Alma Mater Studiorum T Universita di Bologna

DOTTORATO DI RICERCA IN
SCIENZE E TECNOLOGIE AGRARIE, AMBIENTALI E ALIMENTARI
Ciclo XXXV

Settore Concorsual®7/G1li SCIENZE ETECNOLOGIE ANIMALI
Settore Scientifico DisciplinardGR/207T ZOOCGOLTURE

GROWTH PERFORMANCE, GUT HEALTH, AND METABOLISM OF
BROILERS UNDER THERMONEUTRAL AND HEAT STRESS CONDITIONS:
MULTIDISCIPLINARY STUDIES ON THE EFFECTS OF
NUTRITIONAL STRATEGIES AND GENOTYPE

Presentata da Supervisore
Giorgio Brugaletta Prof. Federico Sirri
Coordinatore Dottorato: Co-supervisore
Prof. Massimiliano Petracci Prof. Massimiliano Petracci

Esame finale anno 2023



oln times of change, | ea
while the learned find themselves beautifully equipped

tode al with a world that

0 Eric Hoffer, writer and philosopher



DEDICATION

| would like to dedicate this dissertation to Gaatlto all the peoplevho have gotten me to this
point in my life. Professor Federico Sirri, however, deserves special mention for bemgsianding

mentorandaninexhaustiblesource of inspiratiothroughout my PhD program



TABLE OF CONTENTS

ABSTRACT 1
1 INTRODUCTION 4
1.1 TheBroiler Industry: Nothing Short of a Success Story 4
1.2 The Pivotal Role of Chicken Meat in Feeding the World 7
2 LITERATURE REVIEW 12
2.1 A Tour of the Chicken Gastrointestinal Tract 12
2.2 Intestinal Epithelium, Immunity, and Microbiota: Three Pillars of Gut Health 16
2.3 Exploration andVodulation of the Chicken Gastrointestinal Microbiota 22
LOCATION AND ENVIRONMENTAL TEMPERATURE 25
HOUSING 26
DIET 27
ANTIBIOTICS 30
FEED ADDITIVES 31
24 Raising Chickens in the AHothouse Eart3®70: The
BEHAVIOR 41
LIPID AND PROTEIN METABOLISM 44
HORMONES 46
GASTROINTESTINAL TRACT 47
GASTROINTESTINAL MICROBIOTA 50
3 PHD PROJECT GOALS AND STRUCTURE 51
4 STUDY #1. EFFECTS OF A SYNBIOTIC ON BROILERS EXPOSED TO
THERMONEUTRAL AND HEAT STRESS CONDITIONS 54
4.1 Highlights 54
4.2 Background and Aims 54
4.3 Materials and Methods 56
EXPERIMENTAL DESIGN, HOUSING, AND HUSBANDRY CONDITIONS 56
DATA AND SAMPLE COLLECTION 58
LAB ANALYSIS 59
DATA ANALYSIS 59
4.4 Results 60
4.5 Discussion 65
5 STUDY #2: EFFECTS OF A MURAMIDASE ON BROILERS EXPOSED TO
THERMONEUTRAL AND HEAT STRESS CONDITIONS 73
5.1 Highlights 73

5.2 Background and Aims 73




5.3 Materials and Methods 74

EXPERIMENTAL DESIGN, HOUSING, AND HUSBANDRY CONDITIONS 74
DATA AND SAMPLE COLLECTION 76
LAB ANALYSIS 77
DATA ANALYSIS 79
5.4 Results 81
5.5 Discussion 93
6 STUDY #3: EFFECTS OF ARGININE SUPPLEMENTATION ON BROILERS EXPOSED
TO THERMONEUTRAL AND HEAT STRESS CONDITIONS 99
6.1 Highlights 99
6.2 Backgroundand Aims 100
6.3 Materials and Methods 102
EXPERIMENTAL DESIGN, HOUSING, AND HUSBANDRY CONDITIONS 102
DATA AND SAMPLE COLLECTION 105
LAB ANALYSIS 106
DATA ANALYSIS 108
6.4 Results 109
6.5 Discussion 121

7 STUDY #4: EFFECTS OF HEAT STRESS ON HYPOTHALAMIC FEEDING -RELATED
NEUROPEPTIDES, OXYGEN HOMEOSTASIS, AND INFLAMMATORY STATE IN RED

JUNGLE FOWL AND THREE BROILER LINES 121
7.1 Highlights 132
7.2 Background and Aims 132
7.3 Materials and Methods 134
EXPERIMENTAL DESIGN, HUSBANDRY CONDITIONS, AND SAMPLE COLLECTION_ 134
LAB ANALYSIS 135
DATA ANALYSIS 137
7.4 Results 137
7.5 Discussion 147
8 CONCLUSIONS AND FUTURE PERSPECTIVES 155
ANNEXES 161
Annex 1 |Papers atiored and cauthored by the PhD candidate 161

Annex 2 |Posters and oral presentations the PhD candidate has given at sdentéiences 163
Annex 3 |Formula and composition of the basal diets used in studi8softhe PhD project 164
Annex 4 |Metabolites showing different concentrations (mmol/L) in plasma, liverPawotbralis

majorin experiment S3E2 of study #3 of the Ppidject 170

Annex 5 |Chickenspecific qPCR oligonucleotide primers used in study #4 of the PhD projet#3

iv



ABBREVIATIONS 175
LIST OF FIGURES 177
REFERENCES 180
FUNDING 220




ABSTRACT

The broiler industrymakes an essential contribution to food secumtyroviding highquality,
wholesome, and inexpensive protein to an increasipglyulatedand affluentworld. Driven by
tremendous advancements at every stage, this integrated poultry supplhahagnown steadily
boostingchicken meat productiofiom less than 8 million tons in 196d 121.6 million tons in 2024
globally. Fastgrowing, highmeatyielding broiles, the real protagonists of this success stmgythe
outcome of an unprecedented genetic progiesanimal breedingAlthough its efficiency and
sustainabilityhave improved terrifically the broiler industnyis facing difficult socioeconomic and
environmental challengebatimperil its role in feeding the worldzor exampleraising broilers in the
Apeasntt i bi otic and gl obal warming eraodo means faci
efficiency, impaired gut functim dysbiosis and increased enteric pathogen load, heat stress onset,
altered metabolism, decreased welfare, @odliuct quality deterioration.

This PhD project was designed to fit into this context, with the aims of (i) investigating the effects
of different nutritional strategies on growth performance, gut health, and metabolism of biedlers
without antibioticsunderthermoneutrahndheat stressonditions and (ii) exploring the impactshadat
stresonthephysiological processes regulatiiegd int&e and energy homeostagisdifferent chicken
genotypes. The thregear project comprised four studies, each of whimhsistef two experiments.
Specifically, the first three studiesvere feeding trials set out to test a nutritional strategy (i.e.,
suplementation of a synbiotic, a muramidase, and arginine, respectively) to determine whether it is an
effective solution tgexperiment #1&nhance growth performance and gut haatiter optimal thermal
conditionsand (experiment #2}o mitigate the detrimental effects bgat stresgor antibioticfree
broilers. These studies shared a multidisciplinary approach integrating poultry nutrition, physiology, and

gut microbiology.Conducted during six-month research period atr . Sami ,thefoudth 6 s | al

study was a molecular biolodyased investigationf the effects of heat stresm (experiment #1)
hypothalamic neuropeptidabat regulatefeed intakeand (experiment #2)hypothalamic oxygen
homeostasis and inflammatory state in three broiler fioes diverse stages of genetic selection iand

thered jungle fowl, the ancestor of domestic chickens.


https://dridilab.uark.edu/

The presendlissertation is organized inight themed chapter&n overview of the evolutioof

the broiler industry ands importance for food securigerves as the introductory chapiene goal of

the second chapter is to offer a literature reviewthef anatomy and functioning of the chicken

gastrointestinal tracthe main elements that contributent@aintaininga healthy, higkperforming gut,
the characteristics of the microbiota, wigmphasis orthe environmental and dietary factors that
influence it andthe adverse effects of heat streaghickers. The thirdchapter is the dissertation core
in whichtheaimsof the projectre state@nd its schematic structure is provid€te studies conducted
as part ofthis project are presented in chapters four through sevighlights are reported at the
beginning ofeach studgothatreaders can get the results at a glaBeifly:

w Study #1 The synbioticimproved feed efficiency and footpad health, increased abundance of
Firmicutes and reduced abundance of Bacteroidatése ceca of bird&ept in thermoneutral
conditions,while did not mitigate the impacts of heat stress on growth performance

w Study #2.Under optimal thermal conditionsjuramidase increased final body weight and reduced
cumulative feed intake and feed conversion ratio in a-dependent waywith the highestdose
reducing the risk of developing footpad lesignsecal alpha diversity, the Firmicutes to
Bacteroidetes ratio, and abundance of bacteria known to be butyrate producers, daevedsiag
the abundance of Bacteroidaceae and Lactobacilladdaesover, birds supplementaxith the
highest dose showed greater plasmizvels ofbioenergetic metabolites atalver levels ofpro-
oxidantmetabolitesThe same dose, howevéailed to reduce the netipge effects of heat stress on
growth performance

w Study #3.Supplementation of dietary arginiifiee., total arginine to lysine ratiof 1.20 improved
growth rate, final body weight, and feed efficienimycreased plasmatic levels of arginine, betaine,
histidine, and creatine and hepatic levels of creatine and several essential amjreduwigsl alpha
diversity and relative abundance of Firmicutes and Proteobacteria (espesabrichia coli, and
increasedheabundance of Bacteroidetes drattobacillus salivariusn the cecaf thermoneutral
birds. No argininemediated attenuation of heat stress was foundmiolgcularanalysesevealed
somephysiological perturbations occurring in hestitessed broilersuch agprofound alteration in
protein metabolisnandaccumulation of antioxidant and protective moleculesxidative stress
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sensitivetissues Arginine supplementationhowever,may have partially counterbalanced the
negative effects of heat stress on energy homeastasis

w Study #4.A stable gene expression of (an)orexigenic neuropeptidefoundn the four chicken
populationsprobablydue tohypothalamic integration of circadian information, acclimation of birds
to longlasting heat stresstablehypothalamic pathways unaffectied evolution or selection, focus
on mMRNA abundance, and analysis of wieole hypothalamusOn the other hand, responses to

hypoxia and heat stress appeared to be related to feed intake regulation

Lastly, he concluding chapter goes over théef findings of the projectandgives perspectives
that will hopefully lay the groundwork for further investigatidtnonly remains for me taish youan

enjoyableand fruitful reading

| almost forgd! The following instructions may come in handy addition to the typical
hyperlinksin the TABLE OF CONTENTS or theLIST OF FIGURES, thedocuments full of bold
or underlinedbookmarks and crogeferenceso let you jump to a specific heading, figure, talalenex
or webpagejust click on them to follow the linkDo n 6t be f botdface dhoughidll t h e

abbreviations/acronyms areinbdduyt t hey dondét. take you anywhere



1 INTRODUCTION

1.1  The Broiler Industry: Nothing Short of a Success Story

CecileLong Steelewas a forward-looking American entreprenefmrom Delaware U.S, every
poultry professional anscientistshouldbe grateful toHer business acumeshered in aew erafor
the poultry industrya period ofextraordinarydevelopmenthat transformed a smadtaleanimal
farming systeminto a modernand prosperousgri-food sector Indeed,until the 1920s, chicken meat
production wagncillaryto theactivities of theegg industryand wasmostly based on family farms and
backyard floks. Today,Mrs. Steelewould probablybe describe asan astonishinglyskilled woman
with problem solvingandthinking outside the boxriving herdaring decisiondn the eyes of people
livingint he A Ro ahoiveveysh® wassilnplyableto come up with awriginal ideato turn a
problem, namelylealing with 500 chicksistakenlydeliveredto her(it was10 timesthe numbeshe
had ordered)into an opportuniy, that israisingthose chick specifically for theimmeat.Impressed by
the profitable busineddrs. Steeldad set uaftergrowingthat first flock of meatypechickens several
farmers feedmills, andegg companiesealized thatraditional operationsuch asatching procedures,
onfarm activities, and processingere suitable for scaling up becomepart ofa new,integratedand
extremelyefficient poultry supply chain: the broiler industry was bd®iegel, 2014; Bennett et al.,
2018; Duffy, 2020; Scanes and Christensen, 2020; National Chicken CQ024&}),

Other thanMrs. Steelenumeroussharp peopléave contributed to buildg the broiler industry
as we know it todagindmustbegiven creditfor makinga courtyard bird mexcellentproducer of high
quality and affordable animal protsithat are and will beessentiato feedng the world.As a PhD
candidatedealing withpoultry sciencel amfully aware thaafew sentences dhe presendissertation
do not do justice tthe efforts and achievementd all these innovatorsHowever, as a sign of respect
and gratitude| would like to dedicate thistroductorychapter to each of theno the authorof a
success stoty

But | et 6 s brailgr ohickem, thdeal pratagoaist of this storylaking the cue from the
superb work oBennett et al. (2018)/an Immerseel (2022%)alledt he br oi | er a fAhuman

a n i mEhé morphologicabnalysis carried out bBennett et al(2018) substantiate, in fact, that



modernbroilers (Gallus gallus domesticysare radically different from theirwild ancestorthe red
jungle fowl Gallus gallug native toS/SE Asia and are markedlydissimilar totheir domesticated
predecessorthathavebeenrearedfor 8,000 yearantil the midtwentieth centry. Fastgrowing, high
meatyielding broilersare the outcome @n unprecedentegknetic progress that hteken place in the
last 70 yearslue to human interventiofHavenstein et al., 1994, 2003a; Zuidhof et al., 20TAg
picturespresented ifrigure 1 havebecomedconic of thestriking effects ofselectingoroilersfor rapid

growthto market weight.

Figure 1| Age-related changes in body weight and sizeier1957, 1978, and 2005 broiler line
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Note:For eactlbroilerline (strain) theaverage mixedex body weight is given, while the pictures show the same representative
bird at 0, 28, and 56ays of age.
Source:Zuidhof et al. (2014)

Theintensegeneticselectionhasnot only causecevident changeis the phenotypic appearance
of broilers(e.g, size body massandshape center of gravity, but alsan their feed efficiency(Siegel,
2014) Feed efficiency is parametenf utmost importancen poultry and livestock production as it is
an indicator ofthe ability ofanimak to convert feed into a certain output (ileumanfood or other
good3. A performance trait widely used in animal husbandry to assess feed efficiency is feed conversion

ratio FCR). For meatypepoultry, FCR is the defined as the amount of feed consumed per bodyf



weight (BW) gain in a specific time interv@Willems et al., 2013)The modern broileis an excellat
converte of feedinto BW, characterized by very high feed efficiency or, in other wasemely low
FCR (Havenstein, 2006)Althoughit is notupdated with datfrom commercial lines currently used,
Figure 2 clearlyshowstheoppositaemporakrendsfor BW and FCRof broilers; the former has steadily
increased, while the latter has progressivtrlgpped As such, ompared tdoroilersgrown in 1985,
thosebelonging tca 2010 line can reaclin 35d, greateBW (1.40vs.2.44 kg) with lower FCR (2.30

vs.1.50), namely consuminguchless feed (3.22s.3.66 k9.

Figure 2| Typical body weightandfeed conversion ratiof different broiler lines at 35 d of age
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Already in the early 200s,Smil (2002)pointed out that yperselected chickersadthe highest
feed efficiencyamong meat animaldt is evenmore incredible however,what emerges fronthe
comparisorbetweerpoultry meatandothermeas in terms of energy and protein efficieneyhich are
calculated as the percentage of enarggrotein input retained ithe final product.According tothe
data reported ifrigure 3, energy and protein efficiency @oultry meat production (13 and 19.6%,
respectively) are considerably higher than thogb@production opork and ruminant mesfranging

between 1.9 and 8.6%)



Figure 3| Energy @) and proteinl§) efficiency of livestock productions
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Source:Our World in Dateébased orthedata ofAlexander et al. (2016)

The dramatic enhancement oultry feed efficiencyover the pasyearshasresulted in a
substantiateduction in inpwt required (e.qg.,ded, housing, utilitiesgndwastes producede.g., carbon
and waterfootprint) per unit of poultry product (Havenstein, 2006; Willems et al., 2013)he
sustainability of thepoultry industry, especially thebroiler one has therefore improved terrifically.
Neverthelesshis highly efficientanimalfood industryis not exempt from developing more and more
economically sound aretofriendly processe® pursue a sustainat#&pansiornn an epoch oflifficult
socioeconomiand environmental challengé&eeping on improving poultry feed efficiency is therefore

imperative for years to conf@gampiga et al., 2021a)

1.2  The Pivotal Role of Chicken Meat in Feeding the World

Over the last 70 years, the global population has gsieasdilyfrom 2.5 billion people in 1950
to 7.91billion people in 2021: a threefold increase that is clearly visibligare 4. The population
growth, however s still ongoingandhumansare expeted tobe nearly 10 billion by 2050 according
to projectionspublishedby the United NationgseeFigure 4 captionfor the reference)Whenglobal
dataarebroken down by region, the contribution of Asia is the greatteshe past decadedsia has
witnessed the most impressivereasen populationand will undoubtedly continue to like leading

cont i neikarthderhographit sagueo in the future.


https://ourworldindata.org/grapher/energy-efficiency-of-meat-and-dairy-production

Figure 4| Population estimates from 1950 to 2021
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Source:Our World in Datébased oThe 2022 Revision of World Population Prospeeteased by the Population Division of
the Department of Economic and Social Affairs of the United Nations.

In the same time framagt only hashumanity grown numerically, b#tlso from an economic
point of viewasillustratedin Figure 5. Focusingon 19612007 and 1962018 two time periodgshat
ended just befor¢ghe Global Financial Crisis of 2008 and the outbreak of COY@Dpandemic,
respectivelyjt can be seen th&DP per capita hasonsiderablyraised, especiallgcrossdeveloping
countries.

The increased wealth has reshaped eating habits and propelled the demand for animal proteins
(Alexander et al., 2016; Colgrave et al., 2Q2dhich is predicted to keep rising by almost 70% by 2050
(Searchinger et al., 2018)ostly driven by escalating consumption in tawmiddle-income countries
(Boland et al., 2013)Therefore, the poultry and livestogidustry hashad to evolve anéxpandto
supply enough meat, eggs, and dairy products to a progressively afflueshpapulation that is more
and more hungry for animalased food. Driven by tremendous advanceniargach of its phasethe
chicken meat industry has constantly increased productieigai® 6 indicates. Globally, chicken meat
production was less than 8 million tons in 1961, 60 million tons in the early 2000s, and 121.6 million
tons in 2021. The trends alseveala large gap between chicken meat amght from other poultry,
whose production levels have remained almost unchanged and show a remarkable flathness compared to

that of chicken meat.


https://ourworldindata.org/explorers/population-and-demography?facet=none&Metric=Population&Sex=Both+sexes&Age+group=Total&Projection+Scenario=None&country=OWID_WRL~Africa~Northern+America~Latin+America+and+the+Caribbean~Asia~Europe~Oceania
https://population.un.org/wpp/

Figure 5| Annual percentage growth rate of GDP per capita restrictt@ab2007 @) and 19612018
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Figure 6 | Globalproduction of poultry meat from 1961 to 202
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Although thesdiguresareoutstandingthe analysis of aggregate of poultry mpaiduction data
(i.e., chicken and neohicken meat) together with dafteom other meat animals is evenore

impressive While poultry meataccountedor just 12.7% of global meat production in 1961 has


https://ourworldindata.org/grapher/gdp-per-capita-growth?time=2018
https://datacatalog.worldbank.org/search/dataset/0037712/World-Development-Indicators
https://www.fao.org/faostat/en/#compare

constantlygrownto a shareyreaterthan 496 in 2020, thereby overtopping pork and baefl becoming
the most produced meatthe word(Figure 7).

Nowadays, poultry meat represents a quarter of per capita meat consyagpsioown ifFigure
8. When it comes to consumer preferences, the undisputed success of poultry meat has to do with its
cheapness, appreciated nutritional profile and sensory properties, and simplicity andityesEati
preparation. In addition, and perhaps above all else, poultry meat consumption is not restricted by
religious or cultural precepts as compared with red sn@avarez and Solis de los Santos, 2016;
Petracci et al., 2019; Baldi et al., 2020pbnsequently, poultry meatakes an essential contributitmn
food security in the present and, lookieghe future, will play a pivotal role in providing higjuality,

wholesome, and inexpensive protein to an increasipgbylatedvorld (Mottet and Tempio, 2017)

Figure 7 | Global production ofmeat by type from 1961 to 2020
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https://ourworldindata.org/grapher/global-meat-production-by-livestock-type?stackMode=relative
https://www.fao.org/faostat/en/#data

Figure 8| Global per capita meat consumption by type in 2019
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2 LITERATURE REVIEW

2.1 A Tour of the Chicken Gastrointestinal Tract

The moderrfastgrowing broiler (see sectiori.1 fiThe Broiler Industry: Nothing Short of a
Success Storg )sanii o v e r (Siageleetrab, 1984rafi h y p e r [fDnidi, @414 dHonda, 2021)
bird whose gastrointestinaltract (GIT) has undergoneselectiondriven modifications to power
extraordinarygrowth potential(Svihus, 2014)Nonethelesghe overallstructureof thebroiler GIT has
basically remainedquivalent to that aheredjunglefowl, thedomestic chickeancestorWith a tube
configuration, he chicken @& extends from the mouth to the anus and is divided into contiguous
compartments, namely the esophagus, crop, proventriculus, gizzard, small and large iceestar]

cloaca asdrawnin Figure 9.

Figure 9| Sections of the chicken GIT

Source:Clavijo and Flére£2018)

After gathering théeedwith the beak, the mouth allowlse bolus to move to the esophagirs.
the meantime, theafivary glands release a lubricating secretion containing mucuswiliaaid

swallowed materials in going through tlirst GIT sectiongScanes and Pierzchdfaziec, 2014) The

12



esophagus is essentially a duct connecting the mouth, crop, and proventriculus. The crop, located just

prior the thoracic cavity, is arsephagus dilation whereingestais temporarily storedClavijo and
Flérez, 2018)Here feedstuffsundergo fermentationgarried out by commensalicroorganismsas
discussed belowsee sectior?.3 fiExploration and Modulation of the Chicken Gastrointestinal
Microbiota 0 ,)and predigestion catalyzed by endogenous enzymesthasle potentiallgivenasfeed
additives (Olukosi et al., 2007; Scanes and Pierzciifaaiec, 2014) It is important to notehat ad
libitum-fed broilers do not use the crop at its maximoapacity probably becausthis feeding
managementausesngestao rapidly flowthrough orevenbypass i(Svihus et al., 2010Furthermore,
broilers prefer to fregently take small amounts offeedi almost every half an hour rather than
ingestingafew, abundant meals that, oppositely, would maximizeudefulness of theropas astorage
organ(Jackson and Duke, 1995; Svihus et al., 2013; Rodrigues and Choct, 2018)

Ingestakeeps goingnd reaches the stomach thatavian speciesijs divided into two adjacent
parts the proventriculus andhe gizzard(Scanes and Pierzchéfaziec, 2014) The function of the
proventriculus, often nicknamehe fAglandular stomacbf birds), is the same as that thfe stomach of
monogastric animalshat ismoistening ingesta witgastricjuices secreted by oxintopeptic cellstiog
gastric glandsThesefluids contain hydrochloric acid and pepsinogée latter beinghe precursor for
pepsinthatinitiates proteindigestion(Menzies and Fisk, 1963; Scanes and PierzeKataec, 2014)
On the other hand, the gizzard is knowrtlesfiavian muscular stomaoland performsvia powerful
contractions of its walls, an agetle mixing of ingesta with gastric juicas well as itanechanical
breakage, whicltannot beaccomplishedy the toothless moutlof birds. The innermost layer of the
gizzard is covered with a robust and abrashambranetraditionally calledfkoilind, which bolsters
the grinding activityand protects thenderlyingmucosa fronphysicochemicainsults(Svihus, 2014)

The gastric content passthrough the pylorus and enters the small intestiféchis composed
of the duodenum, jejunum, and ileuamdis responsible fothe majorityof digestive and absorptive
processe$Svihus, 2014) The luminal layer of the small istine is characterized by the presence of
villi and crypts of LieberkihmsFigure 10 shows Villi, finger-shaped mucosa folds pointemivard
the intestinallumen, considerablyincreasethe nutrientabsorptive surfacarea (Koutsos and Arias,

2006) Additionally, microvilli that protruddrom the villusapicalsurfacef or mi ng t he s o

13
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border 6 f urarebcemmittediahesuptdke af hutrien{®elacour et a] 2016) On the other
hand,crypts contain a pool of multipotent stem ceilanerousypes ofintestinal cels canoriginate
from, such asolumnar epithelial cells/enterocytes, goblet caltgjenteroendocrine cel(®1cCracken
and Lorenz, 2001)he \illus height to crypt depthatio is a morphometric parameter widely accepted
in poultry scienceas a gold standard for assessing gut hg@lticatelle et al., 2018)n contrast to
mammals, the proliferation dtie chicken enterocytdsas been demonstrated to ocbathatthe crypt
leveland along the cryptillus axis(Uni et al., 1998h)During their migration to the villus tirigure

10), enterocytes gradually ature and acquire digestive and absorptive functiggplegate and
Troche, 2014)So,the enterocytes located near the villus tip are the most importantfdent uptake
(Ducatelle et al., 2018Enterocytes have a shbfitspan and undergo a special kind of apoptosis, named
fianoiki®, ending withtheir exfoliation from the intestinal epitheliugMcCracken and Lorenz, 2001;
Fouquet et al., 2004}-ollowing the @optotic processsloughing cells(Figure 10) arereplaced with
maturing cells in a shedding processnmonlydescribed at h mtesfinal turnovey, lastingfrom less
than twodaysto approximately six day@mondi and Bird, 1966; Reisinger et al., 208&pending on
thevillus length andhe animalage(Smith et al., 2014)

In the duodenal loop, the acidic chyemming from the gizzard idénded with pancreatic fluids
and bile(Scanes and Pierzchafaziec, 2014) The chicken pancreas synthesizes a variety of digestive
enzymes and zgogens, such as amylase, chymotrypsinogen, procarboxypeptidase, members of the
cationic and anionic trypsin stfamilies, and lipas@Marcham and Kulka, 1967Noy and Sklan, 1995;
Wang et al., 1995an the other hand, bile acids emulsify the lipid fraction of ingesta, facilitating the
action of lipases and, consequently, lipid diges{@enbow, 2015)It is important to point ouhat, in
chickens, nutrient uptake is largely performed by the distal jejunum, while water and mineral absorption

occursprimarily in the ileum(Svihus, 2014)
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Figure 10| Overview of the smaihtestine epithelium
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The ileacecocolic junction is thecaudal border of theum and demarcateabeinitial point of
the large intestingSvihus, 2014)In this crossroad, the ileum opens inke colon and ceca Water
absorption is the key role of the colon as suggested by higher water requirefeoitsstomized
chickengSon and Karasawa, 200The colofic muscular layers carry out both peristaltic contractions,
pushing digestéowardthe cloaca, and antiperistaltontractionsforcingthe cloacal content back to
the colon andceca(Lai and Duke, 1978)The cecalcontent isghereforea mixture of ileal and cloacal
materials(Scanes and Pierzchafaziec, 208). The chickencecaare two blind fingetike pouches
that originate from the proximal colon and can reach a levfgih-18 cm inthe adult(McNab, 1973)
Not only arethe cecaindispensable for the hyddectroltic balanceof chickengDenbow, 2015)but

theyarealsofbioreactors harboring an extremely complex microbial popula(iBackhed et al., 2005)
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whose characteristics and functionsexaninedbelow(see sectio.3fExplor ation and Modulation

of the Chicken GastrointestinalMicrobiota o .)

