0023 0.0204 125032 310486 identified
66 L-homoserine/L-Threonine -0.33 0.0041 0.0345 51918117 41164654 identified+fragment
3627 2-oxobutanoate -0.42 0.0064 0.0489 168362 125477 identified
3930 Phenylpyruvate -0.87 0.0065 0.0498 72225 39391 identified

Table 8.7 Significant metabolites in CTL TOh vs CTL T48h in plasma samples

List of significant identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p.
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Pooled study on plasma: dietary effect

CTS effect

In the evaluation of dietary treatments (CTS and CMB diet vs CTL diet), the 8 group-wise
comparisons identified significant changes; peaks with an adjusted p < 0.05 were considered
significant. Each pairwise comparison was studied separately: significant differences were
found in CTS diet at most of the time points pre and post challenge while no differences
were discovered comparing CMB vs CTL diet.

In CTS vs CTL diet pre challenge (TOh), 3 identified compounds were found significantly
decreased by CTS diet (adjusted p < 0.05): adenosine, 2-methylcitrate and R)-2-
Hydroxyglutarate. Other 310 annotated peaks were significantly changing.

In CTS vs CTL diet at T12h post challenge, no statistically significant identified compounds
have been identified but 201 annotated peaks were significantly changing comparing the two
groups.

In CTS vs CTL diet at T24h post challenge, 33 annotated peaks significantly displayed
differences comparing the two groups.

In CTS vs CTL diet at T48h post challenge, adenosine was the only identified metabolite to
show higher abundance in CTS (adjusted p < 0.05). Other 108 annotated peaks significantly
displayed differences comparing the two groups.

The list of annotated metabolites was studied and filtered based on peak and isoform’s
evaluation; 76 metabolites were found significantly different at TOh, 47 metabolites at T12h
and 45 metabolites at T48h in CTS vs CTL diet (see Tables 8.8,8.9, 8.10). Most of these
metabolites belong to amino acids metabolism and were found to be significantly decreased
by CTS diet at TOh, T12h and T48h.
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CTL TOh vs CTS TOh
Peak Peak
intensity intensity
Peak Id Metabolite Log FC p Adjusted p CTL CTS Identification

37 L-Acetopine -2.36 0.000 0.000 84710226 16496722 annotated
114 N-Acetyl-L-glutamate 5-semialdehyde -2.21 0.000 0.000 23794150 5159202 annotated
116 L-cis-Cyclo(aspartylphenylalanyl) -2.24 0.000 0.000 636727 135191 annotated
119 Methyl hippurate -1.31 0.000 0.000 393243 158684 annotated
149 Tromethamine 1.25 0.000 0.000 1081619 2567848 annotated+fragment
156 Alanyl-Aspartate -2.35 0.000 0.000 16143067 3165593 annotated
157 Isoleucyl-Serine -2.44 0.000 0.000 2571459 473803 annotated
160 Histidinyl-Aspartate -2.12 0.000 0.000 124296 28676 annotated
161 Thionazin -2.15 0.000 0.000 105269 23685 annotated
165 Hydroxyprolyl-Proline 1.33 0.000 0.000 2596837 6515856 annotated
338 L-gamma-glutamyl-L-leucine -2.14 0.000 0.000 1162247 262942 annotated
391 Glutarylglycine -2.19 0.000 0.000 4777769 1044222 annotated
392 Lysyl-Asparagine -2.32 0.000 0.000 750761 149884 annotated
395 Mimosine -3.39 0.000 0.000 88656 8447 annotated
414 Carboxy-ibuprofen -0.78 0.000 0.000 2238386 1300758 annotated
449 Glycylprolylhydroxyproline 2.43 0.000 0.000 245591 1322838 annotated
458 L-1,2,3,4-Tetrahydro-beta-carboline-3-carboxylic acid -2.45 0.000 0.000 140195 25610 annotated
506 N6-Acetyl-5S-hydroxy-L-lysine -0.98 0.000 0.000 1412613 714404 annotated
520 Vinylacetylglycine -2.39 0.000 0.000 2936840 559310 annotated
524 Didodecyl thiobispropanoate -0.60 0.000 0.000 1128722 742727 annotated
638 Alpha-CEHC -0.73 0.000 0.000 833391 503884 annotated
682 Glycyl-Aspartate -1.05 0.000 0.000 1525175 736913 annotated
696 Alanyl-Proline -2.72 0.000 0.000 1700329 258735 annotated
932 Methyl benzoate -1.21 0.000 0.000 90848 39344 annotated
1075 Tris(2-chloroethyl) phosphate -0.44 0.000 0.000 236966 175269 annotated+fragment
1077 alpha,alpha’-Trehalose 6-mycolate -1.40 0.000 0.000 390865 148056 annotated
1122 S-4-Hydroxymephenytoin -2.22 0.000 0.000 494738 106515 annotated
1123 Ornaline -2.22 0.000 0.000 494738 106515 annotated
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1839