2.2 Intestinal Epithelium, Immunity, and Microbiota: Three Pillars of Gut Health

Gut health has beatefinedas fAt he ability of the gut to perf
maintain horeostasi§ and withstand infectious and nronn f e c t i o u(Kogu, 2022) FhEsor s 0
concept has taken center staigeanimal science antbreedingdue to theincreasingly evident
interconnection betweea healthy GIT and optimdiealth andperformanceof poultry andlivestock
(Kogut and Arsenault, 2016%incenumeroudactors catribute tothe establishmer@ndmaintenance
of it, gut healthshould be addressed in a holistic W&hoct, 2009; Ovied®Ronddn, 2019)However,
talking about gut health in poultrghoct (2009)andKogut et al. (2017emphasizedhe fundamental
role of three elementghe Gl epithelium, immune systemrmdamicrobiota

Emblematically Klasing (1998)c | ai med t hat the gut i s Athe p
potenti al pat hogens Aadnabs intahyebattiefrald) wifieasivesand defensice.
maneuvers takplace in the GIT.Besides fulfilling digestion and absorption of nutrierttse Gl
epithelium is integral to theprotection of the GIT andhe entire organism fromdetrimental
physicochemicastimuli and microbiologicabhttacks(Yegani and Korver, 2008Firstly, it is a single
cell barrier(Figure 10) that preventshe passage of noxious luminal compouadd pathogend his
thin wall is strengthened by special proteins, called tight junctibis (vhich sealthe space between
contiguous enterocytéEarquhar andPalade, 1963)I'Js have been grouped into two main categories,
the transmembrane proteins (e.g., claudins and occludin) and the scaffolding/peripheral/plaque proteins
(e.g., zonula occludenszO) (Turner, 2009; Ullushewa et al., 2011Yhe primarytask of T3is to
control the paracellulapathway and ts two components known as the pore pathway and the leak
pathway(Dokladny et al., 2016 Claudins are mainly involved in the pore pathway, while occludin and

ZO in the leakpahway. The pore pathwayestrictsthe passage dfig, chargedmolecules.The leak

! Homeostasis is a sealégulating process by which biological systems maintain stability while adjusting to
changing external conditior{Billman, 2020)

2 Unlike the pump and channetlependent transpis, the paracellular pathway allows a passive transepithelial
diffusion of ions and molecules through the interstice between adjacer({Teetier, 2009)
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pathway in contrasti s mor e A per mi s sallowsdatger sofutks, ipctuding macter@all | vy
lipopolysaccharided £S), to cross th&l epithelium(Anderson and Van ltallie, 2009; Dokladny et al.,
2016; France and Turner, 201The consequences ah uncontrolled migration dfPS through the
intestinal epithelial lining arexplainedbelow (see sectio2.4 fiRaising Chickensint he A Hot house
E a r t TheéEffects ofHeat Stres® .)Generally speakingZO connectthetransmembrang&Js to the
cytoskeletorof enterocytesvith binding domainsanchoredo claudins and occludin on one side amd
the perijunctional actomyosin ring on the other gldéuwishewa et al., 2011)t has been reportetat
the enzymemyosin light chain kinaseMLCK ) regulates thecircumferential contractions of the
actomyosin ring and;onsequentlyaffectsthe paracellular pathwayFrance and Turner, 2017)he
MLCK -mediated contractions of the actomyosin ring lsaimducedby physiological and pathological
stimuli. For example, tumor necrosis factdpha(TNF-U), one of the most famouso-inflammatory
cytokines, has been shown timigger intracellular signaling cascadessulting incontractions of the
actomyosin ringand TJ internalization and disassociatiéfiurner et al., 2014)Moreover,Gonzalez
Mariscalet al.(2011)foundthat oxidativestressaltersthe MLCK -regulatedpositionof ZO anddown
regulates their expressiomeakeningheparacellulapathwaydefenseThe dfects ofinflammation and
oxidative stress otthe barrier functionsof the GIT are addressedelow (see sectior?.4 fiRaising
Chickensint he A Hot h o urkeeEffeEts of HehtdStres® .) Scientistsfrequently use two
methodgo assesshe stability and integrity of thepithelialparacellular pathway, that is the resistance
to ion passagebétter known ashe ransepithelial electrical resistanteTEER) andthe passage of
marker probege.g., fluorescein isothiocyanatiextrani FITC -D) from themucosato the underlying
serosdShen et al., 2011; BiscHadt al., 2014; Awad et al., 2017; Ma et al., 2018; Gilani et al., 2021)
A steady paracellular pathwggnerallyhas ehigh TEER andesistanarkerpenetrationand vice versa.
The Gl epitheliunis made upf specialized cellsther tharenterocytegsee sectio2.1fA Tour
of the Chicken Gastrointestinal Tractd .)Goblet cells are differentiated epithelial cehsit produce
mucus, a gelatinous secretioonsisting ohighly glycosylated glycoproteirsalled mucind(Smith et

al., 2014;Scanes and Pierzchaéfaziec, 2014) The luminal side ofhe Gl epitheliumis covered with

3 Mucins can be divided into two categorits neutral and acidiones The latter can be subdivided into sulfated
and sialylated mucins accondgj to the chemical nature of the oligosaccharide moiéfiesler et al., 2007)
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a mucus bilayehavingan outerloose stratum andnainner,densestratumthat firmly adheres tthe
apical surfacef the epitheliun{Figure 10). Thethickness of thenucuslayerhas been shown thange
according to the GI compartmgp@ttuma et al., 2001and in chickensSmirnovet al.(2004)measuwed
the highest mucin production in the proventriculus and distge intestineMucus is a lubricant that
facilitates thdlow of digestaandrepresentamechanical and chemical protectionthe Glepithelium
it is a physical barrierit can retainantimicrobial and bacteriostatic substances, along with secretory
immunoglobulin A §lgA) producedand releasely plasma cellsituatedn the lamina proprigtsouter
stratum undergoes a constant sloughing pratedsemovesmicroorganisma&nd damagig particles
keepingthem away fronthe Gl mucosaApplegate and Troche, 2014; Scanes and Pierzétaiec,
2014) In additin, as summarized biorder et al. (2007)mucins have been shown to compete with
noxiousbacteria for adhesion to the Gl epithelium through their oligosaccharide chains, and to provide
useful carbohydrate®if the proliferation of desirabknd protectivenicroorganisms

Paneth cells are capable of synthetizing and reledgsugyme andantimicrobial defense
peptides AMP), such a®-defensirs, into the lumenLysozyme and AMPBplay avital role in the innate
immunity systemexertingabroadspectrunmicrobicidalactivity, mainly by destabilizingor perforating
the membrareof bacteria and fungiWellmanLabadie et al., 2007; Smith &k, 2014; Mookherjee et
al., 2020) Mucus bilayer,antimicrobial proteinsand transcytosed slggollectively formthe first
defense line othe GI mucsaagainstpathogengBelkaid and Hand, 2014; Broom and Kogut, 2018a)
According to Broom and Kog2018a) if harmful microbes eluded thisst barricadethey wouldface
a multiple protecting systesomposeé of the Gl epithelium andhe subjacent lamina propria housing
most of the gutissociated lymphoid tissSuUSALT ).

The GALTis a component of the mucesasociated lymphoid tissg8mith et al., 2014andhas
been described as the largest immune ongdine animal body, containing the majority of its immune
cells(Jung et al., 2010; West et al., 201Bhis makes thguta core of the immungystem Thechicken
GALT includes lymphoid cells scatterésroughouthe Gl epitheliumandthe lamina propriaas well
as specialized lymphottssueqe . g . , Peyer 6s pat chemecaltorbdgdokagetl 6 s di v
in strategic sites along the T5{Casteleyn et al., 2010; Smith et al., 20B§) meas of specifisignaling

molecules, like cytokines and chemokinte Gl epithelial cellscaninteractwith the GALT (Abreu,
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2010)to orchestrate the entermhmune functions This sophisticatednechanism ided by pattern
recognition receptorRR) (Broom and Kogut, 2018pbamong which Tollike receptorsTLR ) stand
out TLRs areparticularly differentiated ithe chickenintestine(Keestra et al., 2013ndhave been
shown tobe crucial inmaintaning gut homeostasis and evoking inflammatory responses in case of
infections or otheissues such as hypoxia and tissue inj@Gribar et al., 2008)TLRs alsocontribute
to epithelial cell prolifeation, wound healingpreservatiorof TJs, and modulation of IgA production
and AMP expressioifAbreu, 2010; lizuka and Konno, 20115urthermore,TLRs are rather non
responsive to the multitude of commensal microorganisms inhabiting fhew®lle they remain
constantly sensitive to pathogassociated molecular patterr3AMP) and host indicators of cell
damage(Harris et al., 2006; Madsen and Park, 2017; Kogut, 201@omBrand Kogut, 2018c)rhe
ability to distinguistbetweerusefulmicrobesandthose that are undesirabil®r can become such, like
pathobiont$i is held to beone of the most fascinating properties of the Gl immune sy@#owat,
2018)

A harmonic relationship between t&4T andits microbiotais of paramount importander gut
health(Celi et al., 2017)It is worth clarifying the apparent synonymy of tmmrds microbiotaand
microbiome According tothe definitions given byMarchesi and Ravel (2015 microbiota is a group
of microorganism located in a certain environment)ereaghe termmicrobiome should be used to
describe the mi cf(eothdcollection ef micrebialaggnemeanchthe environment
wherein that specific microbiota residés. practice, however, these slar-sounding wordsend up
meaning the same thirandare frequently used interchangeabiijie human GIT has been shown to
harbor one of the densest microbial communities known to(8atehn and Young, 2018; Cryan et al.,
2019) This also applies to the chicken GIT, as it houses a myriad of bacteria, archaea, protggoa, fun
and virusegYeoman et al., 2012Burprisingly, theapproximately 17,00@enes of chickenéPertea
and Salzberg, 201@ye significantlyfewerthanthoseof their GI microbiotgBroom and Kogut, 2018a)
Therefore, Bmost actingasé ne gl ect ed o/ {fBorcgat, t €®M® 29r PadmMar a and

thatmakes thenog a fi s u p e r (hedeteeny,i26800)the Gl microbiota extends the genome of

4 Pathobionts are commensal Gl microorganisms that, under specific conditions, can induce intestinal
inflammation and cause diseagB®und and Mazmanian, 2009)
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chickens and considerably influences their physiolg¢yutsos and Arias, 200@)y participating in
nutrient digstion and absorption, influencing the mucosal immune response, affecting energy
homeostasis, and releasing a vast range of metalgsit, 2022)

Undigested carbohydratesijch agesistant starch antbnstarch polysaccharidebl§P), serve
as the primaryource ofcarbon and energy for the microbiaththe large intestinéCummings and
Macfarlane, 1991)Bacteria hydrolyze and metabolize these substrates mainly via fermentation,
releasingheir catabolitesn the Gl lumenAmong the laer, organic acidstand out for theibiological
importance to the hagfor examplececalbaderiaproduceshortchain fatty acidsRCFA) that can be
absorbedhroughtheintestinalepithelium, enteringeverabiochemical process€annison et al., 1968
Jozefiak et al., 2004; Tellez et al., 2008)has beenmeported that SCFAs provide energythe Gl
mucosa(especiallybutyrate) andextraintestinal tissuege.g, acetate and propionaté)moto and
Namioka, 1978; Roediger, 1982; Panda et al., 20@8)eover, SCFA%an act locally . decreamg
the luminal pH, therebyhinderingundesirableacid-sensitive bacteriae(g, Enterobacteriacegeand
promoting the growth of desirableacidophilic bacteria €.g, Bifidobacteria and Lactobacilli);
stimulatingproliferation andlevelopmenof enteric cellsmodulatingmucin secretiopaffecting the Gl
immune respons@brams et al., 1963; Van Der Wielen et al., 2000; Fukunaga et al., 2003; Broom and
Kogut, 2018b) The effects of numerous microbiedariving moleculesther than organic acidsuch
asvitamins andioactive metabolitehavethoroughlybeendescribed in the excellent works@bnia
and Fischbach (2018ndTurroni et al. (2018)

The microbiotahas been shown to bestrumental in programming aneégulatingboth the
gastroenteri€lyer and Blumberg, 2018; Cheng et al., 20&8) systemi¢Belkaid and Hand, 2014,
Zheng et al., 2020)mmune system of humans and animatgluding poultry(Broom and Kogut,
2018a) In this regard, results fromnotobiotic modelsvith mice (Round and Mazmanian, 2009;
Belkaid and Hand, 2014; Ilyer and Blumberg, 2048) chickengDibner et al., 2008)ndicate that
germfree animalshavesevere developmental deficiencies and dysfonetin the Gl immunity.A
similar phenomenon has begescribedn humansoncerning the predisposititno Cr ohnés di s e
type of inflammatory bowel diseasiBD): accordingtoh e f hy gi e n,dackiofyegposturb® s i s 0

enteric pathogerduring childhoodnakesa persoomores us cept i bl e {whileQultpld n6s di
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childhood infections antéss stricthygiene protecan individualfrom developinghe diseasdater in

life by promoting thedevelopnent oftolerance or immunity tds inciting agentgLashner and Loftus,
2006) In additiontoimmunogenic and immunoregulatagtivities the microbiota considerably affects
growth, morphology, and functisiof thechickenintesting(Dibner et al., 2008; Pan and Yu, 201%he
commensal beneficial microbiota alsoprevens pathogenic microorganisnfsom colonizing and
proliferating inthe Gl ecosyster{Schneitz, 2005)This protective mechanism, conventionally termed
competitive exclusionGE), was observed in newlyatched chicksicquiringresistance t&almonella
challenges if previouslireatedper oswith a suspension of crop and intestinal conteriiectedfrom
healthy adult chicken@urmi and Rantala, 1973Although CE is essentiallya blockage ofsl niches
carried out by beneficial bacteria to the detrimentpathogenicones(Chichlowski et al., 2007)
desirable bacteria can also compete with pathogens for nutrients as well as release microbiostatic and
microbicidal substaces such arganic acids and bacterioci(izan and Yu, 2014; Clavijo and Flérez,
2018) as examined below(see section2.3 fiExploration and Modulation of the Chicken
Gastrointestinal Microbiota 0, subsectiofi~FEED ADDITIVES 0 .)

Unfortunately, he hostmicrobiota relationshigs not alwaysfia bed of roses(Stanley et al.,
2014) Potentialdownsideswhichhavebeen symbolicallgescribed athefi mi ¢ r o b iimclude: cost 0,
(i) competitionfor nutrients;(ii) alterationof bile acidsand consequent reductiam fat digestibility;

(iif) fermentation ofdietary or endogenouysoteins that results ithe production oftoxic compounds,
such as ammonia, amines, phenols, cresol, and indiMesxtraacceleration ircellularturnoverthat
increass energy and proteirequiremerg of the GlTas well aghe risk ofaccumulation ofmmature
enterocytesinable toeffectively absorb nutrientsr to form a strongbarrier; (v) indudion of a mild,
constant inflammatiothat impinges on nutrient intake and drains enéfiggner and Richard2005)

Before proceeding to examine the chicken microbiota in detail, it is importdetitetwo terms
dysbiosisandeubiosis Dysbiosis also known agysbacteriosids a modificationin the Gl microbiota
characterized bgnovergrowth of harmful microorganisms oreaductionin beneficialmicroorganisms
which candisturbthe hostmicrobiota balancé/Nalker, 2017a; Ducatelle et al., 201Bysbiotic stats
have been linkeavith depressedhutrientdigestion impairedintestinal barrier, and Gl inflammation

(Chen et al., 2015; Ducatelle et al., 2013 the other hanaubiosis, referred to asstablemicrobial
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ecosystenflebba et al., 2016has beesownto bea prerequisitdo producesound highly performant

andstressresigantchickens(Kogut, 2019)

2.3  Exploration and Modulation of the Chicken Gastrointestinal Microbiota
Pioneeringattempts tanvestigatehe Gl microbiotaof chickensdate back to the first half of the
twentieth centurfRahner, 1901; Shapiro and Sarles, 1948jer,in the early 1970sSalanitroet al.
(1974) were able to isolate 300 microbial strains frahe ceca of broilers using culturebased
techniques. However, according Amannet al. (1995) the use ofcultivation methodsesuls in an
underestimation othe microbial richness afamplesThis intrinsic limitation of traditional analyses,
along with unawidableprocedural obstacles microbiologists have to deal (8thnley et al., 2014)
has paved the wajo cultureindependent technique@ver the last yeartargeted amplicon sequencing,
whole genome sequencing, and metaproteohes becoméhe most commdy usedtools to study
the chickenmicrobiota(BordaMolina et al., 2018)Readers are referred detailedpublicationsfor
more information on these continuously evolving molectdahniquegDi Bella et al., 2013; Tang et
al., 2014; Bordavlolina et al., 2018; Kunath et al., 2019; Brumfield et al., 2020; Bindari and Gerber,
2022) Non-cultural analyseshave enabled scientists to evaludite diversity, composition, and
functions of the chicken microbiotauch more accuratef)feoman et al., 2012Jor exampletwo labs
haveobserved prehatch vertical transmission of bacteria from the beiduct tothe offspring (Ding
et al., 2017; Lee et al., 201®hich callsto mind the microbial inoculation of human fetusesurring
in utero (Milani et al., 2017) The prenatal colonization othe GIT of chicken embryos predates,
therefae, the penetration of bacteria throupkshell pores during egg incubati@@ason et al., 1994)
anddebunksthe theory that the GIT of newly hatched chicks is stéBldford, 2000; Wielen et al.,
2002) As soon agoming outfrom eggs,baby birdsbegin topeck around anghgest microorganisms
from the ewvironment(Fuller, 1989; Brisbin et al., 20085imilarly to naturally delivered human
nemates inoculatedith vaginal and fecal microbes dieir mother{MevisserVerhage et al., 1987;
Milani et al., 2017) hatchlingsshould first encounter GI microorganisms excreted by hermspidly
acquie a stablemicrobiotatypical of adult birds (Fuller, 1989) However, the poultry industry uses
hatcheries tartificially incubate and hatch eggs under strictly controlled settimggoduce high
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quality, healthy chickqScanes and Christensen, 202l0e separation of hatching eggs frparent
flocks thereforeinterrupts the natural moth&s-chick horizontal transmission d&l microorganisms,
giving to environmental microbeoth desirale and unwantedhe opportunity to find a warm shelter
in the GIT of chicks (Fuller, 1989; Proszkowie@eglarz et al., 2022)According toStanley et al.
(2013) hatchey sanitation, including regular cleaning and disinfec{t®oanes an@hristensen, 2020)
is the reason fothe microbiotaheterogeneityrequently observetletween and withibatches ohewly
hatched birdsin addition,chicks arealsoexposed taseveralhardly monitorable inoculation sources
during transport to farey such asthe hatchery stafthat handesthem boxes and vehiclethey are
transportedn, and materialthey areprovided aplacemen{e.g.,water, feedandbeddingmateria). It
must be saithatthefirst microbial settlers of the Glmarkedly influence not just the postnatal period,
but alsolater stages of the host li{Belkaid and Hand, 2014; Walker, 2017b; Milani et al., 20THg
establishment of an aberrant microbiotaarly perturbationalteringa desirablanicrobial framework
cancausdongtermadverse healtkffects and vice versélyer and Blumberg, 2018)nspired by the
concept ofi met ab ol i € ,Dibnmep etialn (2008)siressedthe importance offimicrobial
imprintingod in the developmenand immune functiof the poultry GIT(see sectior2.2 filntestinal
Epithelium, Immunity, and Microbiota: Three Pillars of Gut Health ¢ ) .

The composition and density the microbiotavary along the chickeGIT (Wielen et al., 2002;
Yeoman et al., 2012ecause each compartment Aapecific combinatin of environmental, chemical,
and physical condition@illman et al., 2017)It has also been demonstrated tlesenwithin the same
GIT sectionJumen and mucosshowdifferent phystochemical prperties (e.g., availability of nutrients
and adhesion sitet)at affecthemicrobial communitiedeading to differentiate the luminal microbiota
from the mucosammicrobiota(Gong et al., 2002; Jeurissen et al., 2002; Bdidéina et al., 2016;
ProszkowieeWeglarz et al., 2022)The Gl microbiota shouldherefore be referred to as a
metacommunity ofinnumerablemicrobial groupsliving in seveal ecological nichegRinttila and

Apajalahti, 2013)

5> Metabolic imprinting is the response to early nutrition that endures throughout the lifespan, even after the
initiating nutritional stimulus is gon@NVaterland and Garza, 1999)
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Studies on the chicken microbiota have shown tti&toncentration ofmicrobesincreases and
stabilizes abirdsage thoughApajalahti et al. (2004)neasured the highest microbial concentration in
the ileum anctecaalrealy on the third day postatch.Table 1 shows the microbial concentrations of
the luminal contenaiccording to thésIT section The reason forhe subgantially different microbial
densitybetweertheduodenum anboth the ileum andecas multifactorial. In the duodenum, microbial
growthis limited by the acidiand rapidly flowingchyme coming from the gizzarthe presence &
large array ofligestive enzymeandthe high oxygentension and concentrationslaife salts that have
antimicrobialactivities In the ileum, howeverthe environmenis muchmorefavorablefor bacterial
growth because of lowa&xygentensionand concentrations of enmgs and bile saltshe latter being
partly reabsdyedand partlydeconjugated byhe microorganisms themselvdsastly, aslow passage
rate {.e.,aretention time oR-20 h) ofundigestedhighly fermentable compounds makég cecaan
ideal habitat fomicrobial growth(Duke, 1986; Bedford, 2000; Gabriel et al., 2006; Gong et al., 2007,

Pan and Yu, 2014; Denbow, 2015)

Table 1 | Microbial concentration of the luminal content in differeattions of thehickenGIT

GIT section Microbial concentration® References

Crop 10%-10° (Rehman eal., 2007)

Gizzard 10™-1¢° (Yeoman et al., 2012; Oakley et al., 201
Duodenum 10%-10° (Gong et al., 2007)

lleum 10%-10° (Apajalahti et al., 2004; Gong et al., 20C
Ceca 10'°-101 (Gong et al., 2002; Apajalahti et al., 20C

ACFU/g luminal content

The phylogenetic structure of tlehickenmicrobiota evolvegjuickly, with changes occuing
over a very shotime frameas inhumars (Milani et al., 2017) A considerable amount of studieave
investigatedhe compositional changes the microbioteof chickensg(Wielen et al., 2002; Pourabedin
and Zhao, 2015; Oakley and Kogut, 2016; Donaldson et al., 2017; Jurburg et al.a2@b3)ore
(2020) has provided an overview of theseemporalchange$ Briefly, Enterobacteriaceae are the

prevalent bacteria in the first dagfier hatchingA shift from Gramnegative to Granpositive bacteria

6 The effectso f successional changes in microbiotads taxono
morphological development of the chicken Glienot fully understoodOakley et al., 2014)

24



takes placealuring the first weelof life, with Firmicutes and Bacteidetes outnumbering other phyla,
such agActinobacteria and Proteobacteria. In the following days, the microbiota continues to develop
until an adullike configurationis reached. According t/ei et al. (2013)the microbiotaof chickens
is principally composed ofhree bacterial phyla, namely Firmicutes, Bacteroidetes, and Proteobacteria,
with Clostridium RuminococcusLactobacillus andBacteroidesbeingthe predominant gener@he
review article authored by Bindari and Gerbé2022) lists the main bacteria usually found in the
differentpartsof the chicken GIT.

A plethora of hostand environmentelated variables affects tlohickenmicrobiota other than
the maternal factors, section of the TGlandanimal age asindicated inFigure 11. The following
subsectionsarrowin on someenvironmentafactors that have been shownn@luencethe microbiota

in chickens

Figure 11| Set of factors affecting the chicken GI microbiota

Gut region

Maternal factors

Housing

Note: Solid lines indicate hoselated factors, while dashed lines indicate environmental factors. Maternal factors comprise
horizontal transmission, verticelknsmission, and maternal antibodies.
SourceKers et al (2018)

LOCATION AND ENVIRONMENTAL TEMPERATURE
Climatic conditionsgenerally referred to dse macroclimatehave been shown to influence the

microclimate inside the poultry housesith considerable effects on the GI microbiota gndwth
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performance ofchickens However except for rare cases as therk of Xu et al. (2016) the
geographical position of commercial or experimebgins is almost alwaysndeclaredn published

studies therebycomplicating the evaluation ahe real contribution ofocation to differences in the
microbiota(Videnska et al., 2014; Zhou et al., 2016; Kers et al., 208 hperaturés oneof the most

important environmentalariablesaffecting poultry productiofYahav et al., 2004 or instancehigh
environmental temperatures have bedrown to significantly affect the chicken microbiotaas

examined in detail below (see sectd fiRaising Chickensint he A Hot h o Uhe &ffedsar t h 0 :

of Heat Stress, S U b sCASTROIBTESTANAL MICROBIOTA 0).