2-aminomuconic acid semialdehyde

0.97

0.000

0.000

65093

127379

annotated

1842

N-(1-Deoxy-1-fructosyl) histidine

-0.54

0.000

0.000

121739

83864

annotated

Table 8.8 Significant metabolites in CTL TOh vs CTS TOh in plasma samples
List of first 30 significant annotated and identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p-

value
CTL T12hvs CTS T12h
Peak intensity Peak intensity
Peak id Metabolite Log FC p Adjusted p CTL CTS Identification

37 L-Acetopine 2.02 0.0000 0.0000 2587816 10488640 annotated
114 N-Acetyl-L-glutamate 5-semialdehyde 2.24 0.0000 0.0000 587078 2781535 annotated
116 L-cis-Cyclo(aspartylphenylalanyl) 1.83 0.0000 0.0000 33460 118670 annotated
156 Alanyl-Aspartate 2.50 0.0000 0.0000 307270 1737659 annotated
157 Isoleucyl-Serine 2.07 0.0000 0.0000 99424 418877 annotated
338 L-gamma-glutamyl-L-leucine 2.08 0.0000 0.0000 48665 205672 annotated
391 Glutarylglycine 2.42 0.0000 0.0000 179226 959769 annotated
506 N6-Acetyl-5S-hydroxy-L-lysine 2.47 0.0000 0.0000 264942 1467484 annotated
682 Glycyl-Aspartate 1.98 0.0000 0.0000 36386 143612 annotated
1122 S-4-Hydroxymephenytoin 3.09 0.0000 0.0000 9880 84241 annotated
2152 L-Homocysteic acid 2.77 0.0000 0.0000 508550 3464857 annotated
2404 5-Hydroxyindoleacetate 2.27 0.0000 0.0000 242614 1166425 annotated
2417 1-(2,6,6-Trimethyl-1-cyclohexen-1-yl)-1-penten-3-one -0.88 0.0000 0.0000 932637 505559 annotated
2530 2-Oxoglutaramate 2.38 0.0000 0.0000 112260 583200 annotated
2565 L-alpha-Amino-5-o0x0-2(5H)-isoxazolepropanoic acid 2.34 0.0000 0.0000 70573 356544 annotated
2622 2-Oxosuccinamate 2.49 0.0000 0.0000 75478 424140 annotated
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2641 Tiglylglycine 1.81 0.0000 0.0000 92831 325300 annotated
3212 3,6,8-Trimethylallantoin 2.15 0.0000 0.0000 15269 67802 annotated
3231 4,5-Dihydroorotic acid 4.56 0.0000 0.0000 2242 52911 annotated
3433 PS(15:0/22:2(137,1627)) 2.42 0.0000 0.0000 9752 52070 annotated
3536 alpha-Valerenol 0.76 0.0000 0.0000 344927 72787 annotated
3585 Aspartyl-Proline 2.80 0.0000 0.0000 247743 145594 annotated
3599 Hydroxyprolyl-Hydroxyproline 1.36 0.0000 0.0000 137205 13340 annotated
3653 1-Pyrenylsulfate 1.99 0.0000 0.0000 175597 52297 annotated
4212 Neodunol 1.82 0.0000 0.0000 95075 62129 annotated
3764 1-Naphthalenesulfonic acid 1.32 0.0000 0.0000 128528 94643 annotated
4012 3-(2-Hydroxy-4-methylphenyl)-2-butanone 0.62 0.0000 0.0000 121979 48197 annotated
2417 1-(2,6,6-Trimethyl-1-cyclohexen-1-yl)-1-penten-3-one 0.71 0.0000 0.0000 5762024 1170746 annotated
1004 N-Acetyl-L-tyrosine 1.33 0.0000 0.0000 20481 11597 annotated
1672 delta-1-Pyrroline-5-carboxylate 0.55 0.0000 0.0000 135747 263841 annotated

Table 8.9 Significant metabolites in CTL T12h vs CTS T12h in plasma samples
List of first 30 significant annotated and identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in the order of increasing adjusted p
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CTL T48h vs CTS T48h
Peak intensity Peak intensity
Peak Id Metabolite Log FC p Adjusted p CTL CTS Identification