HOUSING

It has been demonstrated tltia¢ rearing system is an important factor affecting the chicken Gl
microbiota. Substantial differences have been detected between brogered under standard
commercial conditions and those kept at low stoking densish@uswith both indoor andutdar
zones(Bjerrum et al., 2004; Gabriel et al., 2006)igh stokingdensitieshave been associated to
reduction in performancend profound modifications in the microbiota of brailen addition,
overcrowdinghas beeffioundto favor the growth otharmfulbacteria in thehicken GIT(Suzuki et al.,
1989; Guardia edl., 2011) whereasaccess to an outdoor area has been linked to increased abundance
of beneficialBifidobacteriain theileumandceca(Gong et al., 2008)

The consequencesf rigorous hygiene onthe establishment and development of the chicken
microbiotahavealreadybeendiscussedh this sectiorwith respect to hatcherie®ddly enoughpaying
meticulousattention tohygiene and biosecurity measuetshe farmcan be counterproductiteo, as
demonstrated in an experiment comparing breitemventionally reared with those kept in a low
bacterial load environmef(forder et al.2007) In thelatterstudy,birdsraised irthe intentionally extra
clean environment showealteredmucin profile andmucosal morphology, such as shorter villi and
lower crypt depthwhose importance protection and functianof thechickenGIT hasbeendiscussed
earlier (see sectior2.2 filntestinal Epithelium, Immunity, and Microbiota: Three Pillars of Gut

Healtho ) .
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Oneof the most importardources ofnicrobialinoculationchickensare exposed to throughout
their life isthelitter (Oakley et al., 2014During a growth cycle, litter becomes a complex ecosystem
harboring countless microbial communitiemainly of Gl origin, which can shape the chicken
microbiota(Pan and Yu, 2014)t has beershownthat sampleof litter, excreta, and carcasses share
many bacterial gener@Dakley et al., 2013and that the microbiota composition of litter samples
clustered witlthatof cecalsamplegMancabelli et al., 2016)n recent years, there has beagr@awving
interest in the effects of litter management on the chicken microbib&widespred practice of
recycling litter to reducehe coss of purchasingresh bedding material ardisposng of used litter
(Coufal et al., 2006increases the carryover of environmental microorganisms from one flock to the
next. This is a doubledged sword becaugeung birds can take advantage from beneficial microbes
excreted by their healthy predecessors, but can also be exposedesirable microorganisms and
pathogenge.g., coliforms and coccidias soon as they are péa in poultrybarnswith recycled litter

from unhealthy flockg¢Stanley et al., 2004; Cressman et al., 2010; Wang et al.,.2016)

DIET

Diet has been known as a major driver of the chicken Gl microbiota for a longKiasing,
1998; Bedford, 2000)n his enlightening review, Bedfof@000)argued that diet is as much a source
of nutrients for the microbiota as it is for the animal to which it is offeBeeral dietary factors can
influence the microbiota of chickens, such as feed form and processiriigle size, quality and
digestibility of dietary components, digesta viscosity and passage rate, and source and level of dietary
protein and fat. For example, considerable differences in Gl bacterial populations arose from the
comparison between a peate, wheabased feed and the same dud as mash; broiles receiving
pellets had increased ileal concentration of coliformsEmtdrococcj a lower number dfactobacilli
in the ileum,ceca and rectum, and reduced concentratioQlofstridium perfringenst thececaland
rectal leve(Engberg et al., 2002)nterestingly, m anothebroilertrial performed by the same lab a few
years later, the negative association between pelleted dietd ambobacilli count was partially
confirmed(Engberg et al., 2004Extensive research has also showndretsrich in watersolubleNSP
(mainly from wheat, barley, oats, and rye) are poorly digestilbeease viscosity and retention time of
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digesta, and promoté. perfringengpropagationultimately predisposing chickensnecrotic enteritis
(NE) (Klasing, 1998; Timbermont et al., 2011; Shojadoost et al., 2012) results obtained by Tellez
et al.(2014)confirmedthat broilesfedona ryebased diet show increased intestinal viscosity compared
to their cornafed counterparts. In addition, these researchers observagealtansumptioralteredthe
mucosal barrier and microbiota composition (e.g., a greater number of coliforms and lactic acid bacteria
I LAB). Moving to the effects of dietary protein, the studyDoéw et al. (2004yevealed that the
inclusion of fishmeal as a replacement for soy protein concentrate stimulated, in-@gepdesdent
manner, the growth d. perfringensn thebroiler gut. Similarly, comparing a diet containing lerd

of lard and tallow to a diet with soy oil, Knarreborg et(@002) showed that the abundance @©f
perfringenswas higher in the ileum of broilefed the dié formulated with animal fat. Other studies
reporting comparable findingsave beerdiscussedn the revievs by Shojadoost et al2012) and
Bindari and Gerbe2022)

Recently,scientistshave shown increased interesttive pesence of biolgical and chemical
contaminantén feed, such as pathogens, mycotoxins, heavy metals, pesticides, and herbicides, to name
but a few. According to Stanley and Baja@2022) harmful microorganisms and noxious compounds
carried byfeedcan adversely affethe Glmicrobiota,especiallyin chicks during the critical stages of
microbiota establishment and maturation.

However, it is not only a matter of physicochemical propedias safetyof diet, but also of
access to fee(Kers et al., 2018)The investigation conducted by Shapiro and S&ti@49)brought to
light a fast increase in the number of bacteria in the GIT of newly hatched chickens after the first
ingestion offeed Five decadesater, Uni et al(1998a)foundthat the first feed provided to chicks has
a pivotal role in the development of their GiWwhileadelayed feed access results in a significant slowing
down of the morphdunctionalgrowth of the intestine. Theegativeconsequences of delaying access

to feed poshatch also affect the microbiotBroszkowieeWVeglarz et al. (2022pbserved increased

7 Clostridium perfringends a commensal bacterium of the chicken GIT, but it can become an opportunistic
pathog@ under certain conditions that promote its excessive growth and production of @dlifey et al., 2003)
Despiteoccurring most commonly in broiler floskC. perfringenscaused necrotic enteritis has also been reported
in pullets and layer&Collier et al., 2003and represents one of the greatest healtHgmubfor the poultry industry:

it considerably reducebke productiveperformance and causes tremendous economic losses amounting to 2 billion
US dollars yearlyfVan der Sluis, 2000, cited in Van Immerseel et al., 2009)
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relative abundnce of Clostridiacea®.q.,C. perfringeny and reduced level of Enterobacteriaceae in
the gut of chicks without access to feed for the first 48 h after leattipared witltheir broodmates
immediately fed Although these findings were obtained under experimentaditions it is more than
likely that theabovementionedor similar, undesirable effects take place in commercial operations
where hatchlings are deprived of feed and water for up to 72 heafierging fromeggsdue to the
hatching window, hatchery proceduraad transport to farms. The effects of gaatchdeprivation of

food and water on chickehavebeenanalyzedneticulouslyby de Jong et al. (2017) here is a growing
body of literature thatecognizes early nutrition ag @ffectivestrategy to alleviate these problems and
optimize gut health, webeing, and performance of chickens right from the beginning of the growth
cycle (Uni and Ferket, 2004; Willemsen et al., 2010; Noy and Uni, 2010; Jha et al., 2019)

Besides the timig of the first exposure to feed, feed withdrawal later in life has been shown to
influence the microbiotaThompson et al. (2008)bserved a decrease in microbial diversity as the
duration of feed withdrawahcreasd, while Burkholder et al. (2008)letected a greater intestinal
colonization ofSalmonelladue to fasting. Once again, it is possible thasevariationscanoccur in
commercial practice, especiaillhererestrictive feeding prograrfsather tharad libitumregimensare
adopted. In theireviewarticle covering the effects of different feeding practices on the chicken GIT,
Rodrigues and Choct (201@mind us that chickens fed intettently undergo modifications in feeding
behavior, location of feed storage along the GIT, and retention time. Consequently, ahicrobi
populations experience, specially under tirestricted feeding, considerable changes in the ecosystem
they live in, suclas fluctuations in physicochemical parameters and nutrient availability; a phenomenon
thatKersetal. (2018 x pl ai ned i n | i ght othatlohhsen efiat. (201&add i an |

previously extendetb Gl microbes

8 Restrictive feeding programs, also knowrirgermittent feeding regimes, are intended to manipulate feed intake
and can be applied by physical removal of feed dhe use ofintermittent lighting, the latter being easier to
managgRodrigues and Choct, 2018)
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ANTIBIOTICS

In thesecond half of the ¥®s, Moore et al.(1946) published a papdurning out to be a game
changer in the history of animalsbandryObservinghat the inclusion of antibiotias thedietresulted
in growth stimulationof chickens these scientistsnintentionallypaved the way fothe use ofn-feed
antibiotics (FA) as growth promoters poultry and livestock nutritionAlso known as fiantibiotic
growth promoterd AGP) to effectively convey the main goal theggan to bemployedfor, IFAs
have been an essential factor the intensificationand successf animal farming by significantly
improvinga n i mpgetfosn@ance (e.g., increasgdowth/yield and enhanced feed efficiency), health
(e.g.,prevention of Gl disorders and reduced risk of entiefiection outbreak?), anduniformity at
market ag€éThomke and Elwinger, 1998a; Bedford, 2000; Gadde et al., 28istprically, AGPs have
been incorporated imeattype poultry diets asubtherapeutic dosédstypically 5-50 g/ton feed with
a periodic rotatiorof different preparationgo prevent the microbiota from adapting a specific
molecule(Thomke and Elwinger, 1998a; Scanes and Christensen,. 20@6¢d, the growtpromoting
effects of AGPs have largely been ascribed noodulation ofthe microbiota Thomke and Elwinger,
1998b; Dibner and Richards, 2005; Gadde et al., 284 #)& presumednechanisraof actionsuggest
() inhibition of subclinical infections (ii) reduced formation operformancedepressing microbial
metabolites(iii) decreased microbial competition for nutrier{tg) thinning of the intestinal wathat
allows for increased absorption of nutriefiBaskins et al., 20028everahntimicrobias used asGPs
such as avilamycin, bacitracin, enramycin, salinomycin, tylosin, and virginianhyawe, been shown
to affect the chicken microbiot@&Engberg et al., 2000; Knarreboeg al., 2002; Collier et al., 2003;
Dumonceaux et al., 2006; Pedroso et al., 2006; Gong et al., 2008; Danzeisen et alln 20hidast
no performance improvement has been observed in-fyeerchickens treated witthhesemolecules
further corroboratinghe assumptiorthatthe microbiota is the principal mediator the performance

promotingeffect of AGPs ather thardirectchanges in animal physiologBedford, 2000)

% Enteric diseases have always been an important concern to the poultry industry because of production losses,
increased mortality, reduced health, and increased risk of contaminationlio§ pooducts intended for human
consumption(Timbermont et al., 2011)
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In additionto their use as AGPs, antibiotiteave been and ar@dministeredto poultry as
therapeutic mearts treat bacterial infection&Scanes and Christensen, 2Q020)ch as\E caused by.
perfringensHowever, suktherapeutic levels of AGPs haparticularlybeensuitable for keeping under
control the sukelinical forms of NE(Bedford, 2000; Collier et al., 2003)hich are difficult to detect
and may persist in the flock without any clinical sign or increase in mortality, frequently causing greater
economic losses thaheclinical forms( Choct |, 20009; Ti mber mont et al
Ironically, the scientific community angrofessionalsvorking in the poultry industryealized that
antibioticshad beerm silver bullet to contrdC. perfringensmmediately aftethefirst adoptionsof bans
on the use oAGPs(Bedford, 2000; Collier et al., 2003; Van Immerseel et al., 2009)

The overuse of AGPscertainlyclassifiable as a misuse of antibiotics poultry and livestock
production has contributed to the spread of antibiaetiistantbacteriain the environment and food
supply chais, posing a serioushteatto human healti{Ritchie, 2017; Rahman et al., 2022; Stanley et
al., 2022) Although the onset of antimicrobial resistameé| bacteria ofood-producing animaltad
long beenknown (Dibner andRichards, 2005)the phas-out of AGPshas only recently been
implemented, especially in some countries antigloballyanyway(Castanon, 2007; Rahman et al.,
2022) Consumersretailers and restaurardind fast foodchainshave beenputting pressure orhe
poultry and livestock industryo producefood using antibioticfree ABF) systems(Scanes and
Christensen, 20207 his has beeahallengingheanimalfood industryfrom a sustainabilitperspective
(e.g., reducetkedefficienciesimply a larger carbon footprint aragreater environmental impacthd
farmers from a management (e.g., increased importance of biosecurity measures) andah{grifipn
urgent need foaffordableandreliablealternatives to AGPstandpoinf{Gadde et al., 2017; Tabler et

al., 2020b)

FEED ADDITIVES

Numerous feed additives have been shown to shapesthenicrobiota inchickers. This
particularlyapplies to those products that have been conceéovddal with the previouslgnentioned
withdrawal of AGPs from many marketdeally, agreat noppharmaceuticallternative tAGPsshould
somehowmimic the beneficial effects antibiotitmveonthe GIT, ultimately translating into a tangible
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improvement ingrowth performanceHuyghebaert et al., 20L1pver the last yaa, academiaand
industryhave worked tirelessly to develop preparations that successfully replace AGRRome of
them are listed ifFigure 12, though it should be pointed out thetis not uncommon to chance on
inconsistent resultsoncerning their efficacyhile examining the literatur@Gadde et al., 2017 The
presentsubsection is by no means exbkive as onlythe classes of feed additives relevant to this
dissertatiorhave briefly beenpresentedelow. Readers aréhereforereferred to the comprehensive
reviewsby Thomke and Elwingef1998c) Yang et al(2009) Huyghebaert et a(2011) Gadde et al.

(2017a) andRahman et a(2022)to find out more about thesed other promising products

Figure 12| Potential antibiotic alternatives showing modulatory effenttheGIl microbiota ofchickers
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Probiotics

More than ahundred yeargago, Metchnikoff (1907)7 an eminent scientisiwarded the Nobel
Prize in Physiology or Medicingé studyingthe eating habits of lonljved Bulgarians suggested that
consumption obpecificbacteria promotes human healthe  w r Tthe dependénce of the intestinal
microbes on the food makes it possible to adopt measures to modify the flora in our bodiesf@addo r
the har mful mi c r o b ®irce theyreseascte dithese beneficial lmabtexia, &nown
today as probioticshasincreaseddramatically,and hasled to real breakthroughs in many fields,
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includinganimal nutrition Although the ternprobioticswasused for the first time blyilly and Stillwell
(1965)to describe the stimulatory effectatsomesubstances produced by microlbashave orother
microorganismsjts meaninghas been revisedeveral timesas knowledge about them progressed
Guarner and Schaafsma (199&porteda definition that was subsequentigephrasedin a Joint
FAO/WHO Expert Consultatioi2001) ending up being widely aedby the scientific community
fiLive microorganisms which when consumed in adequate amounts confer a health effect atd.the hos
Speaking of thie featuresFuller (1989)argued thaprobioticsshould benon-pathogenic and netoxic,
give benefits tathe host €.g, performance improvememindincreasd resistance to diseasayrvive
the transit through the GlTe(g, tolerance to very low ptnd bilesalty, and withstand longtorage
and a variety ofconditions €.g, feed processing)Complying with these guidelinelose (2005)
proposed a assayfor probiotics intended to be usexs feedadditivesin chicken nutrition. This
evaluation is based on three classes of requirements the piroduestionshouldmeet as shown in

Table 2.

Table 2 | Requirements a probiotpreparatiorshould ideally meet to be used in chicken nutrition

Class Requirements
1 Chicken origin (i.e., isolated from the chicken G1®)) excellent host adaptabilit
9 Precisestrainidentification
Safety 1 Documented safe use
i Tested for antibiotic resistance
1 Suitable for industrial production (e.g., by fermentation)
Technology ¢ | oy shelfiife
Function 1 Survival along th&IT (e.g.,resistance textreme acidityandbile saltattacks
1 Ability to adhereto the mucosa and/or remain in the GIT

SourceKlose (2005)

Probiotics influence the GI microbiotmdcan(re-)establish eubiosigirough a complex mode
of action involving:(i) compeition with pathogenic bacteria for space, adhesion sites, and ngt(ignt
strengtheningof the epithelial barrier integrity;(iii) secreibn of antimicrobial and bacteriostatic
compounds(iv) releaseof organic acids that affethe Glecosystem(v) supportto the Gl immune
function(Mohnl, 2014) The central importancaf theseaspect$ias beenliscussedh detail beforgsee

section2.2 filntestinal Epithelium, Immunity, and Microbiota: Three Pillars of Gut Health o ) .
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Among them,however,CE (in a broad sense) is worth focusing @&mobiotics produce several
substances that hinder undesirable bacteria. For instance, the undissociatedfgamiofaals €.g.,
lactate and SCF$) penetrate thdacterialmembrane and dissociat®@o protons and anions the
cytoplasm acidifying it. Bacteriatry to keep the cytoplasmic pH roughly neutral to prevent
conformationaland functionalchangesn vital macromoleculessuch as enzymes and nucleic acids.
Excess protons muitenbe removedhroughactive transporthatconsume@\TP. Depletion of cellular
energy coupled withan alterationn membrane structure and cellutanction resulsin abaderiostatic

or even bactericidal effeon sensitive bacterigRicke, 2003; Marteau el., 2012; GomeDsorio et al.,
2021) Hydrogen peroxide produced by some probgiie another powerful agent that counteracts
undesirabléacteria(Vesterlund, 2008)Lastly,an appreciated abilitgrobiotics are often screened for
is the production dbacteriocinspeptideghatinhibit or kill other microorganism@obson et al., 2012)
For example, enterocia broaespectrum bacteriocimasbeen shown to inhibit several Grgositive
pathogenic bacteri&nterocinis synthesizedby andcan be isolated frofnterococcus faecium LAB

widely used aaprobioticsupplemenin livestockand poultrynutrition(Line et al., 2008; Mohnl, 2014)

Prebiotics

According toBindels et al(2015) aprebiotici s ndindigestible compound that, through its
metabolizéion by microorganisms in the gut, modulates composition and/or activity of the gut
microbiota, thus conferring a beneficial physiological effect on thedbhafthough this definition is
very clear, itdoes not stress a critical point thatcontrastwas emphasized by Gibson and Roberfroid
(1995) when they introdued the concept ofeedingprebiotics:the chiefgoal ofthisi mi cr-obi ot a
targeted nutritioals t r a t e gelectivelygsre heatthpromoting bacteride.g., Bifidobacteriaand
LAB) a fitnessadvantag@verunwantedor pathogenic microorganisms.

Similarly to AGPs, themodulatory effect on thenicrobiotaseens thereforeto be theprincipal
mechanismby which prebiotics provide benefits to the hogtPineiro et al., 2008)Nevertheless, as
Bindels et al(2015)pointed out the key difference is that prebiotiase essentiallysubstrats for Gl
microorganismsand must be metabolized by them to exert their positive effebesreas the mode of

action of antibiotisdoes not depend anetabolizatiorby microorganismslhe same authorbowever,
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added that gbioticscan also act without being metabolizedgsuch asby hindering the adhesion of
pathogenso host cellandby performingan immunomodulatory activity

The list of prebioticg with documentegor presumedndtherebyunder assessmemeneficial
propertiesor the microbiota andut health is long and continuously updatbdcause othe growing
interest in then (Bindels et al., 2015; Hutkins et al., 2016; Singh et al., 2(Ardtcoligosaccharides
(FOS) are for examplea class oprebioticsa considerable literature has grown up aroliheybelong
to the category ofinulin-type fructansare primarilycomposed ofructose monomersand can be
obtainedvia manytechniquegRoberfroid et al., 2010; Bieet al., 2015; Singh et al., 201T)ike other
prebiotics,FOS cannot béydrolyzedby digestive enzymes of birds mammas, therebyreacting
virtually intactthelarge intestine where theanbecome nourishment for the microbidBacteria able
to utilize FOS and other prebiotics as substratsproduce a wide range of catabolites the maay
take advantage oBesides SCFAsvhose beneficidiunctionshave beemxplainedearlier(see section
2.2fAIntestinal Epithelium, Immunity, and Microbiota: Three Pillars of GutHealthd Jot hsear dip 0
from bacterial metabolism isupposedo have positive effects some of whichare still unknown

(Roberfroid, 1998; Pourabedin and Zhao, 2015)

Synbiotics

Probiotics and prebiotis can be blended to make a prodti@t Gibson and Roberfroifll995)
named synbbtic. This combined preparatiobenefits fromthe synergy between its components
amplifying the positive effects probiotics and prebiotics have on the host when administered alone.
Synbioticsseed the GIT with probiotic bacteria aswlectivdy stimulatethegrowth and/or metabolism
of beneficial bacteria both the exogenoud(i.e., the probioticscarried bythe synbioticitself) and

endogenous (i.e., already present in the GF8s(Roberfroid, 1998)

Enzymes
Feed dhestibility has always beea primary concern for poultry nutritionistsr addition to
formulating diets with higlguality ingredients(e.g., low quantity of antinutritional factorgnd

applyingfeed processinge.g., pelleting)the supplementation @nzyme hasbeen instrumental in
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boostingdigestibility of chicken dietsin his informative review, Bedfor(2000)describée a double
phaseactivity for dietary enzymeswhich influencesiot only nutrient digestibility, but also the Gl
microbiotaTh e Ai | eal phaseo c af(ijandnereased tleal digestilglifyia atherc o n s i d e
words, birds extract more nutrients from the diet andsequentlycangrow more efficientlyi and (ii)
areducedavailability of nutrientdor theileal microbiota bearing in mind th@bovementionetiost
microbiota competition for nourishing substan{s=e sectio.2 fintestinal Epithelium, Immunity,
and Microbiota: Three Pillars of Gut Healtho )Qn the other hand, thicecal phasé should be
understooctonsideringthe response afecalbacteria tahe end products of dietary enzyraetivity,
especially mall oligomers and free sugdrem plant cell wall The latterare generally poorlgbsorbed
by chickens and end up being valuable fermentation source fosome cecal bacteria (e.g.,
Bifidobacterig, acting just like the previousijescribed prebioticSCFAsproduced byhesebacteria
canbe usefulin controlling pathogens angroviding the host with an importarstource ofenergy as
discussed beforgsee sectio.2 filntestinal Epithelium, Immunity, and Microbiota: Three Pillars

of Gut Healtho .)

Saq althoughtheyhave primarily been used tmprove feed digestibilitydietary enzymes have
also been shown fadirectly controlthe proliferation of undesirable bacteria, redingtation of the Gl
mucosa that would lead to inflammation, d&ador the formation ofmmunomodulators angut health
promoting compound@edford and Cowieson, 2012; Kiarie et al., 2013; Gadde et al., 2017; Gviedo
Rondon, 2019)Some enzymes, however, have purposely beetofeadm anmalsfor their indirect or
even A duingreeslta toeas s the daseaysdzyene. Lysozymes are naturally produced by
prokaryotes and eukaryoté&/ellmanLabadie et al., 2007)n the animal kingdomthey are secreted
with tears, saliva, airway fluid, and breast milk, among ot{€edlewaert and Michiels, 2010y he
chicken lysozyme, isolated for the first time by Sir Alexander Fleming, is considerqdithessential
lysozyme (WellmanlLabadie et al.,, 2007)Avian lysozymes are mainly found in the egg albumen
(WellmanLabadie et al., 2007; Callewa@nd Michiels, 201Q)but chicken small intestine enterocytes
are also capable of synthesizitigem (Nile et al.,2004) Indeed, as stated aboysee sectior?.2
filntestinal Epithelium, Immunity, and Microbiota: Three Pillars of Gut Health 0 ,)lysazymesare

crucialeffectorsfor the innatemmunity becauséhey act adacteriolytic,broadspectrum antimicrobial
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agentsby hydr ol -{1A)glgcosidit bhoad bétweeN-acetylmuramic acidNAM) and N-
acetylglucosamine NAG) of the bacterial peptidoglycan RGN). Being PGN N-
acetylmuramoylhydrolaseydozymes are also knownmasiramidasegMasschalck and Michiels, 2003;
WellmanLabadie et al., 2007; Callewaert and Michiels, 20E@gd additives containinguramidase
have been showo exert benefits otthe health and performance pigs (May et al., 2012; Ma et al.,
2017; Xu et al., 2018¢)abbits(EL-Deep et al., 2020and chickenfLiu et al., 2010; Gong et al., 2017)
which havdargelybeenascribedo their modulatory effeconthe microbiotgLiu et al., 2010; Gong et

al., 2017; Xia et al., 2019; EDeep et al., 2020)

2.4 RaisingChickensint he @A Hot h o Uhe EffedisafHéahSiress
Humaninducedclimate changeespeciallyglobal warming®, is oneof the hardest challenges the
poultry and livestock industry have befating (Nardone et al., 2010; Bezner Kerr et al., 2023
shown inFigure 13, our planet isgettingwarmerandwarmerdue toanthropogenigreenhouse gas
emissions Experts claim that the likelihood of the annual average global temperature temporarily
reachingl.5 °C above the préndustrial levelas well aghe occurrence aflevastatingextreme heat
waveshassteadily increasedver the lasyears(CarbonBrief, 2022; WMO, 2022 Alarmingly, the
analysiscarried outby Steffen et al(2018) suggests that theossibility that a cascade of feedbacks
pushing the Earthsystemirreversiblytowarda @ Hot h o paheay E acrat nhirubet! oub e
Regardless of thindustrializationlevel of the agriculturalsystem poultry and livestock farmings
expected to beconmanincreasingly difficultactivity thatwill necessitatenultidisciplinarysolutionsto

enduresuch a worryinglimatescenarigNardone etla, 2010)

10 Climate changeand global warmingare often used interchangeably but, scientifically, they Hiifferent

meanings. According to NASA2018) climate changeefers to a broad range of global phenomena created
predominantly by burning fossil fuels, whichadd hkeat appi ng gases to Earthés at mo
include the increased temperature trends descebgtbbal warming, but also encompass chargesh as sea

level rise, ice mass loss, and extreme weather events. Global wérmimch use has spread after NASA climate
scientistlames Hanseused it in his testimony before theSJSenaten 1988/ describes the upward temperature

trend across the Earth since the earl{} @ntury due to the increase in fossil fuel emissions.
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Figure 13| AverageEarthsurface temperatufeom 2011 to 2021 compared to 195876 baseline
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Source (adapted)Vikipediabased oiNASA data.