41 Fluocinolone -0.46 0.000 0.000 869531 630175 annotated+fragment
149 Tromethamine -1.55 0.000 0.000 15299739 5234545 annotated
150 Gibberellin A61 -1.81 0.000 0.000 102702 29358 annotated
213 Isobutyryl-L-carnitine -1.78 0.000 0.000 156391 45591 annotated
391 Glutarylglycine 0.46 0.000 0.000 7684 10605 annotated
414 Carboxy-ibuprofen -0.54 0.000 0.000 4259777 2923495 annotated-+fragment
635 Didodecy!l thiobispropanoate -0.60 0.000 0.000 1908947 1263102 annotated
638 Alpha-CEHC -0.68 0.000 0.000 1107648 690977 annotated
753 Homoarecoline -1.08 0.000 0.000 521915 247387 annotated
1064 Adenosine 1.74 0.000 0.000 110772 368969 identified+fragment
1065 Methyl thiophene-2-carboxylate -0.63 0.000 0.000 506379 328315 annotated
1380 Deoxyguanidinoproclavaminic acid -8.47 0.000 0.000 35374 0 annotated
1532 Isoetharine -0.63 0.000 0.000 166215 107679 annotated
2095 ethyl tetradecanoate -0.52 0.000 0.000 51482368 35946250 annotated
2312 3-keto-n-caproic acid 0.63 0.000 0.000 5538908 8545676 annotated
2411 hexyl propionate -1.38 0.000 0.000 3636744 1398427 annotated
2417 1-(2,6,6-Trimethyl-1-cyclohexen-1-yl)-1-penten-3-one -0.75 0.000 0.000 5026923 2984306 annotated
2419 Glycerol tributanoate -0.62 0.000 0.001 89227 58099 annotated
2453 Ethyl (+)-3-methylpentanoate -1.18 0.000 0.001 2841454 1254823 annotated
2454 3R-hydroxy-decanoic acid -1.17 0.000 0.001 91707 40895 annotated
2455 Salicylaldehyde -1.07 0.000 0.001 3841396 1826559 annotated
2456 Menthy! ethylene glycol carbonate -1.70 0.000 0.001 683332 210867 annotated
2457 Ethyl tiglate -0.66 0.000 0.001 212879 135109 annotated
2463 Phenylacetic acid -2.06 0.000 0.001 3002442 718553 annotated
2800 Methyl benzoate -0.83 0.000 0.002 1380027 774936 annotated
2981 2-Methylpropyl propionate -0.67 0.000 0.002 808767 506810 annotated
2982 Dodecanedioic acid -1.23 0.000 0.005 211182 90087 annotated
3000 11-docosenoic acid -1.96 0.000 0.005 707524 182441 annotated

Table 8.10 Significant metabolites in CTL T48h vs CTS T48h in plasma samples
List of first 30 significant annotated and identified metabolites (p < 0.05)with the relative Log fc, p, adjusted p and identification. Metabolites listed in order of increasing adjusted p .
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CMB effect

In CMB vs CTL diets no identified metabolites have been identified at all time points but
just few annotated metabolites showed significant differences among the dietary groups.

In CMB vs CTL diet pre challenge (TOh), 2 annotated metabolites were significantly
changing comparing the two groups.

In CMB vs CTL diet at T12h post challenge, 4 annotated peaks were significantly changing
comparing the two groups.

In CMB vs CTL diet at T24h post challenge, 11 annotated metabolites displayed differences
comparing the two groups.

In CMB vs CTL diet at T48h post challenge, 9 annotated metabolites significantly displayed
differences comparing the two groups.

The list of annotated metabolites was studied and filtered based on peak and isoform’s
evaluation; 1 metabolite were found significantly different at TOh, 2 metabolites at T12h and
5 metabolites at T48h in CTS vs CTL diet (Table 8.11). Most of these metabolites belong to
amino acids metabolism and were found to be significantly decreased by CTS diet at TOh,
T12h and T48h
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CTL TOh vs CMB T0h
Peak intensity Peak intensity
Peak Id Metabolite Log FC p Adjusted p CTL CMB Identification
[ 4032 | PG(18:1(92)/18:1(112)) 2.73 0000 | 0.000 | 33221 | 0 annotated
CTL T12h vs CMB T12h
Peak intensity Peak intensity
Peak Id Metabolite Log FC p Adjusted p CTL CMB Identification
1244 5-Methylcytidine -1.95 0.000 0.000 0 19301 annotated
1605 L-2-Amino-3-(1-pyrazolyl)propanoic acid -3.14 0.000 0.000 0 48691 annotated
CTL T48h vs CMB T48h
Peak intensity Peak intensity
Peak Id Metabolite Log FC p Adjusted p CTL CMB Identification
372 PE(24:0/15:0) 1.7 0.000 0.000 7039877 0 annotated
506 N6-Acetyl-5S-hydroxy-L-lysine;Bicine -2.4 0.000 0.000 0 12671 annotated
1214 Lauroyl diethanolamide -1.5 0.000 0.000 218967 338122 annotated
156 Alanyl-Aspartate 1.95 0.000 0.000 9390 0 annotated
1460 L-a-glutamyl-L-Lysine 2.5 0.000 0.000 141745 0 annotated

Table 8.11 Significant metabolites in CTL T0,12,24,48h vs CMB T0,12,24,48h in plasma samples

List of first 30 significant annotated and identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in order of increasing adjusted p in

each comparison.
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Pooled study on liver

CMB effect

In CMB vs CTL diets no identified metabolites have been identified at all time points but
just few annotated metabolites showed significant differences among the dietary groups.

In CMB vs CTL diet pre challenge (TOh), 32 annotated metabolites were significantly
changing comparing the two groups.

In CMB vs CTL diet at T12h post challenge, 102 annotated peaks were significantly
changing comparing the two groups.

In CMB vs CTL diet at T24h post challenge, 18 annotated metabolites displayed differences
comparing the two groups.

In CMB vs CTL diet at T48h post challenge, 23 annotated metabolites significantly
displayed differences comparing the two groups.

The list of annotated metabolites was studied and filtered based on peak and isoform’s
evaluation; 6 metabolites were found significantly different at TOh, 18 metabolites at T12h
and 6 metabolites at T48hin CTS vs CTL diet (Table 8.12). Most of these metabolites belong
to amino acids metabolism and were found to be significantly decreased by CTS diet at TOh,
T12h and T48h
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CTL TOh vs CMB T0h
Peak intensity Peak intensity

Peak Id Metabolite Log FC p Adjusted p CTL CMB Identification
4946 Dihydro-4-mercapto-3(2H)-furanone -1.29 0.000 0.000 147392 0 annotated
518 P1(18:1(92)/18:2(92,127)) 3.19 0.000 0.000 0 10974579 annotated
839 Cohibin C 5.31 0.000 0.000 1047863 308186 annotated
2399 PC(20:5(52,82,112,142,177)/0:0) 2.28 0.000 0.000 0 76442 annotated
805 PE(20:0/14:1(92)) -4.62 0.000 0.000 0 73159 annotated
2521 Isogingerenone B -2.34 0.000 0.000 0 34723 annotated

CTL T12h vs CMB T12h
Peak intensity Peak intensity

Peak Id Metabolite Log FC p Adjusted p CTL CMB Identification
3560 Vorinostat -3.4 0.000 0.000 0 19301 annotated
2804 Pyrophosphate -2.73 0.000 0.000 1556904 246005 identified
475 Dimorphecolic acid -3.12 0.000 0.000 43348 0 annotated
5351 Monuron -3.12 0.000 0.000 43381 0 annotated
4282 Thiophene 0.76 0.000 0.000 222001 399621 annotated
3400 Astilbin -2.68 0.000 0.000 32568 0 annotated
2811 Dihydro-4,6-dimethyl-2-(1-methylethyl) -4.66 0.000 0.000 136741 0 annotated
3388 Fosamine -0.81 0.000 0.000 3902257 2264809 annotated
5008 4-Hydroxychalcone -1.18 0.000 0.000 166997 81489 annotated
3603 Desmedipham -1.35 0.000 0.000 170140 67286 annotated
2813 SB 206553 -3.94 0.000 0.000 82050 0 annotated
4158 3-oxo-tetradecanoic acid -2.14 0.000 0.000 22507 0 annotated
2764 2-Methylcitric acid -2.95 0.000 0.000 38570 0 annotated
2814 Enalaprilate -1.34 0.000 0.000 215033 88347 annotated
5376 N,N'-Diacetylhydrazine -2.13 0.000 0.000 22253 0 annotated
3005 (2R)-2-Hydroxy-3-(phosphonatooxy)propanoate -2.40 0.000 0.001 4341725 848568 identified
1794 Isoputreanine -2.74 0.000 0.001 33309 0 annotated
4148 PE(18:3(62,97,122)/0:0) -2.04 0.000 0.001 20628 0 annotated
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CTL T24h vs CMB T24h

Peak intensity Peak intensity
Peak Id Metabolite Log FC p Adjusted p CTL CMB Identification
4575 N-Acetyldehydroanonaine 1.7 0.000 0.000 110141 268138 annotated
3861 PG(P-18:0/18:4(62,92,127,15Z7)) -2.4 0.000 0.000 73263 0 annotated
4518 Phenindione -1.5 0.000 0.000 197947 0 annotated
479 PC(18:0/0:0) 1.95 0.000 0.000 24342 0 annotated
1814 Acetoxyacetone -2.4 0.000 0.000 0 124931 annotated
3979 Styrene -1.5 0.000 0.000 84886 386563 annotated

Table 8.12 Significant metabolites in CTL vs CMB diets at T0,12,24,48h in liver samples
List of significant annotated and identified metabolites (p < 0.05) with the relative Log fc, p, adjusted p and identification. Metabolites listed in order of increasing adjusted p in each
comparison.
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