Being homeothermicchickers can regulatetheir body temperature within a narrow range
irrespective othe ambient temperaturd.o keep anormal bodytemperaturdoetweend0 and42 °C,
chickensadopt autonomi@nd behavioral thermoregulatory proces3éw autonomic processes are
involuntary responses to heat and dblatmodify the rates of heat producti¢thermogenesisgnd heat
loss while the behavioral processes arg @oordinated movement @n organismin search ofa
condition to optimizeheat exchange withhe environment(lUPS Thermal Commission, 1987)
Chickers dissipate heat through conduction, convection, radiation, and eviappeatillustrated in
Figure 14.

It is worth noting that the ability of chickens to lose heat is rather lingtedto the plumage,
which insulateshe body and restricts sensible heat'fossd the phylogenetabsence of sweat glands,
which makes chickens incapable of perspiring and limits evaporative hédtddssat dissipated by
exhalation of air saturated with water vagblichelmann et al., 1986; Yunis and Cahaner, 1999;

Renaudeau et al., 2012; Rostagno, 2020)

11 Sensible heat loss is the sum of heat flows or fluxes by radiation, convection, and conduction from a body to the
environmen{lUPS Thermal Commission, 1987)

12 Evaporative heat loss is the evaporative haaisfer from the body to the ambient by evaporation of water from

the skin and the surfaces of the respiratory &S Thermal Commission, 1987)
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Figure 14| Heat loss mechanisna$ the chickerbody
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Farmanimalscanachievemaximal performancas long ashey arekeptin a thermoneutral zone
(TNZ?*3 Kadzere et al., 2002pamelywithin a range of ambient temperature at wtttod regulation of
body temperature is accomplished by control of sensible heat loss without changes in metabolic heat
production or evaporative heat Ig8dPS Thermal Commission, 198Mhe TNZ variesdepending on
theanimal age, species/breed, tissue insulation (e.g., fat, skin), external ind@atipcoat, featharg),
behavior productive/physiological stage, feed intdkd), diet composition, previous acclimation, and
housing conditioneKadzere et al., 2002)Vith respect t@oultry, young birds toletta low temperatures
lessthan adults because of theimfavorablebody surfacdo volume ratio andncompletefeathering
whereastolerance to high temperatgrdecrease as birds agdTzschentke et al., 1996Breeding
companies therefore recommend adjgsthe environmental temperature of poultry houaégsnimal
levelaccordingo therearingcyclephaseas exemplifiedn Table 3. The breeding company in question
provided target environmental temperatures not only as a functitmedock age, but also depending

on relative humidity RH). Indeed, along with tempetat, RH and air velocity are the main

13 The TNZ ranges from the lower critical temperature to the upper critical temperature. The first is the ambient
temperature below which thermogenesis must be increased, while the second is ém &migierature above

which the rate of evaporative heat loss must be increased (e.g., by thermal tachypnea or thermal sweating) to
maintain thermal baland@JPS Thermal Commission, 1987)
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environmental factors affecting poultry performance, especfaliybroilers (Yahav et al., 2004)

AEf f ect i v e ,anrcaprayiraex dhateanbines in a single vaheeffectsof temperature,

RH, and air velocityon the sensation of warmth or cold felt by anim@bgh and Johnson, 1973)
shouldthereforebe corsidered in poultry husbandry rather than the ambient temperature alone. For
instance, sensible heat loss is primarily drivethe@ambient temperature and depends upon the thermal
gradient between the animal body and the environment, while RH affects evajgorationand,
consequently, influences evaporative heat I(Renaudeau et al., 2012po, he simultaneous
occurrene of high environmental temperatures and RH constrains heat dissipaticoresigderably

increases the risk of manifesting hyperthetfrdad heat stres$ig).

Table 3 | Target environmental temperatures da@ommercial broiletine according to flock age

Dry Bulb Temperature
Age (Days) °C (°F)

40 RH% 50 RH% 60 RH% 70 RH%

Day-old 36.0 (96.8) 33.2 (91.8) 30.8 (87.4) 29.2 (84.6)
3 33.7 (92.7) 31.2(88.2) 28.9 (84.0) 27.3 (81.1)

6 32.5(90.5) 29.9 (85.8) 27.7 (81.9) 26.0 (78.8)

9 31.3 (88.3) 28.6 (83.5) 26.7 (80.1) 25.0 (77.0)

12 30.2 (86.4) 27.8 (82.0) 25.7 (78.3) 24.0 (75.2)
15 29.0 (84.2) 26.8 (80.2) 24.8 (76.6) 23.0 (73.4)
18 27.7 (81.9) 25.5 (77.9) 23.6 (74.5) 21.9 (71.4)
21 26.9 (80.4) 24.7 (76.5) 22.7 (72.9) 21.3 (70.3)
24 25.7 (78.3) 23.5 (74.3) 21.7 (71.1) 20.2 (68.4)
27 24.8 (76.6) 22.7 (72.9) 20.7 (69.3) 19.3 (66.7)

Note: Within a specific agegptimaldry bulb temperaturézat the ideal relative humidity (RH)are coloredn red
Source:Ros$ Broiler Management Handbook 2018

14 Hyperthermia is the condition of a temperature regulator (i.e., an organism that regulates its body temperature
to some extent by autonomic and/or behavipraicesses) when the core temperature (i.e., ideally, the mean
temperature of the thermal core) is above the range specified for the normal active state of the species.
Hyperthermia is the consequence of the temporary or permanent imbalance betweeadhead the capability

to dissipate heqtUPS Thermal Commission, 1987)

15 Dry bulb temperatte is the temperature of a gas or mixture of gases indicated by a thermometer shielded from
radiation(lUPS Thermal Commission, 1987)

16 Relative humidity is the ratio of the mol fraction of water vapor present in a volume of air to the tool fraction
present in saturated air, both at the same temperature and p(83B&& hermal Commission, 1987)
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It has beersaid earlier thapoultry become increasingly susceptible to high environmental
temperatureduring their lifespan When it comes téastgrowingbroilers (see sectiod.1iThe Broiler
Industry: Nothing Short of a Success Storyg ,)besides thaenatural obstaclesto losing heatlisted
before,the artificial selectioncaused increase in metabolic rates matlequatadevelopment ofhe
cardiovascular and respiratory systehawe exacerbatg their inability towithstandhot conditions
makingthempoorly thermotolerant anektremelyulnerable to H$Cahaner and Leenstra, 1992;nfa
and Cahaner, 1999; Havenstein et al., 2003b; Gous and Morris, 2005; Yahav et al., 2005; Lu et al., 2007;
Tickle et al., 2014; Xu et al., 2018@)his is evidennhot onlywhen comparindastgrowingto slow
growing broiles, asreportedby some of th studies just citecbut alsowithin the same linavhen
comparisos betweenheavy birdsandtheir lighter counterparts equal in agee madgGogoi et al.,
2021)

Despite the marked sensitivity tohigh temperaturgsfastgrowing broiles share several
evolutionary conserved responses to HS with other animals, including h{baanisert et al., 202;
Pearce et al., 2012; Snipe et al., 2018; Koch et al., 2019; Kaufman et al., &sereactionshave
negative implicationfor behavior, metabolism, homeostasis, HeGIT, as summarized iRigure 15

and examined in the following subsections.

BEHAVIOR

When exposed to environmental temperatures above the upper limit of the TR ¢seate 13
for more information), chickens (Waggpet a.,a&201Bp s how
avoid overheating ahpreserve or promptly restore normothermia. Respiratory evaporative heat loss
becomes the predominant way to dissipate heat, with thermal tackygraacterizing the early stages
of the heat loadeaction(Jukes, 1971; Teeter et al., 198%hot conditions persist, thermal tachypnea

turns into a slower and deeper pantiatied thermal hyperpn&qHales, 1973; Reaudeau et al., 2012)

1" Thermal tachypnea/polypnea/panting is a rapid respiratory frequency accompanied by an increase in respiratory
minute volume and, commonly, a decrease in tidal volume, in response to a thermoregulatory need to dissipate
heat(IlUPS Thermal Commission, 1987)

18 Thermal hyperpnea is an increase in tidal volume associated with an increase in elrdétion occurring

during severe heat stress which has caused a large rise in core temperature. It is also named second panting phase
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In addition, chickens start lifting their wings and keeping them spread away from the body to
expose unfeathered areas to the surrounding air in an attempt to increase sensible (Beagéssst
al., 2007) Despite being vital behavioral adaptations to HS, panting and freguaisthg wings have
important drawbacks for commercialigared chickens. Panting can cause dehydration, which usually
results inincreasedrequirement and consumption of wat@vang et al., 2018b)and excessive
exhalation of C@ which leads to hypocapnia and, potentially, iedpry alkalosigRichards, 1970;
Marder and Arad, 1989; Renaudeau et al., 2012; Wasti et al., 2020; Beckford et al. ABG203is, a
disturbance in acitbase balance, poses a real threat to the egg industryeahidesblood ionized
calciumlevels thereby impiring eggshell mineralizatiofOdom et al., 1986 However, heastressed
broilers arealso affected by the negative effects of respiratory alkalosis, sutbwased FI that
compromises their growifTeeter et al., 1985; Borges et al., 200-)rthermore, both panting and wing
lifting are energyintensive activitiegBrackenbury and Avery, 1980; Dale and Fuller, 1988) deplete
energy that can be allocated to production purppéaisav et al., 2004; Baumgard and Rhoads, 2013)

Lethargy is another behavior commonly observed in chickens experiencing HS, with listless birds
squatting on the ground or litter to maximize sensible heat loss via conduction. However, apathy is
negatively related to walking and the desire to move imcheaf feed ortoward the feeders. The
undesirable consequences of lethargy on skeletal letdgter et al., 2013nd Fl(Wang et al., 2018b)
are therefore obvious. Anyway, it should betedthat reducing feed consumption is a conserved
thermoregulation strategy to decrease postpahnideat productiolf due to nutrient digestion,
absorption, and utilizatio(Baumgard and Rhoads, 2018) the past, there was a consensus among
poultry scientists and professionals that the considerable reduction in performance caused by the
exposure to HS was mostly, or even solely, ascribable to redu¢BdlEland Fuller, 1980; Teeter et

al., 1985)

because it isisually preceded by a phase of tachypnea (rapid, shallow breattif Thermal Commission,
1987)

19 postprandial heat production is the increase in metabolic heat production, relative toatsspostive resting
level, in the hours following food intaKBUPS Thermal Commission, 1987)
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Figure 15| Overview of heat stress effects on chicken
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Pairfeeding® models applied in HS trialsith broilers, however, hag brought to lighthat60 to
99% of body weight gai{BWG) loss carbe attributed todrops inFl, while the remainingarthas to
do with impaired digestibilityandbr physiological and metabolic changemused byHS (Dale and
Fuller, 1980; Geraert et al., 1996a; Ain Baziz et al., 1996; Lu et al., 2007, 2018; Zuo et al., 2015; Teyssier
et al., 202b; a) Interestingly,BWG lossbroilers showunder HS is often greater than expected due to
reduced~| alone(Renaudeaet al., 2012)This has also beaeportedfor milk production loss of heat
stressed dairy cow¢Baumgard and Rlamls, 2013)suggesting, once agaithat many shared

mechanismsteerthe response of homeothermic animalkigh environmental temperatures amg.

LIPID AND PROTEIN METABOLISM

Animals under H®iaveshown to havdimited fat mobilizationdespiteanegative energy balance
and catabolic stai®aumgard and Rhoads, 2018)gradual reduction in circulating nasterified fatty
acids NEFA, also known as free fatty ag)d a reliablebiomarkerof lipid metabolism, indicates a
restricteduse of fafor energyin chickengBobek et al., 1997; Lu et al., 2018)gs(Pearce et al., 2013a;
Victoria Sanz Fernamt et al., 2015)and dairy cattliéRhoads et al., @9) experiencinga thermal
stress In addition, many papershave documengd increased accumulatioaf visceral/abdominal,
subcutaneous, and intramuscutgin heatstressed chicker{&leiber and Dougherty, 1934; Kubena et
al., 1972; Ain Baziz et al., 1996; Yunianto et al., 1997; He et al., 2015; Lu et al., 2018,12818drth
noting that peripheraktention oflipids canobstruct the dissipation gensible hegiRenaudeau et al.,
2012) increasing the risk of hyperthermkocusing on pigs and cattBaumgard and Rhoads (2013)
hypothesized thahe scarcefat mobilization is a metaboliespone due to hyperinsulinemisnduced
by HS.Unlike mammals, however, chickehaveshown norisein blood insulinwhen exposed to HS
(Geraert et al., 1996b; Tang et al., 2013; Belhadj Slimen et al., 2@f&ughLu et al.(2019) have
reportedan increase and a decrease in cittndpinsulinafter 7 and 14 d of HS, respeatily. Avian

insulin hasalso been showmot to havea potentantilipolytic activity and besidesthe relevance of

20 pairfeeding is used to minimize the confounding effect due to different feed intake of thermoneutral and heat
stressed animals. In practice, pfgid animals are given daily the amount of feed consumed the day before by their
thermoneutralad libitumfed counterpartéDale and Fuller, 1980)
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insulin signaling cascades iohicken adipose tissudas been the subject of intense debatéhe
scientific communityDupont etal., 2012, 2015)The role of insulin in fat metabolism béatstressed
chickensremairs therefore uncleaAnyway, the altered lipid metabolisin chickens subjected to HS
has also been ascribedihzreased expressianf proteins involved in hepatigpogenesisresulting in
fataccumulation intheliver (Flees et al., 2017; Lu et al., 2019)

Not only anincrease in fathut also a reduction ilean tissue yielthasfrequentlybeenfoundin
carcasses dfieatstressedroilers (Howlider and Rose, 1989; Geraert et al., 1996a; Ain Baziz et al.,
1996; Temim et al., 2000; Zuo et al., 2015; Lu et al., 2018; Qaid a®@hredi, 2021; Zampiga et al.,
2021b) Temim et al. (2000¥irst hypothesized that the decredseprotein deposition under HS
conditions is related to reduced protein synthesis rather than intensified protein degreidatmrer,
according 6 Zuo et al. (2015)thereasondor thereduction inproteinaccretion can be musespecific,
with the breastmainly showing reduced protein synthesjswhile the thigh increasedprotein
degradatioft. According tothe latterresearchegshedecrease iprotein synthesis caused byeduced
MRNA expression of insulitike growth factor 1 IGF-1), phosphatidylinositol &inase PI3K), and
ribosomal protein S6 kinase betdS6K), while theintensification ofprotein degradatiois a result of
increased expressioof muscle atrophy #ox (MAFbx, also calledatroginl). Ma et al. (2021)
confirmedthat HSaltersgeneexpression o86K and MAFbxn broilers. S6Kplays acritical rolein the
control of protein synthesis and muscle development in chickBigot et al., 2003; Duchéne et al.,
2008; Everaert et al., 201@nd its signaling pathwayhas been shown tespondonly partially to
anabolic stimuliduring HS(BoussaidOm Ezzine et al., 2010Dn the other handthe expression of
MAFbx, an ubiquitin ligase thaparticipaesin muscleprotein breakdownwas foundo beup-regulated
during muscle atroph§Zuo et al., 2015)Curiously,analyzing the blood dieatstressedbroilers Lu et
al. (2018) revealeda reduction in glucose and NEFA as haet an increase in uric acid, urea, and
proteinogenic amino acidé&\A ), althoughthose birddhadalsoshoweda substantiatiecrease iifrl and
breastmuscleyield compared to the thermoneut@IN) control They thenassumedhat chickens

undergoingHS obtain energy fronthe degradation otkeletal muscle protejmainly from pectoral

21 The intensityof protein degradation in skeletal muschn be assessed by measuring several biomarkers, such
as blood levels of creatine;Bethylhistidine, and ure@hoads et al., 2013)
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muscle reserveso compensate for thienited ability to getenergyfrom fat Heatstressed animals have
been shown tbecome highly dependenn glucose for their energy nee@aumgard and Rhoads,
2013) Interestingly,Ma et al. (2021) reportedthat in broilers, HS decreasg plasmaticlevel of
glucogenic A, increasd liver uptake ofAAs and its glucogenic potential, aimdproved the activity
of hepatic transaminases that deaminizesAd\transformtheminto precursors for gluconeogenesis
Zampigaet al.(2021b)alsofoundreducedevels of glucogenic precursoin the blood andree AAsin
the pectoralmuscle ofheatstressedbroilers probably associatedith a prioritization of hepatic

gluconeogenesis at the expensenakclederivedglucogenic AAs.

HORMONES

The exposure tblS stimulateghe hypothalamipituitary-adrenal axisresulting in asignificant
increase in circulating glucocorticoidsspeciallycorticosteronéGeraert et al., 1996b; Yunianto et al.,
1997; QuinteireFilho et al., 2010, 2012; RajaSharifabadi et al., 2017; Lu et al., 2019; Beckford et
al., 2020; Ma et al., 2021t has been reportatat high corticosterondevelsreducegrowth, trigger
proteolysis andower protein synthesisin skeletal muscle, andromote fat depositionin chickens
(Decuypere and Buyse, 1988; Dong et al., 2007; Yuan et al.,.Z0@eareall common effects dfS
as said beforédRhoads et al., 2013Ma et al. (2021)suggested thatocticosteronealters protein
metabolism in skeletal musdby inducingthe previously describedhangesn gene expression &6K
and MAFbx However,Furukawa et al. (202-Jemonstratethat treatingchicken myotubes subjected
to HSwith corticosteronaloes notincrease the expression of MAFbx mmakes proteolysisworsein
comparison td4S exposurealone.As theseresults have been obtaingdvitro, furtherstudiesshould
be undertaken to clarifythe role of corticosterona altered protein metabolism of hesitessed
chickensln addition, corticosterone has been shown to act as a lipogenic hatmatmeregulaesthe
expression of fatty acid synthaseAS) in hepatocytes and adipocy{gonzalezRivas et al., 2020)

According to Quinteirerilho et al. (2010) hypercorticosteronemia is immunosuppressive
Indeed HS has been shown ttompromisethe immunocompetenci chickens making themmore
susceptibldo infectious diseasé®enaudeau et al., 2012; Farag and Alagawany, 2018; Chauhan et al.,
2021) Severammunological disordersave been observea heatstressedroilers, such aslecreased
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immunoglobulin production against a prototype antigel atrophy and dysfunction of lymphoid
tissues accompanied ldepression ofymphocytelevels (Hirakawa et al., 2020)n the latter pper,
hypercorticosteronemiaasrecognized as kkely causeof thesemmune systenabnormalities
Reducedhematiclevels oftriiodothyronine Ts) and thyroxine T4) have also beereportedin
heatstressedbroilers (Geraert et al., 1996b; Yunianto et al., 1997; Sohalil et al., 2010; F&haefabadi
et al., D17; Beckford et al., 202@nd laying hens(de Andrade et al., 1977; Bobek et al., 1997)
Surprisingly, hesemodifications potentiallydue to reduced thyroid size and decreased thyroid activity
(Huston and Carmon, 1962; Dale and Fuller, 1980; Yunianto et al.,,}9&® foundn heatstressed
dairy cowstoo (Chen et al., 2018}t is a widely held view thahe thyroidrespondsn this way tohigh
environmental temperature® enable homeothermi@nimals to reduce basal metabolism and
thermogenesis taverthyperthermig Renaudeau et al., 2012; Chen et al., 2018; GonRilers et al.,
2020) Whenit comes tachickenperformancethe hypothyroidike statecaused by H8an justifypart
of BWG loss(McNabb and Darras, 2015hcreasediposity(Decuypere and Buyse, 1988; Geraert et

al., 1996b) andreducedegg production and shell qualitsle Andrade et al., 197.7)

GASTROINTESTINAL TRACT

The complex compensatoryesponseo HS also involves the cardiovascular system wihk
immediateasratherunforeseemepercussionsn the GIT Peripheral vasodilatigrintendedto increase
circulatory convectioff and sensible heat dissipatidakes placet the expensef visceral circulation
thatmustbe reducedo balance blood pressufidales, 1973; Borges et al., 2007; Lambert, 20B9)
reducing thesupply of nutrients and Lo splanchnic tissuesisceralhypoperfusiorcompromiseshe
health anaegularfunctiors of the GIT (Lambert, 2009; Baumgard and Rhoads, 2013; Rostagno,.2020)
The suboptimal trophism challengeté metabolically demanding Gl epitheliwatiering its céular

turnover andpreventing it fromkeepng a robustmucosalbarrier (Koutsos and Arias, 2006hile

22 Circulatory convection is the convective transfer of heat with the blood stream from the thermal core to heat
dissipating surfaces of the body, namely the skinrasgiratorymucosal surfaceBUPS Thermal Commission,
1987)
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hypoxia® is a direct effect of inadequate tissue oxygenatldypoxic state impinge oncellular
bioenergetic pdiways andboost processes that genenagactive oxygen and nitrogen speciB&Og
andRNS, respectively(Hall et al., 1999)Hyperthermiahas also been shownitareasgroductionof
ROS and RN%®er se(Hall et al., 2001)andto damagdhe enzymatic antioxidant syste(farag and
Alagawany, 2018)The progressof pro-oxidative conditionsseemsthereforeto bealmostinevitable
under HSIn chickensjt has been demonstratdthtthe exposure to high environmentamperatures
leads tooxidative stressand thatHS canimpair the mitochondrial respiratory chaiactivity, with
consequent overproductiamd accumulationf ROS(Lin et al., 2006; Tan et al., 2010; Akbarian et al.,
2016) Oxidative damageaffects severaltissues,such asskeletal muscleandthe GIT. Analyses of
Pectoralis majorof broilershavedetectedanincrease irmitochondrial membrane potentigroduction

of mitochondrial superoxide and ROS, amdlondialdehyddevel (used as a binarker for lipid
peroxidation)due to HS(Mujahid et al., 2006; Wang et al., 2009; Azad et al., 2010; Kikusato and
Toyomizu, 2013)In theGIT, howeveroxidative stress has been showméstabilize the Tdegulated
paracellular barér and increase intestinal permeabitifytriggering circumferential contractions of the
actomyosin ring of enterocytes abgreducingTJ expressionRao, 2008; Bischoff et al., 2014, Liu et
al., 2022) as examinedin detail above (see sectiorR.2 fintestinal Epithelium, Immunity, and
Microbiota: Three Pillars of Gut Health ¢ .)

In addition tooxidative stressincreasectorticosterone leve] already discussed in this section
havebeen shown teveaken theGl barrierin broilers experiencing H§QuinteiroFilho et al., 2012)
Exposureof lab animalgDokladny et al., 2016)pigs (Pearce et al., 2013ndbroilers (Song et al.,
2014; Tabler et al., 2020&) high environmental temperaturbas beerfoundto causea significant
reductionin TEER anda substantial imease irpermeatiorof markesthroughtheGl epithelium which
are two gold standards fassessingut healthas said before (see secti®2 fintestinal Epithelium,
Immunity, and Microbiota: Three Pillars of Gut Health 0 .)The® are typical featuresoffal e aky gut 0

that is insufficiently hermetic toavoid infiltration of harmful luminal compoundgo the underlying

23 Hypoxia is a condition in whichxygenavailability of a tissuds not enough to maintain homeostattisan be
caused by insufficient oxygen supply to tissues due to low blood supply or low blood oxygen @omtexemia)
(Bhutta et al., 2022)
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lamina proprigShen et al., 2011; Awad et al., 2017; Ma et al., 2018; Ruff et al., ZDRE@)ntestinal
content abounds ifPAMPs, specially LPSs detaching from the wall ofcGramnegative bacteria
(Wassenaar and Zimmermann, 2Q28hich can cross a leakigarrierandbind to the TLR4 MD-2
receptor compleat the basolateral membrane of @Gieepithelium(Shimazu et al., 1999; Abreu, 2010;
Keestra et al., 2013As previously mentioned (see secti@fintestinal Epithelium, Immunity, and
Microbiota: Three Pillars of Gut Health ¢ )TLR activationresults inintracellular signaling cascasle
that inducethe expression of prmflammatory cytokines(Vaure and Liu, 2014)initiating an
inflammatory responsi@a the GIT. These cytokines aiso released by LPSimulated innate immune
cellsand have been reportedfteel a vicious cycldeading toGl barrierdegradatior{Lambert, 2009)
TNF-U, terleukin 1 betal( -1 R and interferon gammadRN-2) have beershownto damagethe
paracellular barrieand increaséPSleakage from the GI{Turner et al., 2014; Dokladny et al., 2016;
Awad et al., 2017; Ma et al., 2018 common easilyrecognizablénflammatory statef the GITin
heatstressed broilsiis multifocal enteritigQuinteiraFilho et al., 2010, 2012lrrespective of the fon,
however,entericinflammation has been shownreduceenterocytdifespan and causéllus atrophy
and crypt hyperplasian chickens(Smith et al., 2014)Thesemodificationsin the GI epithelium
morphology, along with increased cell apoptosis and reduced cell proliferation, havioireegm
broilers undergoingHS (He et al., 2018a, 2018b; Liu et al., 2020, 2022; N#&fdaca et al., 2020)
Adopting apair-feedingmodel along the lines dfiosealreadymentionedn this sectionNantoHara et
al. (2020) found that the morphological alteratiors and increased permeabiligffecting the Gl
epthelium of heatstressed broilerare direceffectsof HSinsteadof thereduction in Fcausedy HS
itself. In their reviewarticleon theroles andmpacts of inflammatioim farm animalsBroom and Kogut
(2018c)pointed out that Gl inflammatianduceshutrient malabsorption aradrearrangement efergy
partition to prioritizethe immune responsa the GIT; this undesirablyaffects performancand may
prelude more serious health problems.

In addition to posing a local threat to the GénteralLPSscanreach the liver vidhe portal
circulation(Wang et al 2015)and, dter exceedinghehepatic detoxification, can diffusystemically
with the bloodstreanand causeendotoxemigBaumgard and Rhoads, 2013; Alhenaky et al., 2017;

Epstein and Yanovich, 2019; Narttara et al., 2020)Once again, but this time amplified
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inflammatory eactiongnduced by these noxiotmcterialproductsare energaconsumingand depress
performancgBroom and Kogut, 2018c; Ruff et al., 202@)worst comes to worsendotoxemia can
causanulti-organ failurs and lethal septic shoskWassenaar and Zimmermann, 2018)
Moreover it is important tonotethatcell injury and failure of Tdndependenbarriers camvorsen
permeability problems in the Gl epitheliuffarance and Turner, 201 Bnteric bacteriaanleakfrom
the GIT and, eventuallyget tothe liver or everspreadto otherextrantestinaltissues andrgars, as
demonstratedh heatstressed broilers showing seriduspaticinvasiors of Salmonella(Alhenaky et
al., 2017) Batterial translocatiad can result in impaired health and function of the lian, 2012;

Ducatelle et al., 2018ndbacterial chondronecrosis with osteomyel[B€O; Wideman, 2016)

GASTROINTESTINAL MICROBIOTA

Speaking of Gl bacteri&]S has been shown ferturb the microbioten rats(Suzuki et al., 1983,
1989) pigs (Le Sciellour et al., 2019; He et al., 2019a; Xiong et al., 2028iyy cattle(Chen et al.,
2018) andpoultry (Suzuki et al., 1989, 1983; Lan et al., 2004; Burkholder et al., 2008; Song et al., 2014;
Wang et al., 2018a, 2020c; Zhu et al., 2019; He et al., 2019b, 2021; Shi et al., 2019; Xing et al., 2019;
Liu et al., 2020, @22; Goel et al., 2022pushing it to dysbiosiflthough sophisticatedechniques to
study the microbiotare availabléBordaMolina et al., 2018)its alterationgemain to be elucidatdd
heatstressed chicker{éle et al., 2021; Liu et al., 2022) canbe assumed thahangesn morphology
of theGl epithelium quantity and compositiosf mucus and attachment sitempngwith accumulation
of poorly digested or even undigesidigtary componenisare alllikely reasons fodysbiosis during
HS. Increased susceptibility iatestinal colonizatiorby SalmonellaEnteritidis hadeen observed in
heatstressedbroilers (Burkholder et al., 2008; Soliman et al., 200@dreover it has been demonstrated
that C. perfringenscan flourish in the GIT of broilerunderHS (Tsiouris et al., 2018)significartly
increasing the risk dilE outbreak. Enterotoxins releasdaly C. perfringensor other bacteria caalso
damageTJs weakening the Gbarrier (Awad et al., 2017) Dysbiosis, barrier disorders, and
inflammation ardnterrelatedfuel each othefDucatelle et al., 2018and contributdo the worsening

of theinjuriouseffects of HS on gut healdnd performance of chickens
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3 PHD PROJECT GOAL S AND STRUCTURE

Previous chapters have emphasized the negative aspects of the AGP withdrawal and the
consequences of HS for broiler productiBaising broilers inhefi p eaatibiotic and global warming
e r a@ansfacing an increasedisk of reduced growth and feed efficiency, impaired fyutction
dysbiosis and increased enteric pathogen IB&Ipnsetaltered metabolisngnddecreased welfare
The resuling profit lossesand product quality deterioratigeopardize the sustainability of faod
industrycalled upon to play a central rafefeedingourincreasinglypopulousplanet Interdisciplinary
researchis thereforeneeded to help broiléntegratorstackle these manysided problems This PhD
projectwasdesignedo fit into this contextwith the aims of(i) investigatingthe effects of different
nutritional strategiesn growth performance, gut health, and metabolidrABF broilers reared under
TN and HS conditionand (ii) exploringthe impacts of H8nthephysiological processaggulatingFl
and energy homeostasisdifferent chicken genotyped hethreeyearprojectcomprised four studies
(S), each of whiclconsistedf two experiment$E), hereafter referred to &E1 andSnE2 according
to the study numbet.he project structure is schematizedrigure 16.

Specifically S1, S2, and S®&ere feeding trials set out testa rutritional strategyi(e., dietary
supplementationf a synbioticamuramidase, andrginine, respectively) to determine whether it is an
effective solution to(SnE1) enhancegrowth performance angut healthandto (SnE2) mitigate the
detrimental effects oHS for ABF broilers. These studies shate multistep andmultidisciplinary
approach integratingoultry nutrition, physiology, and gut microbiologihe modus operandior S1,
S2, and S3vas as follows

i.  Running afeeding trial with ABF broilers under experimentalsettings (TN conditions
throughoutSnE1, whereadHS exposuraluring a limited period oBnE2);
ii.  Collection ofgrowthperformance datge.g.,Fl, BW, andFCR);
iii. Collectionand storagef biological samplege.g.,blood intestinal contentiver, andpectoral
musclé);

iv.  Analysis ofgrowthperformance data;
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v.  Allocation of ludgetand timefor lab analy®sof stored biological samplefepending orthe
relevance ofrowthperformanceesultsandtheterms of the agreemewith the study sponsor,

if any.

On the other hand, Swas not part of the abovementionederiesof feeding trials it was a
fifreestanding study insteadConductediuringa six-month research period the PhD candidate satent

Dr . Sami , $4was@imolecular biologgased investigatioof the effecs of HS on(S4E1)

hypothalamic neuropeptidethat regulateFl and (S4E2) hypothalamic oxygen homeostasis and
inflammatorystatein three broilefines from diverse stages of genetic select@nin thered jungle
fowl, the ancestorof domestic chickensCarrying outS4 allowed the PhD candidate &xpandhis
knowledge ofchickenphysiologyandlearn cuttingedge molecular techniguasstudy the response of
chickens to HSFurthermore performingtasks outside thpurposesf S4, such asunning a trial to
assesatannincontainingfeed additive as a dietary treatment to help bredeunteract chronic cyclic
HS, enabled the PhD candidateg@ain expertiséo improve the quality of hisesearch and make it more
sophisticated.

Dissemination ofthe resuls obtained throughouthis PhD projectwas attainecdby means of
researcharticlespublished inpeerreviewed journa and presentatios at scientific conferencegsee

Annex 1andAnnex 2).
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Figure 16 | Schematiacepresentation of thetructure of thehreeyearPhD project
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4 STUDY #1: EFFECTS OF A SYNBIOTIC ON BROILER S EXPOSED TO

THERMONEUTRAL AND HEAT STRESS CONDITIONS

Note:The results oéxperimenS1E1 have been publishétbr more information, please referAanex
1.

4.1  Highlights

w A nutritional strateggombining poshatch and irffeedsupplementations ofsynbioticpreparation
wastested

w Underthermoneutraktonditions, thesynbioticimproved feed efficiency and footpad health and
modified thececalmicrobiota composition

w Supplemented birds showeadcreasedabundance ofirmicutes (e.g.Bifidobacterium longum
Lactobacillus panisLactobacillus reuteriand Clostridiagndreducedabundance of Bacteroidetes

w More information about the effects of the synbiotic onghstrointestinainicrobiota is needetb
establish whether thdifferencesobserved werdghe causes or consequencesimproved feed
efficiency.

w In a smalscale experiment, theynbiotic did not mitigate thempactsof heat streson body

temperaturer growth performance

4.2  Background and Aims

As discussedn detail before(see sectior2.3 AiExploration and Modulation of the Chicken
Gastrointestinal Microbiota 0, S ub s D iADDITIVES 0,) probiotics, prebiotic and
synbiotics her eaft er r eglaeeheeshdwntopositvelyaffedi theo@l ecasygstem and
favor eubiosisbenefitingthe host they are administered fithese products have been included
poultry dietsto compensatéor the drawbacksof phasng AGPsout, such asncreased occurrence of
entericinfections and losssof growthperformancéPatterson and Burkholder, 2003; Yang et al., 2009;
Gaggia et al., 2010; Gadde et al., 2017; Tayeri et al., 2048} the last yeargjoticshavealsodrawn
the attention of poultry nutritionists looking for solutions to alleviate the negative effdd&on birds

showing promising resul{&ugiharto et al2017 RingseisandEder, 2023).
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Additives containing probiotibacteriahaveusuallybeenadministeredhrough feed or drinking
water during the growth cyclef poultry( J ha et al . |, 2020 ;;thahisdhy théy Ha c k
have traditionally been callddd i -f e dt mi c(MilestandeBbatwalla, 1991However growing
awareness dhelongterm impactf stressorso which young birds may be exposed during the early
stages of lifeimprint of the microbiotaon the development of a healthy, welhctioning GIT, and
advantageof early nutrition for gut health and growth performarafepoultry (see sectior2.3
fiExploration and Modulation of the Chicken Gastrointestinal Microbiota 0 has led scietists to
studyother delivery methods for these produgthich can be chickor embryetargetedThe pioneers
in thisfield were Goren et a{1984) whoproposed spraying a probiotic preparation on the feathering
of newly hatched chicks to protect them agaiBatmonellainfection, and Cox et ak1992) who
injected probioticén ovoto makechicks, also in this case, more resistanSaimonella

Postnatal treatmentsi t h A havedeen shewd to Iparticularly effective athe immature
microbiota of baby chicks is malleable and, consequevdly,susceptible tonodulatinginterventions
(Baldwin et al., 2018; Jurburg et al., 2019; Proszkowiaglarz et al., 2022; Kayal et al., 2022)
Nevertheless, rather than replacing the traditiahetary administrationsperinatal application®f
fi b i omay bespart of mukstep treatment plane permanenthshape the microbiot@andconstantly
support thegrowth ofhealthier, more efficient, and stragsistant chickengor example, Blankenship
et al.(1993)sprayed a CE preparation at the hatchery and administered the same product via drinking
water at the farm, showing that this tst@p treatment was effective in controllidgimonelldanfection.
Anyway, these authors did not establish whether the double intervention was essential to fully exploiting
the CE effect of the probiotithey were testingA few years later, however, Chen et (@998)were
able to demonstrate that combining a spray application of a CE preparation onto broiler hatchlings with
a subsequent treatment by oral gavage was more effective in reducing inteslimitation by
Salmonellathan using the delivery methodse at a timgsuggestinghat the double administration
produceda synergistic effect.

Besides pursuing a protection against pathogens, however, early applications of these microbiota
modulators havéeen shown to enhangeat health, welbeing, and growth performance of chickens

(Rubio, 2019)Therefore SIE1was conceiveéto evaluate the effects atreatmenprogramcombining
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posthatch and ifeed supplementatisnof a synbiotic preparation on growth performance,
pododermatitis (used as @&Mare indicatoy, and cecalmicrobiota of broiles. In addition, thebility of
this nutritional strateggo mitigate the effects of HS on broiler performance was tes®ti2 It should
be noted, however, th#tte PhD candidate conduct8dE2primarily to familiarize himself with the
management agxperimental facilitieso be usd in later phases dfis projectto runtrials with broilers
under HS conditions herefore despitebeing obtained with scientific rigothe resultsof S1E2should

be interpreted with cautigespecially due to the limited number of replicates used

4.3 Materials and Methods

EXPERIMENTAL DESIGN, HOUSING, AND HUSBANDRY CONDITIONS

In S1, approved by the Ethical Committee of the University of Bologna 1029, birds were
reared, monitored, and slaughtered in compliance with EU legislation (i.e.2@iv/43/EC, Reg.
2009/1099/EC, and Dir. 2010/63/EWeed and water were providad libitumthroughout the trialef
this study

For S1E1, 500 oneday-old male Ross 308 broilers, obtained from the same breeder flock and
hatching batch, were supplied by a commercial hat¢laggvaccinated against infectious bronchitis,
Mar ek 6 s, Newcastl e and Guhhbte mawhery, hifsobthesckicks (i.ea n d
250) were alsdreated with a synbiotic (PoultryStaHatchery Biomin Holding GmbH Getzersdorf,
Austria) containingBifidobacterium animalissp.animalis Lactobacillus salivariusssp. slivarius,
Enterococcus faeciunand FOSFollowing the manufacturér sistructionsthe synbiotic preparation
was dissolved in water (100 g preparation/10,66i¢ks) and sprayed on thdéeatheringof chicks
Treated and untreated chicwere transported in distinct boxes dn experimental poultryparn. At
placementchickswere assigned to 2 experimental group@replicate pens/grou@ccording to the
posthatch treatment with the synbiotic: those untreatetefed a commercial ABF basal diet in mash
form (CON1), while tho® previously treatedvere fedthe same basal diet supplemented vifith
microencapsulated form of the synbiotic for feed applicat®viN1; PoultryStaf me, Biomin). The

threephase feeding trial lasted 4Z%ice., starter, &4 d; grower,15-28 d; finisher,29-42 d). Foreach
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feeding phase, the basal dianhnex 3) consisted of single batclof coarsely ground madbed, and

the subbatches intendefbr SYN1 replicates were supplemented on top wli microencapsulated

synbiotic at 1,000, 500, and 250 g/ton feed dutimggstarter, grower, and finisher phase, respectively

The floor pens were arranged in a block design and equippedvaitth shavingas bedding material,

abell feeder, and nipple drinker§he environmental temperature was modified according to the flock

age and the breedi rAyiagenp 28T heyadificial photeperiod was 23b:1Ds

during the first 7 and last 3 d, while 18L:6Dr the remainder daysllowing EU legislation (i.e., Dir.

2007/ 43/ EC) and the breeding c oprmouessing aaggmentd el i n
(Aviagen, 2018)

For S1IE2, 300 oneday-old male Ross 308 broilerprocured and vaccinated as detailed above,
were usedAt the hatchery, half of the chicks (i.e., 150) were also treated with the same synbiotic tested
in S1E1. Treated and untreated chicks were transported in distinct boxes to an experimental facility
consisting of 2 identical environmental chambhbeseafer referred to aooms Each room was divided
into 6 equally sized floor pens equipped as previously describeidkswere assigned to one of two
experimental groups (i.68 replicate pens/group/rooamranged in a block desigaccordingo thepost
hatch treatment with the synbiotic: those untreated were fed a commercial ABF basal diet in mash form
(CON2), while those previously treated were fed the same basal diet suppleroenigowith the
microencapsulated form of the synbiot®Y(N2) asin S1EL1 In this case, however, the inclusion levels
were 1,000 g/tofeedduring the starter phase-1® d) and 500 g/ton feed duribgththe grower (16
29 d) and finisher phase (3Q d). Annex 3 provides the formula and composition of the balel
which, & before, wasa coarsely groundnash feedfor information on particle size, s€@otnote 24).

The artificial photoperiod was adjusted as descrésatier Environmental temperature and RH were

recorded with climate data loggers (Trotec GmbH, Heinsberg, Germany) located at areif@dldata

24The particle size of the mash feed was as follGw&b).

Particle size (mm)
2.80 240 1.70 1.20 0.85 0.60 0.25

Feeding phase

Starter 28 138 189 172 131 95 246
Grower 34 159 20.0 16.0 121 8.9 23.7
Finisher 46 183 214 157 110 79 211
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loggers/room having a recording time of 90048 .for the temperature program, the rooms were kept

at TN conditionauntil D32 and at constant HS from B®nwards (i.e., temperature was raised to and
maintained at-30 °C all day long from D3 to D41). During the HS period, Rivas adjusted with

humidifiers (Trotec GmbH) andnged betweeB5and65% infroomT N0 and bet ween 55 3

froomH S (Figure 17).

Figure 177 S1E2 | Average daily temperatura@)(and RH b) of the two rooms
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DATA AND SAMPLE COLLECTION

For S1E1, on a replicate basis, the number and BW of birds were recopdieceaten{DO0), at
every feeding phase switch (880), and at slaughter (D42), while FI was measured for each feeding
phase Daily weight gain DWG), daily feed intakgDFI), and FCR were calculated for the feeding
phases separatetyndcumulativeperformance traitevere calculated for the entire rearing periogtf)
d). The number and BW of dead or culled birds were recorded daily to compute the mortality rate and
correct the performance data for mortality. At slaughter (D42) in a commercial abattoir, gy
processechdividually. Footpad dermatitisHPD) were measurelly specially trained personnah one

foot perprocessedird (i.e., more than 206bservations/group)singa 3point scale: score 0, no lesions;
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score 1, mild | esions (O 0. @&kstcanetal.,h 4998 hisscorhg sever
was perfomed in a blinded fashiom addition, me bird per replicate (i.e10 birds/group)with a BW

close to the flock averageas selected for clelction of cecalcontent samplesvhich werefrozen in

LNz and stored &80 °C until DNA extractionfor 16S rRNA amplicon sequencing.

For S1EZ2four representative birds per pen (iX2birds/grougroom) were randomly chosen and
labeled to measure the rectal temperatith a veterinary thermometer (Scala Electronic GmbH,
Stahnsdorf, Germany). The rectal temperature was taken at three time points: one day before the
beginning of the HS perioan thethird day of the HS periqdand at the end of the triat 9:00 AM.

Growth performance data were collected as described before, but in this case cumulative FI and
cumulative FCR wereomputed for the period consisting of a feeding phase and its previoos&se/

(i.e., starter + grower; starter + grower + finisher)

LAB ANALYSIS

For S1E, DNA was extracted frooecalcontentsamples using a bedmating procedureas
illustrated inthe work by De Cesare et al(2017) Libraries were prepared following the 16S
Metagenomic Sequencing Library Preparation protoe@ased byllumina (San Diego, CAU.S),
amplifying the V3 and V4 hypervariable regions of 16S rRNA gene to obtain a single amplicon of
approximately 460 bp. Sequencing was performed in paindcemployinghe MiSeq System withhe

MiSeq Reagent kit v2 500 cycles (lllumina)

DATA ANALYSIS

For S1H, a oneway ANOVA with blockswas used to evaluate the effect of diet (i.e. gitoeip
factor) on growth performance, using the replicate as the experimentalQmngtreplicate of group
CON1 was excludeffom statistical analysidue to dailure of thedrinking sysem Mortality rate data
were transformed using the arcsine transformation before being analyzed with inferential statistics.
Count data of FPD wer e-sqaared test usimgl theveantpled amrmahasshe n 6 s
experimental unit. Count data weakso arranged in 2 by 2 contingency tables aligtiiedevels of the

group factor(i.e., CON1 and SYN1and having binarily aggregated scores of FPD in columns (i.e.,
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Aipresencedo as a sum of counts of score 1 and sco
risk ratio was computed on these tables wjgiRpackaggStevenson et al., 202&j R (R Core Team,
2020) The risk of developing FPD was calculated as incidence risk ratio minus 1 and expressed in
percentage. A conf i denc e-squardd st weselusedtb tefiticikenaen d Pe a
risk ratio significanceThese analyses were carried out witlifRCore Team, 2020With respect to
the analysis ofecalmicrobiota data,ite MGRAST analysis servgMeyer et al., 2008)vas utilized
for taxonomic identification by mapping the sequencing reads agh@SiLVA databasgPruesset
al., 2007) The bacterial abundance matrix downhespeciedevel wasdownloaded from MEGRAST
for statistical analysisvith STAMP v2.1.3(Parks et al., 2014)singWe | ctHe8tsvithgroup as the
experimental factor anthe sampledanimal as the experimental unR:values less than 0.05 were
considered significant, while those ranging between 0.05 and 0.1 were considered tendencies.

For S1E2the effect of diet (i.e., the grodigctor) on growth performancef the starteand grower
phase wasassessedith a twoway blocked ANOVA without interactigrconsidering theoom as a
fixed factorandusingthe replicate as the experimental ufiihe finisher phase dathoweverwere
analyzed as a factorial arrangement of group and room using -aaydlocked ANOVA with
interactionT u k e y 6 s -hdbStEst waousdiineeded Mortality rate data were handled as before.
Rectal temperature data were analyzed through a-thmgemixed ANOVA, a type of repeated
measures ANOVA that includes betwesrbject factors (i.e., group and room) and wiibject
factors (i.e., time point). After verifying that there was no statistically significant-thagenteraction,
rectal temperaturgata were grouped by the factors group and room to run paests with Bonferroni
adjustment between time pointshélse analyses were carried out usinRRCore Team, 202(nd
considering 0.05 as the significance threshBlglalues ranging between 0.05 and 0.1 were considered

tendencies.

4.4 Results
Table 4 provides the growth performance of group CON1 and group SYNL1 in thephase
feeding trialof S1IE1. At placement, chickshowed an average weigbit approximately49 gwith no

significantdifferences attributable the posthatch treatment with the synbiatis mortality of 2.33%
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was recorded for group CON1, white birdsof group SYN1diedfrom DO to D14 mortality therefore
differed (P < 0.05) between groups during trstarterphase.In the later phases, FCR was the only
performance traiinfluencedby thegroupfactor, with SYN1 birds showing lower valudtan CON1
birdsat the end of the grow¢t.570vs.1.509 P < 0.05)and finisher phasgl.809vs.1.753 P = 0.0J).

As also shownin Figure 18, FCR was the only performance parameter that significantly differed

between groupi the entire triatoo (1.643vs.1.596 for CON1 and SYNL, respectiveR< 0.01).

Table 41 S1E1 | Growth performance of groups CON1 &dN1at the end of each feeding phase and
in the entire trial (842 d)

Group”
CONL SYNL SE P-value
Chick weight (g/bird) 49.60 49.23 0.80 0.339
Starter (0-14d)

Dependent variable

BW (g/bird) 470.0 4621 23.34 0.482
DWGS (g/bird/d) 29.81 29.40 1.69 0.690
DFI8 (g/bird/d) 39.49 3950 3.04 0.998
FI8 (kg/bird) 0.553 0.553 0.04 0.998
FCR 1.325 1.340 0.04 0.453
Mortality % 233 0.00 0.08 0.012
Grower (15-29 d)

BW (g/bird) 1,731 1,755 55.33 0.355
DWGS (g/bird/d) 83.91 85.8. 294 0.198
DFI8 (g/bird/d) 1317 1295 5.48 0.407
FI8 (kg/bird) 1.975 1.942 0.08 0.407
FCR 1.570 1.509 0.06 0.047
Mortality (%) 0.00 0.83 0.06 0.200
Finisher (30-42 d)

BW (g/bird) 3,175 3242 85.59 0.128
DWGS (g/bird/d) 1115 1142 5.00 0.268
DFI8 (g/bird/d) 201.5 200.0 6.80 0.633
FI8 (kg/bird) 2.620 2.599 0.09 0.633
FCR 1.809 1.753 0.04 0.010
Mortality (%) 0.00 0.87 0.07 0.200
Entire trial (0 -42d)

BW (g/bird) 3,175 3,242 8559 0.128
DWGS (g/bird/d) 7427 758 2.01 0.120
DF I8 (g/bird/d) 1207 119.4 3.95 0.514
FI8 (kg/bird) 5.147 5.094 0.17 0.512
FCR 1.643 1.596 0.03 0.004
Mortality (%) 2.3 1.6/ 0.14 0.615

AMeans ofl0replicate pens/groufi replicate pen of group CON1 was excluded duedoriing system failure
8 Corrected for mortality.
Note: P-values less than 0.05 are in bold.
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In S1E1, the occurrence BPD was found to be related to the group factor, with group SYN1
showing a greater percentage of healthy footpad, namely a ligieence of FPD with score O than
group CON1 P < 0.001;Figure 19). In addition, the incidence risk ratio analysis showed that SYN1
birds were (29 (95% confidence interval of 0.15 to 0.56) tiresss likely to develop FPD than CON1
birds; that is, treating birds with the synbiotic reduced by 71% the relative risk of developing EPD (

0.001).

Figure 187 S1E1 | Cumulative FI @), final BW (b), and cumulative FCRc) of groups CON1 and
SYNL1in the entire trial (12 d)

256 b 3,600 € 180
NS
55 3,500 1.75
NS *k

Ts4 3,400 170
2 5 ' &
[=)] i
S 0 [T
=53 53,300 o 1.65
o E 2 Group
S o = @ CON1
s52 — 3,200 2 1.60 B SYN1
o © E
S £ S
E iC o
=
351 3,100 1.55

5.0 3,000 1.50

4.9 2,900 1.45

CON1 SYN1 CON1 SYN1 CON1 SYN1

Note:Meansof 10replicate pens/grouare the black dots inside the boxgseplicate pen of group CON1 was excluded due
to afailure of thedrinking system) NS, not significant**, P < 0.0L.
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Figure 197 S1E1 |Incidence and severity of FPD of CON1 and SYNL1 birds at D42
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Analysis oftaxonomicaldata ofcecalsamples collected iB1E1?° showed thathe phyla(Figure
20) Actinobacteria and Firmicutes were more abundantgroup SYN1 (P < 0.05) whereas
Synergistetesand Bacteroidetes had a higher abundance in group C(EN4 0.01 andP < 0.05
respectively)Similarly, & theclass leve(Figure 21), the abundances of Actinobacteria aldstridia
were garter in SYN1 birds, while Bacterigidvere moreabundant in CONbDirds (P < 0.05) In the
order Bacteroidalesthe generaBacteroides Parabacteroidesand Prevotellawere significantly less
abundant ingroup SYN1than group CON1 with the abundance of the gen@sllinsella varying
oppositely Focusingon bacterial speciegshe abundances difidobacterium longumcCollinsella
intestinalis Lactobacillus panis Lactobacillus reuteri uncultured Streptococcussp., Clostridium
cocleatum Clostridium difficile Clostridium innocuum Eubacterium ramulus Peponiphilus
asaccharolyticusRuminococcus obeytlautia productaBlautiasp. Ser5, anBggerthella lentavere
significantlygreateiin group SYN1 whereag&ubacterium rectaleBacteroides fragilisBacteroidesp.
1AL, Finegoldia magna Prevotella pallens and Synergistetes bacteriurBGP1 showed higher

abundances igroup CON1

25 Sequencing data are available upon request
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Figure 207 S1E1 |[Mean relative abundancehiblogically relevant bacterial phylia thececalcontent
of CON1 and SYNbirdsat D42
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Figure 217 S1E1 | Mean relative abundance bfologically relevant bacterial classes in tbecal
content of CON1 and SYN1 birds at D42
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Turning now to the results &1E2,Table 5 presentghe growth performance of groups CON2
and SYNZ2 in thehreephase feeding trialGroup SYN2 showedhigher FCR (P < 0.05)than group
CON2in the starter (2.9%) and grower (%.6%) phaseas well as in the periothat combineshese
two feeding phaseét+4.6%). Furthermore BW and DWG of SYN2 birdsvere lower than those of

CONZ2 birds in the grower phaseith P-values approaching or reaching statistical significgth¢g39
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and 73.07 ¢s.1,477 and 69.22 g, for CON2 and SYNZ2, respectivdliiefactorial arrangement dfie
data revealed no signifintinteraction between group and room on growth performance of the finisher
phase, though DWG and FCR showed a weak interactive effect heading toward signifca0d@s).
The main effect of room, however, was consistently significanall performancéraits, except for
mortality. | ndeomd SO0 bs hdwedkepéedumedi BW, DWG, and
FCRcomagr ed to their ¢ oeomT N oPpvdluedless thare @OL éod most of the
dependenvariables) Cumulative Fl and cumulative FCR mirrored {bst mentionedifferences in Fl
and FCRbetween roomsOn the other hand, the group factor did ndtuence the performance
parametersf the finisher phasi a significant manner

The rectal temperature GON2 and SYN2 birdare reported ifrigure 22. Theraw dataanged
between 40.4 and3 °C. Thethreeway mixed ANOVA used to analyze thedata did noshowa
significant interaction between group, room, and time g@&int 0.05).The effect of group waalsonot
significant P > 0.05),butthoseof room, time point, and their interaction wemmnsiderablé¢P < 0.001).
On | y roomH Sfihe pairwise comparisons indicatedsignificant increase in rectal temperature
between one time point and the next for either gii@upalues even less than 0.000dxcept forthe
T2-T3 contrastfor group SYN2(P > 0.05) I nroomT N o , howev er rectantemperatueen ge i r

between time point&as found (P > 0.05)

4.5 Discussion

Feeding chickens microbial supplements immediately after hatch has been shown to promote
early colonization of their GIT by desirable bacteria, with positive effects on health and productivity
(Ritzi et al., 2016; Baldwin et al., 2018)herefore, S1E1 aimed at evaluatimyv a supplementation
program of a synbiotic combining a pdstich treatment (i.e., preparation sprayed onto newly hatched
chicks) and dietary administrations during the growth cycle (i.e., microencapsulated form of the
preparation added to the feed) affects growth performance, footpad health, and cecal microbiota of
broilers. The treated group, SYN1, showed significant improvements in mortality in the starter phase,
FCR in the grower and finisher phases as well as in the entire2r#), and FPD at processing (D42).
Despite being of interest for the industry, teduction in mortality potentially ascribable to the synbiotic
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supplementation should be interpreted with caution due to the quite modest number of birds per pen
(i.e., 25), which may have made mortality rate a parameter very susceptible to changeotbarthe
hand, the enhancement in FCR and FPD can be considered a sound resulttbecawsere many
replicates per experimental grofie., 10), asvell asfootpad observations at processing (i.e., more than
200/group). According to Shepherd and Fairck#@10) FPD is a multifactorial problem in poultry,
but litter quality and littermanagement play key roles in its etiology. It can be hypothesized that the
reduction in pododermatitis incidence for SYN1 birds was an indirect consequence of their better FCR
potentially leading to a mitigation in FPD predisposing factors associatétgtodiich as high moisture
levels as Sirri et al2011) suggested. Further studies on this synbiotit witgreater focus on litter
quality are therefore recommended.

It is intriguing to examine the improvement in FCR in light of the modulatory activity synbiotics
have been shown to have on the microb{see sectior®.3 fiExploration and Modulation of the
Chicken Gastrointestinal Microbiota o , s u b BE&B ADDIG WESTD .)It has been demonstrated
that broiler flocks with diférent feed efficiencies have distinct intestinal bacterial composiffamek
et al., 2011; Stanley et al., 2013}anley et al(2014)have also claimed that the microbiota influences
the productivity of chickens and factors that shape the microbiota may, in turn, affect bird performance.
It has been reported that the microbiota plays a piva&imenergy harvesting processes from the diet,
thereby affecting the energy balance of the fB&atkhed et al., 2005)n S1E1, significant changes in
the microbiota composition between control aupplemented birds were observed. The relative
abundance of Actinobacteria and Firmicutes increased, while that of Bacteroidetes decreased in response
to the synbiotic administration. The Firmicutes to Bacteroidetes ratio was therefore higher in group
SYN1 than in group CONL1. This parameter has become a hot topic for scientists who study the
relationship between the microbiota and human hdadthet al.(2006)found a shift toward Firmicutes
in obese individuals, whereas other researchers suggested that this ratio has no association with

overweight or obesit{Duncan et al., 2008; Schwiertz et al., 2010; Delzenne and Cani, 2011)
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Table 517 S1E2 |Growth performance of groups CON2 &N 2 in the thregohase feeding trial

Dependent variable
Feeding phase Factor Chick weight  BW DWG? DFI3 FIS Cum. FIST FCR® Cum. FCRS " Mortality
(g/bird) (g/bird)  (g/bird/d) (g/bird/d) (kg/bird)  (kg/bird) ' (%)
Group
Starter? CON2 42.41 5141 31.3® 44.85 0.673 / 1.429 / 2.00
(0-15 d) SYN2 41.8 5081 31.02 45.38 0.684 / 1.470 / 2.00
SE 0.69 20.93 1.35 1.89 0.03 / 0.00 / 0.09
P-value 0.274 0.641 0.659 0.534 0.534 / 0.015 / 1.000
Group
Grower? CON2 / 1,539 73.07 1205 1.687 2.360 1.650 1.580 0.69
(16-29 d) SYN2 / 1,477 69.22 1202 1.682 2.366 1.742 1.652 0.67
SE / 46.29 2.46 3.99 0.06 0.07 0.06 0.04 0.09
P-value / 0.068 0.042 0.894 0.894 0.875 0.042 0.026 0.990
Group
CON2 / 2,626 90.8 1817 2.180 4.540 2.035 1.763 0.00
SYN2 / 2,590 92.56 1754 2.104 4.470 1.962 1.765 0.69
Room
TN / 2,818 1091 194.2 2.330 4.684 1.784 1.689 0.00
. " HS / 2,39 73.93 162.8 1.954 4.326 2.214 1.840 0.69
Finisher Grounp x Room
(30-41d:; d
constan:[HS CON2TN / 2,821 105.2 196.4 2.357 4.738 1.867 1.708 0.00
from D33 SYN2-TN / 2,814 113.0 192.0 2.304 4.629 1.700 1.671 0.00
onwards) CON2HS / 2,431 75.94 1669 2.003 4.341 2.203 1.819 0.00
SYN2-HS / 2,366 71.92 158.7 1.905 4.311 2.225 1.860 1.39
SE / 32.95 4.47 11.36 0.14 0.16 0.07 0.05 0.06
P-value
Group / 0.132 0.509 0.390 0.390 0.495 0.156 0.944 0.374
Room / <0.001 <0.001 0.009 0.009 0.018 <0.001 0.007 0.374
Groupx Room / 0.204 0.084 0.793 0.793 0.690 0.085 0.244 0.374

AMeans of6 replicate pens/group.

Yn=3r epl i cat e penrsomlyg & eemperature wasraiset to and maintaineeBat’C all day long from D33 to D41
TComputed for the period consisting of a feeding phase and its previous one/onesu@uiative.

Note: P-values less than 0.05 are in bold.
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Figure 227 S1E2 |Rectal temperature of CON2 and SYNZ2 birds in the two rooms at three time points
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Note: The rectal temperature d2 labeled birds/grouppomwas measured at three time points at 9:00 AM: T1, one day before
the beginning of the HS period (D33); T2, the third day of the HS period (D35h& &jal endD41). Group means are the
black dots inside the boxes.P < 0.05 ***, P < 0.00% ****, P < 0.001.

In this heated scientific debatine resultsof SIE1 seem tosupport the hypothesis thhaigh
Firmicutes to Bacteroidetes ratios anesitively related tothe efficiency with which e microbiota
collecs energyfrom thedietand maks it available tathe host Also in this case, howeveahere is no
lack of opposite resultsuch as thosef Han et al.(2016) who foundno relationship betweethe
Firmicutes to Bacteroidetes ratind BWin broilers. More thorough investigations are therefore needed
to clarify whether and howvthis parameterand the possible effects of synbiotics on it, af@mergy
balance, BW, and FCR in chickens.

The establishment and development ofa@lvantageoudacterial consortium in theecaof
synbioticsupplemented birds may have promoted their feed efficielidye abundances of
Bifidobacterium longunandCollinsella intestinalisvere higher irSYN1 birds Thebeneficial effects
of the genusBifidobacteriumfor poultry andlivestockhasextensivelybeen documente@AO, 2016)
andCollinsella intestinalidhas been shown fwroduce formate and lactate via fermentafidageyama
and Benno, 2000)Moreover SYN1 birds showeda greater abundance dfactobacillus panis
Lactobacillusreuteri, and unculture&treptococcusp, all of which are LABA huge number oftudies
have assessed members tife genusLactobacillusas probiotic candidates fanimal nutrition,
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frequently obtaining positiveesults in relation thealth and performangagomotion(FAO, 2016) The
extraordinary importance of organic acids of microbial origin andhealrole of Bifidobacteriaand
LAB for the GI ecosystem, gut health, and host physiolbgyebeen explained in detail befofsee
sectiors 2.2 filntestinal Epithelium, Immunity, and Microbiota: Three Pillars of Gut Health ¢ and
2.3fExploration and Modulation of the Chicken GastrointestinalMicrobiotad, s u b sFelEDt i on A
ADDITIVES 0). The abundance ofeveralClostridia significantly increasedue tothe synbiotic
treatment such asClostridium difficile Eubacterium ramuluys Peptoniphilus asaccharolyticus
Ruminococcu®beum, Blautigoroducta, Blautiasp. Ser5 Additionally, Clostridium cocleatunand
Clostridium innocuuntbelonging to the cladsrysipelotrich) werealsomore abundant in the synbictic
fed group.Although no confirmationof potential benefitérom these bacteribave been found ithe
literature, especially regardir@jostridium difficile(Czepiel et al., 2019mostof themhave been shown
to produce useful SCFA@Moore et al., 1976; Ezaki et al., 1994, 2001; Liu et al., 2008a; Lawson and
Finegold, 2015) So, their increased abundance might have Hesmeficial for the health and
performanceof SYN1 birds Within the classClostridia, the decreased abundanceEabacterium
rectalein the cecaof group SYN1was also observeth humansthis bacterial species, along with the
renowned~aecalibacterium prausnitzihas been shown to produce large quantitiésitfrate(Riviere

et al., 2016)Its reduction may threfore be considered an unfavorable eftédhe synbiotic treatment
becausdutyrate has been shown to be essentigbfdromeostasifLiu et al., 2018) Nevertheless, the
significant increase itheabundance dtubacterium ramulysanother butyrate produc@vioore et al.,
1976) may havecompensated for the reductionBabacterium rectalén group SYN1 Cecalbacteria
able to produce butyrate have been associated withpeidbrmance inbroilers(Torok et al., 2011;
Stanley et al., 2012)nterestinglyit has been suggesté#uhtthe ability of cecalbutyrate producer®
promote broiler growth can be linked tocrossfeeding mechanismanvolving them andprobiotic
bacteriasupplementedo birds (Huyghebaert et al., 2011; De Cesare et al., 200fgrefore,it is
possible that the probiotics ingested with the supplement testechigtehaveindirectly supported the
growth of SYN1 birds through mediation of butyrgi®ducing bacteristimulatedby themselves

Anyway, thepossiblyhigher concentration afsdul organic acids irthe cecaof birdstreated with the
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synbiotic is to beonfirmedin future studieby means o$pecific analysesf thechemical composition
of the cecaldigesta

Supplementedbirds of group SYN1werealsocharacterized by significantly lower abundances
of Bacteroides fragilimndBacteroidesp. 1ALthan their control counterpartshas been reported that
propionate produced yacteroidespositively affect gut healtin humangRios-Covian et al., 2017,
Jacobson et al., 2018@8nhd someBacteroidesspecieslike B. thetaiotaomicronand B. vulgatus have
been testeth vitro as components of a probiotic preparation intertded-establishgut eubiosis after
antibiotic treatment¢El Hage et al., 2019)t had thereforebeen hypothesizethat an increase in
Bacteroidesabundance would have been desirable for synbsofiplemated birds.The results
however,appearto contradictthis hypothesisas birds with greater performance, ahdslikely in a
better health state, showadlecreased abundanceBaitteroidesBesideBacteroidetesthe synbiotic
treatmentmight havereduca pathogen loadn the ceca The abundances dfinegoldia magna
Prevotella pallensand SynergistetebacteriumSGP1were found to be lowein the supplemented
group Thesebacteriaor at least the genus they belong to, have been associated to infections and severe
diseasegVartoukian et al., 2007; Debrah and Feingold, 2012; Rosenthal et al., 2012; Uzal et al., 2015;
Ley, 2016; Brook, 2017 SYN1 birds may therefore have benefited from their decdeabandance
On the other handheincreased abundanaé Eggerthella lenta(formerly known asEubacterium
lentun) is controversial and difficult to interprbecausehis bacteriunhas been shown to be involved
in numerous illnessg§ardiner et al., 2015)

Taken together, the results of SIED N f i rm t hat e ar |sycomabmedlwithc at i on
their dietary administration during the growth cycle benefcial to the health and performance of
broilers. The two-stepsynbiotictreatmentestedhere improved feed efficiency and, likely because of
this, reduced pododermatitik.can besupposd that he differences between tteecalmicrobiota of
control and supplemented birds were reldtethese positive resultdNonetheless, Pan and Y2014)
have urged the importance of conductinmore and morén-depth investigationsto determineif
modificationsin themicrobiotaarethecauss or consequens®f changes ifieedefficiencyof poultry.

More informationaboutthe effects of the synbiotistudiedon the microbiota of broilers is therefore

needed.
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Althoughthe primary aimof S1E2was to gain expertise in managing experimental facilities to
runHS trials in it is still worth briefly commenting oits results.Unexpectedly, before HS was applied,
synbioticsupplemented birdsf group SYNZhowed worsgrowth rate anéeed efficiency than control
birds of group CON2 therebypatrtially disagreeing with thémprovement inFCR observed ir51E1.
The literature, howevemffers inconsistent findings about tiperformanceresponseof broilers to
i b i o supptemeitationwhich may contradict the efficacy tifis product categor{Blajman et al.,
2014; Ducatelle et al., 2015)he variability in the outcomes depemh several factors that are believed
to considerably affecthe activity of A b i o bricefedoto birds, such astorage conditions,
administration level, frequency of application, diet, farm hygianamal agehealthand physiological
state conditions of thesGl microbiota, and persistenoyf the additive componentis thegut (Yang et
al., 2009; Huyghebaert et al., 2011; Blajman et al., 2014; Gadde et al., 2aditionally, it has been
reported that feed additives intended to modulaetmposition of Ginicrobialcommunities, like the
synbioticusedhere aghemicrobiota analysis db1E1 suggestmay produce inconsistent performance
responses if they fail to influence thlundance of specifttacteriataxaunder different trial coditions
(Walsh et al., 2021)Further studiesn this synbiotic with broilers keph TN environmentscan
therefore be necessary to validdte positiveperformanceesults obtained in S1Hutcontradictedy
datafrom the firsttwo feeding phasesf S1E2.

As expected, he application of HS during the finisher phase of Sl&isedsubstantial
deterioration in growth performanceonfirming what has previously been discus@&s sectior2.4
fiRaising Chickensint h e fi Hot h o u'keeEffeEts of HehtStres® .)However, sybiotic
supplementation did not improve performance or mitigate the negative effects of HS on them or rectal
temperatureAlthough a multitude of studies haweenthatfib i o tcantedpdoroilers withstand HS
(Sugiharto et al.2017 Ringseisand Eder, 2022, the synbiotic in questiowas first tested under HS
conditions in the present studsacility limitationsled to designS1E2 asan experimenthat, upon the
beginningof HS,would havecaused considerable reduction in thember ofreplicateslt was known
that this statisticalconstraint would havendoubtedly impinged on the reliability dfe performance
data collectediuring the HS periodbut, asstatedearlier, demonstrating thefficacy of the synbiotic

against HSwas not the chief godbr S1E2 Care must therefore be takesen interpretinghe HS
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related results of S1E& whendrawingthe conclusionthat this synbiotic does not definitely work to
counteract HS in broilergor this reasonS1E2would beworth repeating with more replicates to get
sounderperformancedata and,possibly with the analysisof the GI microbiotato make useful

comparisons witlother studies
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5 STUDY #2: EFFECTS OF A MURAMIDASE ON BROILER SEXPOSED TO

THERMONEUTRAL AND HEAT STRESS CONDITIONS

Note: The results oéxperimenS2E1 have been publishé&thr more information, please referAanex
1.

5.1 Highlights

w Dietary supplementation of a novel fegihde muramidase wasvestigated

w The muramidaséncreasedfinal body weightand reduced cumulativéeed intakeand feed
conversion ratidn a dosedependent wayi.e., 450 > 250 > 0 g/ton feedandthe highest dose
reduced the risk of developing footpad lesionbroilers reared in a thermoneutral environment

w The highest doselecreasectecal alpha diversity,the Firmicutes to Bacteroides ratio and
abundance of bacteria knowa be butyrate producergeg., Clostridia, Roseburia intestinaljs
Ruminococcus albysand Eubacterium rectale as well asincreasd the abundance of
BacteroidaceaandLactobacillaceae

w The enrichmenin bioenergetianetabolitesandreductionin pro-oxidantonesin plasmaindicate
that a more balanced energy metabolism haefavoredthe growthof birds supplemented at the
highestdose

w A muramidasédasedfeedadditive wadirst testedin a pilot studywith the aim of alleviating the

effects of heat stresen broilers but it failed to meet expectations.

5.2  Background andAims

As mentioned earlier (see sectich3 fExploration and Modulation of the Chicken
Gastrointestinal Microbiotad, s u b s e cREED nADDIRIVES 0,) supplementing dietary
muramidasefiasbeen shown tbe beneficial formonogastric food animalsuch agigs (May et al.,
2012; Ma et al., 2017; Xu et al., 2018cbbits (EL-Deepet al., 2020)and chickengLiu et al., 2010;
Gong et al.,, 2017)The positive effectof muramidases dve predominantly been attributed to a
modulation ofthe microbiota of treated animaléLiu et al., 2010; Gong et al., 2017; Xia et al., 2019;

EL-Deep et al., 2020)These enzyme$owever havealsobeen shown tbaveanttinflammatoryand
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immunomodulatorypropertiegLee et al., 2009; Ragland and Criss, 20&gconfirmedin studieson
broilers (Abdel-Latif et al., 2017; Wang et al., 2020a)

A novel feedgrademuramidase, obtained through a biotech proflestitenberg et al., 2017)
has beefloundto degrade bactetiaell debriscontaining PGNIt is thought that theemovalof luminal
PGN resuls in optimization ofnutrient digeston and absorptionandin favorable regulatiorof the
intestinal inflammatory response, with consequent improvements in gut health and perforofance
broilers (Goodarzi Boroojeni et al., 2019; Sais et al., 2020; Wang et al., 2020b; Pirgeizikey2021)
Neverthelessthe mechanisms of action of this muramidaisyetto be fully understoodnd besides,
no studies haveestedits supplementationor the use obther muramidasbased feed additiveas a
potential nutritional solutionot help broilerscombatHS?. The aims ofS2 weretherefore (S2E1)to
investigatehow ABF broilers respond to different inclusion levels of this muramidase in terms of growth
performancewelfare indicatorgi.e., FPD) breast muscle myopathiegcalmicrobiotg andcecaland
plasmdic metabolomego extended our knowledge of the mechanisms by wihishdietary enzyme
operates(S2E2) to conduct a pilatudyto see ifthis muramidase is worth administeritwbroilers

facingHS conditions

53 Materials and Methods

EXPERIMENTAL DESIGN, HOUSING, AND HUSBANDRY CONDITIONS

In S2, approved by the Ethical Committee of the University of Bologna (ID: 1277), birds were
reared, monitored, and slaughtered in compliance with EU legislatenir. 2007/43/EC Reg.
2009/1099/ECandDir. 2010/63/EU)Feed and water were providad libitumthroughout the trialef
this study.

For S2E12,3400neday-old male Ross 308 broilers, obtained from the same breeder flock and

hatching batchwere supplied by a commerciatichery andvaccinated against infectious bronchitis,

26The literature search was carried ousbgirchinghe Scopus database on March 01, 2021, entering the following
query string: (TITLE ((chicken OR broiler) AND (muramidase OR lysozyme) AND supplementation AND heat
AND stress AND NOT serum) OR ABS ((chicken OR broiler) AND (muramidase OR lysozyme) AND
suppgementation AND heat AND stress AND NOT serund. restriction on the date and type of publicaticas

set
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Mar ek 6 s, Newcastl e and GuAnplacemenindan exgeansertal poulteyn d € 0O «
barn birds were randomly assigned toeZperimentagroups(12 replicatgpenggroup)that werefed a
commercialABF basal diein mash form(CON1), or thesamebasal diet supplemented withfeed
grademuramidase (BalancifisDSM Nutritional Products) at P5low-dose groug MUL 1) or 45
g/tonfeed (highdose group MUH 1) for the entire trial (842 d). Annex 3 provides the formula and
composition of the basal diet according to fher-phase feeding program uséck., starter,0-9 d;
grower 1,10-21 d;grower Il,22-28 d;finisher,29-42 d).For each feding phase, the basal dignhex
3) consisted of a single batch of coarsely ground nfeet (for information on particle size, see
Footnote 24), andthe muramidase/as added on top to the shhtches intendefdr MUL1 and MUH1
replicates The analytical inclusion levels of muramidasehe feedmet theabovementionethrgets.
The floor pens were arranged in a randomized complete block design and equipped with chopped straw
as bedding material, twiell feeders, and nipple drinkei&he environmental temperature was modified
accordingto the flock age antt he br eedi ng c o (piageny Z0E3) Themagificielu ct i o n
photoperiod was 23L:1D during the first 7 and last 3 d, while 18L:6D for the remainddphiaying
EU | egislation (i.e., Dir . 2007/ 43/ EC) and the
processing managemeftviagen, 2018)

For S2E2 300 oneday-old male Ross 308 broilergrocured and vaccinated as detailed above,
were randomly placed inidenticalenvironmental chambersereafter referred to asoms The rooms
were divided into 10 equally sized floor pens equipped as previously desdiilegxbrs wereassigned
to one of two experimental groufise., 5 replicate pens/grouphd were arranged in a block design.
The controlgroup (CON2) wasgiven a conmercial ABF basal diein mash formwhile the treated
groupwasfed thesamebasal diet supplemented on top witluramidase at 4bg/ton feed MUH2)
throughout the trial (@2 d). Annex 3 provides the formula and composition of the basal diet according
to thethreephase feeding program used (isarter,0-14 d; grower, 15-27 d; finisher, 28-42 d) As
before, the basal diet wagoarsely groundnash feedfor information on particle size, s€é®otnote
24). The artificial photoperiod was adjusted as described above. Emerdal temperature and RH
were recorded with climate data loggers (Trotec GmbH, Heinsberg, Gertloaaigdat animal level

(3 data loggerspomhaving arecording time of 900 s). As for the temperature progtherponswere
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kept at TN conditionsintil D33 andat constantHS from D34 onwardgi.e., temperature was raised to
and maintained at31 °C all day longfrom D34 toD42). During the HS period, RMas kept at-40%

by means of humidifiers (Trotec GmbHjigure 23).

Figure 237 S2E2 |Average daily temperatura)(and RH b) of the tworoomns
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Note: April 14, constanHS period start (D®); April 22, constanHS periodand trialend (D42).

DATA AND SAMPLE COLLECTION

For S2E1pna replicate basis, the number and BW of birds were recorgédcaimen{DO0), at
everyfeeding phasswitch(D10/2229), andatslaughter (D2), while Flwas measured for each feeding
phase.DWG, DFI, and FCR were calculated for the feeding phases sepam@telzumulative
performance traitaverecalculated for the entire rearing period4®d). The number and BW of dead
or culled birds were recorded daily to compute the mortality rate anectthe performance data for
mortality. At the end of each feeding phase, freghretasamples were collectdtcbm every perii.e.,
12 sampleggroupfor a total of36 sampleffeeding phasep evaluate the hydrolysis of bacterial PGN
At slaughter D42) in a commerciahbattoir carcass and cuip yields were measur@sh a group basis
according to standard commercial proceduBesast muscle myopathies, namely white stripMp],
woody breastWB), and spaghetti mea®/1), were assessddindly by spe@lly trained staf24 h post

mortemi after chilling, deboning, and skin removabn a randomly selected sampleapiproximately
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150breasfillets per groupwith a 3-point-scale score 0, normal; score 1, mild myopathy; score 2, severe
myopathy (Sirri et al., 2016) FPD were measured by specially trained personnel on one foot per
processed birdi.e., more than 670 observations/groupinga 3point scale: score 0, no lesions; score
1imild Iesions (O 0.8 c¢m) Ekstranderak, 1998)As withthegradingl e s i on
of myopathies, thigvaluationwas performedblind. Onebird per replicate (i.e., 12 birds/groupith a
BW close to the flock averageasselected atheslaughtenousgD42) for collection ofblood andcecal
contentsamplesBlood waskept at RT before beingentrifuged to get plasnthat was subsequently
stored at80 °C until metabolomics analysibroughproton nuclear magnetic resonar{id-NMR).
The content of bothecawas collected in duplicatérozen in LN, andstored at80 °C until *H-NMR
analysisand DNA extraction foshotgun metagenomic sequencing

For S2E2 four representative birds per péie., 20 birds/group)were randomly chosen and
labeled to measure the rectal temperawith a veterinary thermometer (Scala Electronic GmbH,
Stahnsdorf, Germany). The rectal temperature was takehree time pointsone day before the
beginning of the HS period arah thethird and the sixth dayfahe HS period at 9:00 AMGrowth

performance datwere collected adescribed before

LAB ANALYSIS
For S2E1,the freezedried excretasamples were resuspended and centrifuged. While the

supernatant contained soluble PGN, the precipitatehigdsin insoluble PGNThese amples were
subjected to acithydrolysis to measure total and soluble PGN through liquid chromatograasy
spectrometric quantification of muramic adde latterbeingused as a markéo estimatehe amount
of hydrolyzed PGN (Novozymes A/S Biologiens, Lyngby, Denmarkge insoluble fraction of PGN
was calculated as the difference betwneriotal andthesoluble PGNexpressed as muramic acldhis
muramidase has been shown to hydrothed GN of bacterial debris both vitro andin ex vivodigesta
samples of broiler(Frederiksen et al., 202IJherefore, th@reviously describedssaywas carried out
to test, via a noinvasivemethod, the hypothesis of a larger proportion of hydrolyzed PGXdreta
from muramidaseéreated birdsTurning now to shotgun metagenomic sequencidigA extraction
from cecalcontent samplewas performeddopting a beableating procedure and using QAmp®
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DNA Stool Mini Kit (Qiagen, Milan, Italy) as detailed irthe work byDe Cesare et a(2017) Total

DNA was fragmented and tagged with sequencing indexes and adapters using the Nextera XT DNA
Library Preparation Kit (lllumina San Diego, CAU.S). Shotgun metagenomic sequencing was
performed with NextSeq500 (lllumina) 249bp in pairedend mode generatingn average, 6 Gbp per
sample. Two out dhe36 cecalcontent samplesere excluded from subsequent bioinformatics analysis

due tolow sequencing yieldMoving to metabolomics analysisn @dH-NMR solution with RO,
containing TSP 10 mmol/L and NaR mmol/L, wascreatedPhosphate buffer ¥ was used to achieve

a pH of 7.00 + 0.02, while TSP was used as a reference for NMR chesmiftzdnd NaN avoided
bacterial proliferationCecalcontent samples were prepared by vortex mixing approximately 80 mg of
eachsample with 1 mL of biistilled water Plasmaandcecalcontentsamples were centrifuged (18,630

g; 900 s; £C) and 0.7 mL of supernatant were mixed with 0.1 mL of'Hh&MR solution.Samples

were centrifugedas before The 'H-NMR spectra were registd (600.13 MHz; 298 K) withan
AVANCEE 111 spectrometer ( Br SpinsoftwarekBi5(Baker)Thet al y)
signals from broad resonances due to large molecules were suppressed witHilBERPNUBO0 echoes
with a U of 4WWs8 of Msus, fonadotakfiltet & 838 ms), while the residual signal of
water was suppressed by means of presaturdiiimwas done employing tlpmgprldsequence, part

of the standard pulse sequence library. Each spectrum was acquired summif§ trang8ients
constituted by 32,000 data points encompassing a window of 7,184 Hz, separated by a relaxation delay
of 5's. The!H-NMR spectra were phasaljusted in ToBpin v3.5(Bruker)and then exported to ASCII

format by means of the builh scriptcorvbin2asc Spectra were processed with R (R Core Team, 2020)
through homemade scripts. Signal assignment was performed comparing their chemical shift and
multiplicity with theHuman Metabolome Databa@#&ishat et al., 2007andChenomx software library
(Chenomx Inc., Edmonton, Canada, v10), by means of Chenomx software raDtinesntrations of
plasmdic molecules were assessed by quantifying the molecules of the first sample analyzed by means
of an extenal standard. Differences in water content between samples were then taken into consideration
by probabilistic quotient normalizatigDieterle et al., 2006 Molecule concentrations gecalsamples

were assessed as described for plasma by considering as reference the sample with the median water
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dilution assessed viprobabilistic quotient normalizatio The quantificatiorof each molecule was

performed through rectangular integration, considering one of its signals free from interferences.

DATA ANALYSIS

For S2E1a oneway ANOVA with blockswasused to evaluate the effectdiét (.e., thegroup
factor) on growth perforrance, using the replicate as theerimentab ni t . HSD postlyoobtest
was used to separdtee means. Furthermore, polynomial contrasts were carried dabkdor linear
and quadratic trends igrowth performance datdrom the entire trial Mortality rate data were
transformedising the arcsine transformatibefore being analyzedith inferentialstatistics For each
feeding phase, differences in soluble muramic acid, total muramic acid, andatleewere analyzed
throughaoneway ANOVAandT u k ey 6 s -hdStEstapso sdtescri bed above. Pea
coefficient between soluble to total muramic acid rdataandFCRdatafrom each feeding phase was
computed and tested for significan€garcass and cutp yields data were not staicgtlly analyzed
because they were recorded on a group basis without considering the replicates at the slaughterhouse.
Count data of WS, WB, SM,and FR2reanal yz e d wi tshuarBdaestrusing theédsampled i
animal as the experimental unit. Countaiverealso arranged in 2 by 2 contingency tables aligaing
combination oflevels ofthe group factor (i.e., CONL and MULL; CON1 and MUHL; MUL1 and
MUH1) and having binarily aggregatedores of anyopathyor FPD i n col umns (i . e.
sum ofcountsos core 1 and score 2, while fAabsenceodo as s
computed on these tables wipiR packaggStevenson et al., 202df R (R Core Team, 2020 he
risk of developing anyopathyor FPD was calculated as incidence risk ratio minus 1 and expressed in
percentage. A conf i denc e-squarad st weselusedtb tesd theditcidencd P e a
risk ratio significance With respect to the analysis oécalmicrobiota data,ite MGRAST analysis
server(Meyer et al., 2008)vas utilized for tagnomic identification by mappintpe sequencing reads
againstthe RefSeq databage O6 L e ar y eMoreavdr,the Kyofb Erdcgclopedia of Genes and
Genome KEGG) databaséKanehisa and Goto, 200@gs usedor hierarchical analysis of sequencing
reads. The bacterial abundance matrix and KEGG matrix (dotlie $peciedevel and the third KEGG
level, respectively) were downloaded from MRAST for statistical analysisEcological diversity
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indiceswere analyzed witlhreganpackaggOksanen et al., 2020f R (R Core Team, 2020Fhannon,
Simpson, and Inverse Simpson indices wesedfor alpha diversity, while Braxurtis distance matrix
was usedor beta diversity analysiat the genus levelAlpha indices weresubjected tca oneway
ANOVA and HSDpksehgcest by consatingthe group as thexperimental factor anthe
sampledanimalasthe experimental unit. Beta diversity was graphically explored thr@igB8oA and
analyzed witra PERMANOVA T adoni2 functionwith 10,000 permutatiorisfollowed bya pairwise
permutatim MANOVA with RVAideMemoirgpackaggHervé, 2021pf R (R Core Team, 2020)The
matrix of abundances afecalbacteria was normalized foine total read number in each sample and
analyzedwvith STAMP v2.1.3(Parks et al., 2014)sing KruskalWallis H-test and Gameldowell post
hoc testwith group as thexperimental factor anthe sampledanimalas the experimental unithe
Firmicutes to Bacteroidetes ratio was calculatecf@rygroup and analyzed withoneway ANOVA
and orthogonal contragise., CONLvs.MUL 1+ MUH1; MUL 1vs.MUH1). KEGG level 3 matrix was
filtered for AKEGG | evel 2 and analyzédsas deschibsdeahovewa s t
Regarding the analysis of metabolomics dataneway ANOVA and Tidceeswere HSD p
carried outby consideringthe group as thexperimental factor anthe sampledanimal as the
experimental unitMetabolomics dta deviating from normality in Shapikilk test were transformed
with Box-Cox transformatior{Box and Cox, 1964)In addition, a rPCA (Hubert et al., 2005)vas
performed onthe molecules showing significantly different concentrasidretween groupsn the
aforementionedunivariate analysis. Initigl, the PcaHubert algorithm detected outlying samples
according to their distance from others along and orthogonally to the PCA plane. Later, the optimal
number of PCs was determined. A score plot and a correlation plot sumntheireain features of the
rPCA models. The former represedthe samples in the PC space, thus evidencing the overall structure
of thedata. The lattereportedP e ar sonés <correl ations between the
the model components, thereby showing which mdkeauostly affected the data structure. These
analyses were carried ousingR (R Core Team, 2020P-values less than 0.05 were considered
significant, while those ranging between 0.05 and 0.1 were considered tendencies.

For S2E2a oneway ANOVA was used to evaluate the effect of diet (i.e., the gfactprn on

growth performanceaccounting fothe effects ofblock anrd roomandconsideringhe replicate as the
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experimental unitMortality rate da& were handled as beforRectal temperature data were analyzed
through a thregvay mixed ANOVA, a type of repeatetheasures ANOVA that includes between
subject factors (i.e., group and room) and withibject factors (i.e., time poin#é\fter verifying that
there was natatisticdly significant threeway interaction, rectal temperature data were groupeteby
factorsgroup and room toun pairedt-tests with Bonferroni adjustment between time pointesg
analyses were carried out using(R Core Team, 2020and considering 0.05 as the significance

threshold P-values ranging between 0.05 and 0.1 were considered tendencies.

5.4 Results

For S2E1,Table 6 compares the growth performance of CON1, MUL1, and MbHdsin the
four feeding phaseandin the wholetrial. At placement, bicks weighed approximately 42 g with no
significant differencebetween groupdt the end othe starter phasenuramidasesupplemented birds
exhibited higher BW thawcontrol birds(199.5, 204.8, and 205.8 g for CONMUL1, and MUHL,
respectivelyP < 0.01), while only MUHL1 birdsshowed lower FCR tharontrolbirds(1.267vs.1.240
for CON1 and MUHL, respectivelyP < 0.05).Birds of MUH1 groupreached the greatest Bl the
end ofthe first grower phase (765.3, 785.1, and 818.8 g for COGNUL 1, and MUHL, respectivelyP
< 0.001), as well as higher FI thatontrolbirds (0.866and0.908 kg for CONL and MUHL, respectively;
P < 0.05). At the end of the second grower phase, Mbkdsshowed thénighestBW (1,344, 1,375,
and 1,443y for CON1, MUL1, and MUHL, respectivelyP < 0.001) andthelowest FCR (1.673, 1.651,
and1.590 for CON, MUL1, and MUHL, respectivelyP = 0.001). At the end ofthe finisher phase,
MUHZ1 birds exhibited greater BW thanontrol birds(2,775and 2,906 g for CONL and MUHL,
respectively;P < 0.05) and MUL birds(2,835and2,906 gfor MUL1 and MUHL, respectivelyP =
0.05), whilethe other performance traits were unaffectBésults of theentiretrial indicatad that, in
addition tofinal BW, MUH1 birdsoutperformedontrolbirdsin terms of cumulative Fl anclimulative
FCR (4705 g andl.729, and4.798 kg and1.686 for CON1 and MUHL, respectively;P < 0.05).
Polynomial contrasts also revealed that cumulative FI final BW significantly increasedut

cumulativeFCR significantlydecreased across groups in a linear fastiagu(e 24).
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Table 67 S2E1| Growth performance ajroupsCON1, MUL1, and MUH1 at the end of each feeding
phase and in the entire trial4@ d)

Group”
CONL MUL1 MUH1 °SE P-value
Chick weight (g)  42.18 42.11 4220 028 0.685
Starter (0-9 d)

Dependent variable

BW (g/bird) 199.% 204.8 205.8 4.48 0.005
DWGS (g/bird/d) 17.4% 18.08 18.18 051 0.005
DFI8 (g/bird/d) 22.15 22.61 2253 047 0.053
FI8 (kg/bird) 0.199 0.204 0.203 0.00 0.053
FCR® 1.267 1.25F° 1.24¢ 0.02 0.016
Mortality (%) 0.00 0.00 0.00 / /
Grower | (10-21 d)

BW (g/bird) 765.3 785.F 818.8 22.20 <0.001
DWGS (g/bird/d) 47.1% 48.3¢ 51.1¢ 1.66 <0.001
DFI8 (g/bird/d) 72.1P 73.22° 7565 3.26 0.044
FI8 (kg/bird) 0.866° 0.879% 0908° 0.4 0.044
FCR® 1532 1515 1.482 0.06 0.108
Mortality (%) 0.00 0.00 0.13 0.2 0.384
Grower Il (22-28 d)

BW (g/bird) 1,344 1,37% 1,443 39.85 <0.001
DWGS (g/bird/d) 82.6%9 83.8% 89.13 3.70 0.001
DFI8 (g/bird/d) 138.0 1383 1416 3.94 0.062
FI8 (kg/bird) 0966 0968 0991 0.03 0.062
FCR 1.673 1.65F 159¢ 0.06 0.001
Mortality (%) 0.26 0.39 0.26 0.06 0.877
Finisher (29-42 d)

BW (g/bird) 2,77% 2,83% 2,906 69.52 0.001
DWGS (g/bird/d) 101.6 1035 103.2 293 0.235
DFI8 (g/bird/d) 191.0 1928 1926 3.29 0.349
FI8 (kg/bird) 2674 2699 2696 0.06 0.349
FCR 1.883 1.864 1.866 0.06 0.547
Mortality (%) 141 141 1.80 0.08 0.948
Entire trial (0-42 d)

BW (g/bird) 2,77% 2,83% 2,906 69.52 0.001
DWGS (g/bird/d) 65.0% 66.46° 68.13 1.65 0.001
DFI® (g/bird/d) 111.8 112.8* 1143 2.01 0.043
FI8 (kg/bird) 4709 4749 4798 0.08 0.034
FCR 1.729 1.709* 1.68¢ 0.08 0.012
Mortality (%) 1.68 1.80 2.18 0.0/ 0.746

AMears of 12 replicatepensgroup.
8 Corrected for mortality.
Note:P-values less than 0.05 are in bdMdithin a row, means with distinct superscripts are significantly diffef@rt@.05).
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Figure 247 S2E1 [Cumulative FI(a), final BW (b), and cumulative FCI) of groupsCON1, MUL1,
and MUHL1in the entire tria(0-42 d)
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Concentratios of muramic acid irexcretasamplesat the end of each feeding phasereported
in Table 7. In every feeding phase, muramidaspplementeddirdsexhibited a higher soluble fraction
of muramic acicinda greatesoluble to total muraim acidratio thancontrolbirds(P < 0.05) Moreover,
it was found a weakegative correlation betwedime soluble to total muramic acid ratio and FGR=(
-0.30;P < 0.001).

Although they were not statistically analyzable as mentioned before, proceskiteyof S2E1
showed that muramidaseipplementedbirds had a greaternumericaleviscerated carcass yield (70.1,
70.4, and 70.8% for CON1, MUL1, and MUH1, respectively) and breast yield calculated as percentage

of the eviscerated carcass weight (30.6, 388 31.3% for CON1, MUL1, and MUH1, respectively).
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Table 71 S2E1 [Total muramic acid, soluble muramic acid, and their ratio in excreta samples of CON1,
MUL1, and MUHL1 birds at the end of each feeding phase

Group”
CON1 MUL1 MUH1

Variable SE P-value

Starter (0-9 d)

Total muramic acid (mg/kg) 497.8 398.8 444.0 54.7 0.453

Soluble muramic acid (mg/kg, 121.7 214.68 256.6 19.0 <0.001
Soluble/total muramic acid (% 25.8 55.6 62.2 3.2 <0.001
Grower | (10-21 d)

Totalmuramic acid (mg/kg) 932.2 747.0 897.6 37.4 0.005

Soluble muramic acid (mg/kg, 284.6 575.72 539.8 31.3 <0.001
Soluble/total muramic acid (% 30.8 78.% 62.8& 3.6 <0.001
Grower Il (22-28 d)

Total muramic acid (mg/kg) 660.4 666.1 648.7 38.1 0.947

Soluble muramic acid (mg/kg) 148.2 325.3 335.6 27.6 <0.001
Soluble/total muramic acid (% 23.8 49.6 51.2 27 <0.001
Finisher (29-42 d)

Total muramic acid (mg/kg) 830.6¢ 606.3 740.4° 58.6 0.041

Soluble muramic acid (mg/kg, 127.6 272,72 284.4 20.2 <0.001
Soluble/total muramic acid (% 17.° 47.3 40.9 4.1 <0.001

AMears of 12 replicate pens/group.
Note: P-values less than 0.05 are in bold. Within a row, means with distinct superscripts are significantly differents).

In S2E1, he acurrence ofPD wasfound to berelated tathe groupfactor, with group MUH1
showingthehighestproportion of birds without footpad lesignsamely a greater incidencekD with
score (thanthe other groupgP < 0.05;Figure 25). Besidesthe incidence risk ratio analysis showed
thatMUH 1 birdswere0.58 (95% confidence intervabf 0.41to 0.82 timesless likely todevelop FPD
than MULL birds that is, supplementinigirdswith the highest dose ahuramidase decreased by 42%
the relative risk of developing FPD compared to their counterparts supplemettitetbaestdose(P
< 0.001). On the other handvMUL 1 diet tenakd to increase by 33% the relative risk of FPD development
compared to CONdiet (P = 0.07) Breast muscle myopathiesowever,did not show a significant

relationship with thgroupfactor(Figure 26).
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Figure 257 S2E1 |Incidence and severity of FPD of CON1, MUL1, and MUH1 batid42
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Figure 261 S2E1 |Incidence and severity of W&), WB (b), and SM(c) of CON1, MUL1, and MUH1
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As for the cecalmicrobiotaof S2E#’, MUH1 birdsshowedlower alpha diversity than MUL
birds(P < 0.05 for SimpsomdexandP = 0.06 for Shannon and Inverse Simpsuticeg, while CONL
birds did not differ from muramidassupplemented group&igure 27). Regarding beta diversity, the
PCoA revealed an evident segregation of Ml#dmples Figure 28). Besideghis graphicdistinction,
the PERMANOVA confirmedhe effect ofgroupon beta diversityR = 0.004 R? = 0.22), while the
pairwise permutation MANOVA revealed a differentiation of MUEampledrom those of the other
groups(P < 0.05) At thephylum level(Figure 29), MUH1 birdsshowed a lower relative abundance of
Firmicutes and a greateglative abundancef Bacteroidetes than MULbirds (69.9% and 17.9%, and
59.2% and 28.4% for MUL and MUHL, respectively;P < 0.05). Similarly,the Firmicutes to
Bacteroidetes ratio differed between MUBENd MULL sampleg2.7 and 4.5, respectivel®, = 0.05).

At thefamily level, Clostridiaceae were underrepresentaganpMUH 1 compared tohe other groups
(21.1, 21.3, and 17.4% for CANMUL1, and MUHL, respectiely; P < 0.05). Lachnospiraceae were
less abundant in MUHthan MULL birds(5.7% and4.7% for MULL and MUHL, respectivelyP <
0.05).Cecalcontent samples dflUH1 groupexhibited a higher relative abundance of Bacteroidaceae
thanthose ofMUL1 group(13.2%and 21.5% for MULL and MUHL, respectively;P < 0.06). The
relative abundance of Lactobacillaceae was greater in Mthidn CONL birds (4.4% and 1.8%,
respectively;P < 0.05). At the species levelthe relative abundanseof C. phytofermentansC.
saccharolyticumC. cellulolyticum C. butyricum C. perfringens C. botulinum Eubacterium rectale
Roseburia intestinalisRuminococcus albusndListeria monocytogeneaserelower in MUHL group
thanthe other groupgP < 0.1or P < 0.05) The relative bundance oBacteroides thetaiotaomicron
howeverwas higher in MUH than MULL birds(P < 0.05). Attheglycan biosynthesis and metabolism
KEGG level, MUH1 samplesshowed a greater relative abundance of genes associated to
glycosaminoglycan degradation pathway than MdamplegP < 0.05), while therelative abundance

of genes involved in peptidoglycan biosynthesis pathway was affected in the opysiie< 0.06).

Genes involved in starch and sucrose metabolism and amino sugar and nucleotide metabolism were

27 The metagenomeshave been uploaded to theMG-RAST repository (project entitled
AiMur ami dase_Uni BO_project_2020_34WGS0 available at
https://www.mgrast.org/linkin.cgi?project=mgp982Y.4
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affected bygroup the former had a higher relative abundance in C@n MULL than MUHL samples
(P < 0.01), whereas the latter showed an increasing trenduibIMompared to MUH samplegP <
0.1). Genes involved in selemompound metabolism pathway showed an increase inIMidmpared
to MUHL1 cecal contentsample (P < 0.05). However, MUH samplesexhibited a higher relative
abundance of genes involvedglutathione metabolism pathway than CO&hd MULL samplegP <
0.05).Two transport and catabolism pathways revealdifferencebetween groupgenes involved in
lysosome path had a greater relative abundance in M&h MULL samplegP < 0.05), whilethe

abundance dfienes linked to peroxisome patmangedhe other way aroundP(< 0.05).

Figure 271 S2E1 [Shannorindex(a), Simpsorindex(b), and Inverse Simpsadndex(c) of the cecal
content of CON1, MUL1, and MUH1 birdst D42
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Figure 281 S2E1 |[PCoA plot based on Bragurtis distance matrix used to compute beta diversity of
the cecalcontent of CON1, MUL1, and MUHL1 birds at D42

0.10

005
L

PCoA 2
0.00

=

[

= o

—
/
/7&

005

10

PCoA 1

Note:CONL1 samples are the red squares, MUL1 samples are the green triangles, and MUH1 samples are the yellow diamonds.
The large, colored dots are group centroids, while the colored plane curgtanal@d deviational ellipses.

Figure 297 S2E1 |Relative abundance of Firmicutés) and Bacteroidete@®) in the cecalcontent of
CON1, MUL1, and MUH1 birds at D42
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After the registration ofH-NMR spectrdor plasma andecalcontentsamplesof S2E1 54 and
78 molecules were assigned and quantified, respectivetire cecalcontent, the concentration of 4

metabolites showed a significant differertoetween group¢Table 8): while the levels ofacetate,
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ferulate, and formate were greater in MUthan MUHL birds (P < 0.05),that of hypoxanthine was
higher in CONL than MUHL birds (P < 0.05). The rPCA modeahownin Figure 30 was built on these
moleculesThe PC1 scores of MUHsamples arsubstantiallyor marginally higher than those tife
other groups, resulting in a grobpsedlustering of samples mainly led by ferulate and formate-(
0.5).In plasma, the concentration of 9 metabolites showed a significant variation between Gatgs (
9). Specifically, ehigher concentration of pyruvate was observed in Mthdan CONL and MULL birds
(P < 0.05), whilethose of2-oxoglutarate, glucose, and uridine were greater in [thtdn MUL1 birds
(P < 0.05).Contrarily, MUH1 birdsshowed digherconcentration of mydnositol than CON birds(P

< 0.05), whereas CONbirdsexhibited a greater concentration of histidine than Mbitds(P < 0.05).
CONL1 and MUL1 birdshad a highetevel of hypoxanthine than MUH birds(P < 0.05), whie MUL1
birds showed a greataroncentration ofiracil than MUHL. birds (P < 0.05).Figure 31 illustratesan
rPCA model produced as described above. Samples of Miwblipare characterized by higher PC1
scores andegregatéP < 0.05): this separation is predominantly driven by pyruvatedglutarate,

glucose, uracil, and hypoxanthinmex 0.5 or <-0.5).

Table 87 S2E1 |Metabolites showing different concentrations (mmol/L) indeealcontentof CON1,
MUL1, and MUH1 birds at D42

. Group”
Metabolite CON1 MUL 1 MUH 1
Acetate 4.70E02" (2.79E02) 6.38E02 (1.65E02) 4.82E02 (1.81E02)

Hypoxanthine 6.67E05 (3.71E05) 5.46E05®(3.91E05) 3.22E05 (2.05E05)
Ferulate 6.54E05 (1.64E05) 8.04E05 (2.99E05) 5.16E05 (2.75E05)
Formate 7.17E05° (1.52E05) 7.86E05 (2.65E05) 6.08E05 (1.38E05)

AMears of 12 birds'group.Standard deviation is given in brackets.
Note:Within a row, means with distinsuperscriptare significantly different® < 0.05).
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Figure 307 S2E1 |[rPCA modelbasedn cecalcontentmetabolites offable 8
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Table 97 S2E1 |[Metabolites showing different concentrations (mmol/L) in plasm@ON1, MUL1,

and MUH1 birds at D42

_ Group”
Metabolite CON1 MUL 1 MUH 1
Pyruvate 4.97E02 (1.92E02) 4.19E02 (8.92E03) 6.45E02 (2.50E02)

2-Oxoglutarate 7.31E03*(2.17E03) 6.07E03 (2.60E03) 8.97E03F (2.61E03)

Glucose 4.73E+06° (3.20E01) 4.76E+00 (4.69E01) 5.12E+00(3.75E01)
myo-lnositol  1.13E01° (2.27E02) 1.10E01%(1.66E02) 1.29E01%(2.42E02)
Uridine 4.36E03* (1.90E03) 3.26E03° (1.13E03) 5.40E03 (1.38E03)
Glycerol 2.11E02 (4.29E03) 2.63E02 (4.01E03) 2.33E02"(6.32E03)
Histidine 2.17E02 (6.97E03) 2.09E02*(5.59E03) 1.97E02 (4.91E03)
Uracil 3.37E03°(9.47E04) 4.27E03 (8.40E04) 3.33E03 (4.25E04)

Hypoxanthine 4.49E03 (3.35E03) 5.47E03 (2.02E03) 2.83E03° (1.70E03)

AMears of 12 birds/group. Standard deviation is given in brackets.
Note:Within a row, means with distinsuperscriptare significantly different® < 0.05).
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Figure 317 S2E1 |[rPCA modelbasedn plasma metabolites dable 9
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Moving to the results 0822, Table 10 providesthe growth performance of C@NandMUH2
birds in thethreephasefeedingtrial. At placement, chicks weighed approximatdly g with no
significant differences between grou@sowth performancdraitswere not significantly affected by the
group factor neither at the end of each feeding phase nor in the entir¢Ptrial0.05) Even the
application of constant HS for part tife finisher phasedid not make the gap betweehe groups
significant(P > 0.05)

Figure 32 compares theectal temperature of representative birds of groups CON2 and MUH2
one day before the beginninfithe HS period and on the second and the sixth day of the HS period of
S2E2. Rectal temperature data ranged between 40.8 and 44.0 °C. The mixed ANOVA applied to these
data revealed that the interaction between the three factors (i.e., group, roomrmeapditit) and the
main effects of group and room were not signific&m (0.05), while the effect of time point was highly

significant @ < 0.001). In addition, the pairwise comparisons of time points made it possible to find a
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considerable increase inctal temperature from T1 tatertime points in either roonP(< 0.001). The

differences between T2 and T3, however, were not signifi€antd.05).

Table 107 S2E2 |Growth performance ajroupsCON2 and MUH2 at the end of eafgeding phase
and in the entire trial (@2 d)

Group”
CON2 MUR2 SE  P-value
Chick weight (g) 47.06 46.52 0.78 0.361
Starter (0-14 d)

Dependent variable

BW (g/bird) 4555 4601 27.34 0.807
DWGS (g/bird/d) 28.91 2940 217 0.746
DFI8 (g/bird/d) 42.14 4190 1.8 0.852
FI® (kg/bird) 0.590 0.587 0.08 0.852
FCRE 1.460 1.427 0.09 0.595
Mortality (%) 1.60 240 0.03 0.1»
Grower (15-27 d)

BW (g/bird) 1,463 1487 67.43 0.618
DWGS (g/bird/d) 77.13 7870 3.8 0.565
DFI8 (g/bird/d) 1196 121.0 128 0.1&
FI® (kg/bird) 1555 1573 0.2 0.1&
FCRE 1551 1538 0.06 0.765
Mortality (%) 2.47 1.63 011 0.603
Finisher’ (28-42 d; constant HS from D34 onward$
BW (g/bird) 2579 2611 81.70 0.574
DWGS (g/bird/d) 76.07 7594 0.2 0.338
DFI8 (g/bird/d) 1468 1443 4.2 0.401
FI® (kg/bird) 2201 2.164 0.06 0.401
FCRE 1.932 1900 0.06 0.464
Mortality (%) 0.00 254 0.09 0.185
Entire trial (0-42 d)

BW (g/bird) 2579 2611 81.70 0.574
DWGS (g/bird/d) 60.06 60.80 1.95 0.588
DFI® (g/bird/d) 1027 102.1 1.76 0.649
FI8 (kg/bird) 4346 4.324 0.06 0.598
FCRE 1.704 1678 0.04 0.401
Mortality (%) 400 6.40 0.15 0.545

AMears of 5 replicate pens/group.
§ Corrected for mortality.
YTemperature was raised to and maintaineeBat’C all day long from D34 to D42
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Figure 327 S2E2 |Rectal temperaturef CON2 and MUH2 bird#é the two rooms at three time points
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5.5 Discussion

The objectiveof S2E1was tointegrateperformanceand multtomics data teshed light on the
mechanisms of action of aovel feedgrade muramidasefed to broilels. The group receiving
muramidase athe highestdose(i.e., 450 g/ton feed) significantly outperformed the contgroupin
terms of cumulativél (+2.0%), final BW (+4.7%) andcumulativeFCR (-2.5%) The lowdose group
(i.e., 250 g/ton feed),however exhibitedintermediate performance and did not differ frthra control
in a significant manneiThe trend analysis alsshowedthat the abovementionegerformanceraits
improved proportionately with muramidase dose. These results broadly supporfréinogeevious
studiesassessing the administration of the same muramidase, wheoédarsfed dietssupplemented
at high inclusion levelgi.e., 3®-450 g/ton feed) performed better thaheir control and lowdose
counterpartglLichtenberg et al., 201 Goodarzi Boroojeni et al., 2019; Sais et al., 2020; Pirgozliev et
al., 2021)

Taken together, tlsefindings suggest that tHgeneficialeffects of this muramidase dmmoiler
performanceéntensifyas a functiorof thedoseadministeredror this rease, the highest inclusion level
used inS2E1 (i.e.450 g/ton feed) was tested32E2 under HS, a condition that considerably challenges

the health and growth performance of broil@s discusseth detail earlier(see sectior2.4 fiRaising
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Chickensint he A Hot h o Uhe EffedisaiHtahSires® .)Althoughthedifferences between
group CON2 and group MUH2 weappreciablethey did not reach the significance threshwgher
during the TN feeding phases nor in the entire that includel the HS periodappliedin the finisher
phase(e.g., +1.2% final BW and1.5% cumulative FCR for group MUH2Jhus, in general,
performanceesponseto muramidasaverenot consistent witlthoseobservedn S2E1 or reported in
the literatureFurthermorethe muramidasappeagdto beineffectivefor broilersundergoingHS, both
in terms of preventing an increase in body temperatane outcome rather unsurprisingr limiting
performancéossesA note of cautionhoweverjs due here sindlhenumber ofreplicatesused in S2E2
wasquitesmallbecause ahevitablyfacility constraintsincreasing the replicate number may therefore
be aviable ideato repeatS2E2with a greatestatisticalpower. Anotherpossiblereasorfor thelimited
effect of muramidasen cumulative performance gfoup MUH2is the subsantial reduction in Ftlue
to the exposure tbIS: in the finisher phasef S2E2 birds daily consumedbout 25% less feethan
thoseof S2E1 Increasing the inclusion level of this muramidasmake upfor such dargereduction
in FI may be anothasispect to consider when designing @/ studieon this dietary enzyme
Returning to theesultsof S2E1, be noninvasive techniquasedio measure thBGN hydrolysis
this muramidase potentially carsieut in excreta sampleseems tde a reliable alternative to thex
vivo analysis illustrateih the work ofFrederikseret al.(2021) The methogroposed hereonfirmed
that this muramidase effectively hydrolyzes bacterial PGN causing the release of fragments that,
according to recent reportéavor intestinal health andncreasegrowth performance of broilar
(Goodarzi Boroojeni et al., 2019; Sais et al., 2020; Wang et al., 2020b; Pirgozliev et al.,T2@21)
reduction in FPD occurrence associated with muramidapplementation, especially the highest
dose, is consistent witthe results obtained by Pirgozlieat al.(2021) The welfare of poultr§s feet
depends lardg on the quality of thditter (e.g., moisture and ammonia levels) and its management
(Shepherd and Fairchild, 20). Althoughthe measurement tifter parameters was beyond the scope
of S2E] it is possible to hypothesizbatthe abovementioneidhprovement inFCR resulted inbetter
nutrient utilizationandless watery excretdhereby playing an indirecble in the attenuation ofFFD
risk (Sirri et al., 2011)Analysis of breast fillets revealed that muramidase did not affect WSoWB,

SM. Therefore, undethe experimental settingsf S2E1 muramidase was able smhancebroiler
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performancewithout exerting negative effects on the occurrence of breast muscle myopathies, with
positiveconsequencesr the sustainability o€hickenmeat poduction.

Studieson pigs(Maga et al., 2012; Wells et al., 2015; Ma et al., 2017; Xiong et al., 2019; Xu et
al., 2020) rabbits(EL-Deep et al., 2020)and broiles (Liu et al., 2010; Gong et al., 2017; Xia et al.,
2019) have suggestd that the beneficial effects of dietary muramidases can be ascribéito
modulatoryeffecton the microbiota. Il62E1 muramidase supplementedia highestdose produced
a drop incecalalpha diversityaresultthatis in agreement with tho$em studieswith pigs(Xu et al.,
2020)and, above allyith broilers fedthe samalietary enzyméWang et al., 2020a; Sais et al., 2020)
Moreover, MUHL birdshada different bacterial community structuirethe cecalcontent especially
compared to MUL birds This is in accord with researcim piglets and lactatingows(Xiong et 4.,

2019; Xu et al., 2020and supports findings obtained limoiler trials testinghe same muramidase
(Wang et al., 2020b)Not only was changed the overall bacterial community structure, but also its
taxonomic composition. The underrepresentation of Firmicutes and outgrowth of Bacteroidetes,
particularly evidentvhen comparing groigMUH1 andMUL 1, seem to be consistent witte results

of Magaet al.(2012) Theseresearchers fed pigs with milk produceditansgenic goats expressing the
gene encoding fodnuman muramidase atidund thatthe abundance ofecal Firmicutes fell whereas
that of Bacteroidetes raised over time. In the current study, Mbiklsalso showed a significant
decrease itheFirmicutes 6 Bacteroidetes ratio compared with MUhirds A considerable amount of
papers on thpotential association of tHérmicutes to Bacteroidetes ratigth the microbiotato-host
energy supply and development of obesitwe been publishedSince the resuls available in the
literature are rathezontradictory, Magnet al.(2020)have advocated that a direxdfect ofthis ratio

on the healthstateof the host is hard to be attested. A possible explanation faliffeeencesn the
abundance of Rinicutes and Bacteroidetes is that bacteria poditiv&ram stainsuch ag-irmicutes,

are generally more vulnerable to the hydrolytic action of muramidases onuPGRé Bacteroidetes,
Firmicutes possess an undefended, thicker cell wall lacking an gnatecting lipid membrane and
offering up to 40 PGN layers as a substrate to murami@slssschalck and Michiels, 2003Jhe lower
abundance dfirmicutesshowed bygroupMUH 1 may explain the decreasabundance afeneselated

to the peptidoglycan biosynthespathwayThe reduction itheabundancef genes involved in amino
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sugar and nucleotide metabolism pathwayyvhich NAG is directly involvedKEGG, 2022) can be
taken as another indicator for the inhibition of bacterta a high ability to synthesize PGNarticularly
Firmicutes

Group MUH1 alsoshowed a considerable drop in Clostridiacéagrestingly, studies on pigs
(Maga et al.,, 2012and rabbits(EL-Deep et al., 2020have established thatlietary muramidase
supplementation causes a depression in Gl Closthbaeover Saiset al.(2020)found a decreasing
trend inClostridiumcountin the ileumof broilers fed with thesamemuramidase tested hetritat 39
g/tonfeed.It may be argued that threductionin several Clostridia, Lachnospiraceae.( Roseburia
intestinalisandRuminococcus alblisandEubacterium rectalewhich areall able to produce butyrate
(Riviere et al., 2016)s contrary to expectationsecausédutyrogenic bacteria have traditionally been
linked to gut healtifKoh et al., 2016; Vital et al., 2017; Milani et al., 20BRdchickens have been
shown to benefit fron$CFAS especially butyrate, released by Gl bactéfiarok et al., 2011; Stanley
et al., 2012, 2016; De Maesschalck et al., 20F)rther researchon this topicis therefore
recommendedAs discussed in greater detail before (see se2t®fEXxploration and Modulation of
the Chicken GastrointestinalMicrobiotad , s u b DeECa | amd IBIMTICS 0), control of
C. perfringend the causative agent bIE T is of utmost importance in poultry productigmarticularly
for ABF rearingsystems Even thouglits relativeabundances were lowa, reduction inC. perfringens
was found inMUH1 birds This is consistent with Liet al.(2010)who demonstrated that treatirig
perfringenschallengedoroilers with a dietary muramidase hindétheintestinalcolonizationby this
path@en. Poultry are also susceptible@o botulinumneurotoxins and sporadically manifest avian
botulism, a flaccid paralytic disea®ouillard et al., 2014 Althoughits abundancem S2E1werelow,
thereductionin C. botulinumpotentially caused by tHeghestmuramidaseloseis an issue thavould
merit further investigations Listeria monocytogenesan extremely important human pathogeas
pointed out inan EFSA/ECDC joint report on zoonod@§21) showed dower abundance cecal
samples of groupdUH1, thoughthe measuredgalueswere rather lowAccording toRothrock et al.
(2017) poultry can be a reservoir &f. monocytogeneghereby contributing to contamination of

processing facilitiedt is worth noting thathe inhibition ofC. botulinumandL. monocytogenesipports
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earlier studies indicating that muramidases are effective solutions ateisefood-bornepathogenic
bacteria(Hughey and Johnson, 1987; Hughey et al., 1989)

Theincreasedibundance of Bacteroidaefaundin cecalsamplesof MUH1 birdsagrees with
studies omnpigs (Maga et al., 2012; Xiong et al., 2019Ithoughopposite findings havalso been
reported(Xu et al., 2020)The genuBacteroideshasbeen associated tmproved gut healtdue toits
ability to produce propionatéRios-Covian et al., 2017; Jacobson et al., 20I)e speciesB.
thetaiotaomicrorhasevenbeen included in a probiofreparatiorintendedo restorantestinaleubiosis
after antibiotic therapiem humans(El Hage et al., 2019Hence, itmay be hypothesized thatcal
Bacteroidaceae promattestinal healthin broilers as well. The increase in Lactobacillaceaals
comparable to previoustudieson pigs (Maga et al., 2012; Xiong et al., 2019; Xu et al., 2028Dbits
(EL-Deep et al., 2020and broiles (Lichtenberg et al., 2017; Sais et al., 2020 latte supplemented
with thesamemuramidase used hefEhis resulf howeverdiffers fromthosefrom other investigations
(Ma et al., 2017; Wang et al., 202@ajd can beontradictorydueto the aforementionegroneness of
Grampositive bacteria tdhe hydrolytic action of muramidases dGN NonethelesssomelLAB
employed in thelairy industryhave been shown to be or gradually become resistant to muramidases
(Bester and Lombard, 1990; Neviani et al., 19%)veralmembers ofLactobacillaceae have also
probiotic properties (FAO, 2016) that may have supported the growth performance of birds
supplemented with muramidagarticularlythose athe highestdose Further work, however, needs to
be done to establish whether this fegdde muramidase hasimulating or, at least, nanhibiting
effectson Lactobacillaceae the chickenintestine

Analysis of KEGG datahelpedto interpret the changes occurredtie cecalmetabolong. In
groupMUH1, the decreaskabundance of genes of starch and sucrose metabolisrmagtiave been
relatedto the reduction in fermentatiesheriving organic acids, such as acetate, ferulate, and formate
measured in theecalcontent Furthermore the enrichment in genes linked to glutathione metabolism
pathi an importantantioxidant tool fobacteria(Masip et al., 2006) waspotentiallyassociated with
the reduction inhypoxanthinelevel in the ceca Hypoxanthine is a ntous endproduct of purine
catabolismand isusedas a biomarker for oxidative strg&eauclerccgt al., 2016; Abasht et al., 2016;

Soglia et al., 2019)Sq, the lower concentration of hypoxanthiimethe cecamay have positively
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influenced the Gl ecosysteimMUH1 birds. It is alsointriguing to associate theducedhypoxanthine
level in thececato the lower concentration of this metabolite in plastrawver levels ofcirculating
hypoxanthine, histidineand uracili the latter twobeing shown to beend products oprotein and
nucleotide catabolism, respectivelyAbasht et al., 2016; Soglia et al., 2019)suggestthat the
degradation of proteins and nucleotidegenerate energy may have occurred to a lesser extém in
body of MUH1 birds. Additionally, due to their considerable production of propionatee
abovementionethcreasedbundance of Bacteroidacdaghe cecamay havecaused @reatersupply
of propiorate for hepatic gluconeogeneg{Schwiertz et al., 2010)therebypotentially causinghe
increasein plasmaic levels of energetic compoursd(e.g., pyruvate, 2oxoglutarate, and glucose
observedin MUH1 birds The enrichment in bioenergetic compourahs reduction in preoxidant
catabolites indicatgahat a more balanced energy metabolism may have stimulatedrofeh
perfamanceof high-dose supplementdwfoilers

Overall the results ofS2E1 show that muramidase affectedimulative Fl,final BW, and
cumulativeFCR of broilersin a dosedependentvay (i.e., MUH1 > MUL1 > CONL), but the most
marked differences ithe cecalmicrobiota andccecal and plasmatimetabolomesverethosebetween
the twomuramidasesupplemented grougége., MUL1 and MUH1). A possible explanation for this
apparently weird outcome might be tlzatmulativegrowth performance benefited fromhe positive
effecs muramidasexertedin each feeding phageesemblingan additive effect)whereas theesults
of molecularanalysesat slaughter cannot fully justify theomplex Gl and metabolic dynamics
potentially affectedby muramidaséhroughouta 42daygrow cycle S2E1, howeverontributesto our
understanding of thenechanisnof action of this dietary muramidasend lays the groundwork for
further investigationson its effectson the GI' and metabolism of broiler In contrast tothe
thoroughness @®2E1 S2E2wasonly the firstbasicattempto assesthe administration of muramidase
based feed additivess a potential nutritional solution to hdipatstressedroilers Recognizingand
fixing the limitationsreportedat the beginning ahe presendiscussioris a crucial precondition for re

testingthis promisingmuramidasen broilers under HS conditions
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6 STUDY #3: EFFECTS OF ARGININE SUPPLEMENTATION ON
BROILERS EXPOSED TO THERMONEUTRAL AND HEAT STRESS

CONDITIONS

Note: The results of experiments361 and S3E2 have been published: more information, please
refer toAnnex L

6.1 Highlights

w This studyset out toassess the effects fifeding broilersdiets supplemented witarginine(i.e.,
total arginine to lysine ratio of 1.20)

w Under optimal thermal conditiorfexperiment #1), arginine supplementatioimproved growth rate,
final body weight, and feed efficiency

w In a cyclic heat stress mod@xperiment #2) before the application of the thermal stressor,
supplemented birds performed better in terms of body weight (gathjeed efficiency. Arginine
supplementation, however, did natitigate the negative effects of heat stress on growth
performance.

w In experiment #1, pplemented birds showddcreased plasmatic levels afginine, betaine,
histidine, and creatinand hepatic levels otreatine and several essen@ahino acidsyeduced
levelsof glutaminein plasma and glutathione in livexs well aseduced alpha diversignd relative
abundance of Firmicutes and ProteobactespéciallyEscherichia coli andincreased abundance
of Bacteroidetes andactobacillus salivariusn the ceca

w In experiment #2arginine supplementation increaghd levels of argininand creatinén plasma,
liver, andpectoral muscle and methionine in liver, while reduced thogkitafmine inplasmaliver,
and pectoral muscland glutathione inliver andpectoral muscleArginine supplementation may
have partially counterbalanced the negative effects of heat stress on energy homesstatisis
influenced the cecal microbiota a similar way to experiment #Dataindicatethat heatstress
altered protein metabolismnpromotel the accumulation of antioxidant and protective molecules
(e.g., histidinecontaining dipeptides, betdanine, and choline) in specific tisspyaad affetedthe

cecalmicrobiota.
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6.2 Background and Aims

Arginine is amultivalentAA that plays proteinogenic, trophic, and functional roles in the animal
bodyandaffecs metabolism, growth, immunity, and health in several wWeys and Morris, 1998; Wu,

2010; Khajali and Wideman, 2010; Bortoluzzi et al., 2018; Zam#g4a9; Castro and Kim, 2020;
Hassan et al., 2021; Lee et al., 20)r instance, it is the substrate for the biosynthesis of nitric oxide,
polyamines, proline, and glutamafgVu and Morris, 1998) Nitric oxide is involved in many
physiological processes, such as the regulatidghexardiovascular and renal functions, inhibition of
tumor growth, and modulationf ¢he immune respons@Vu et al., 2000, 2021)Polyamines (i.e.,
putrescine, spermine, and spermidine) have been shown to regulate gene expression and protein
synthesisas well azellularproliferation, differentiation, and apopto$i®egg, 1986; Lenis et al., 2017)
Proline is a key regulator of cellular metabolism and physio(@gy et al., 2011)while glutamate is

an essential componeait glutathione, the potent antioxdt tripeptidgWu et al., 2004)Arginine has

also been demonstrated to induice expression and secretion afiabolic hormones, such as insulin,
growth hormoneGH), and IGF1 (Barbul, 1986; Collier et al., 2005; Zajac et al., 2010; Oh et al., 2017)
Moreover, arginine affaés skeletal muscle development through the mechanistic target of rapamycin
(mTOR) pathwayWang et al., 20229nd is used to generate creatineAamderivative that ismportant

for function and energy homeostasis of mus@®dedoRondén and Cérdoviloboa, 202Q)Over the

last two decades, there has also been an increasingimteheeffects of arginine on th@IT. Arginine

and its derivatives have been shown to possess gut health promotingeatablishing properties, such

as acceleration of mucosal regeneration and recovery from gastroenteric disorders, improvement of
epthelial integrity and barrier function, immunomodulation, anflammatory activity, inhibition of

enteric pathogens, and restoration of a desirable micrgbiaiat al., 2000; Rhoads et al., 2004, Liu et

al., 2008b; Rhoads and Wu, 2009; Coburn et al., 2012; Fritz, 2013; Xia et al., 2016; Zhang et al., 2018,
2017; Singh et al., 2019; Baier et abD2D)

Arginine is commonly considered a seessential or conditionally essentidlA for adult
mammals(Rose, 1937; Barbul, 1986; Wu and Morris, 1998hile chickendependexclusively on
dietaryarginine to meet their neettsr this AA (Khajali and Wideman, 2010; CastrocaKim, 2020)
Indeed,mammals are ureotelic (i.e., uregcreting) animals that can endogenously produce argiieine
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novowith urea cycleenzymes, whereas avian species are uricotelic (i.e., uri@acidting) organisms
unable to complete the ureactsy(Khajali and Wideman, 2010; Castro and Kim, 2020)the early
1960s,Tamir and Ratngf1963)foundthat chickens lack carbamoyl phosphate synthase I, which would
catalyze ammonia fixation, and have a scarcely active ornithine transcarbamylase that transfers the fixed
nitrogen to ornithine to generate citrulline, an indispensabtéemediae in the urea cycle However,
pioneering studies conducted almost 30 years before had already suggested that arginine is an essential
nutrient for chickengArnold et al., 1936; Klose et al., 193&ccording b the weltknown Nutrient
Requirements of Poultry published by tHational Research Coun§¢NRC, 1994) broilers should be
given diets containing 1.25, 1.10, and 1.00% of arginine up to"thieddn the 3 to 6", and from the
6" to 8" week of age, respectively, with a constant arginine to lysine ratio of 1.04. Although these
guidelines have been adequate for a long time, extensive research has demonstrated that arginine
requirements ofmodernbroilers are substantiallyinfluencedby diet composition and environmental
conditions(Khajali and Wideman, 2010; Hassan et al., 202a&) example consistent requirements for
broilers facing HS cannot be easily found in the literaflieyssier et al., 2022ajhe reason for this
might be thathe previously examined modificatioms FI, physiology metabolismand gut healtland
functioninduced by HSsee sectio.4fiRaising Chickensint he fA Hot h o The Effedisafr t h 0 :
Heat Stres® fomplicatthe computation of argininar other nutrienheeddor heatstressed broilers.
In this regard, considering tliideal proteiid concept widely adopted in poultnutrition (Wiseman e
Garnsworthy, 1999)an increase in the arginine to lysine ratio for broilers undergoing HS has been
attributed to dikely reductionin intestinal absorption ofrginine (Balnave andrake 2002)

Interestingly,it has been showthat feedingbroilers and other poultrarginine above the
recommended levels, such as those released INRB£1994)or the breeding companies, is beneficial
for their health, growth performance, asidughtering yieldsboth under TN and HS conditiottdassan
et al., 2021; Teyssier et al., 2022&)jven theproperties ofarginine discussecearlier, high dietary
arginine levels could reasonably produce an alleviation tife negative effects of HS, such as
immunodeficiencyinflammation &ad oxidative stresprotein turnover alteration indicating a catabolic
state, gut health degradation, and perturbation in the micrgitasectio2.4 fiRaising Chickensin

t he fAHot ho Uhe EffedisafHéahSires® .)Neverthelessvery little attentiorhas been paid
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to the biological roles of arginine aitd dietarysupplementatioim heatstressed broilef§ suggesting
that there is abundant room for further progrestheseresearch aresa An essential step move
forward is to fully comprehend the involvement of arginine nmetabolism and intestinal healdf
broilers According toMorris (2007) fliomic technologies can help advance our knowledge of how
arginine affects and mathtes animal metabolisfhereforethe aims of S3 wert® evaluate the effects

of arginine supplementation on growth performance of beégposed to TN and HS conditioard

to explore the impacts dhis nutritional strategy on the hepatic, muscuta and blood metabolic
profiles, as well aon ther intestinal microbiotaSpecifically, arginine supplementation was testeal

TN environmentn S3E1 while in S3E2birds were exposed to a cyclic HS pertodsimulate field
conditions typical of the sumer in temperate areas of the worldmelya succession of diurnal hot

temperatures and cooler nights.

6.3 Materials and Methods

EXPERIMENTAL DESIGN, HOUSING, AND HUSBANDRY CONDITIONS

In S3, approved by the Ethical Committee of the University of Bologna4&37), birds were
reared, monitored, and slaughtered in compliance with EU legislation (i.e., Dir. 2007/43/EC, Reg.
2009/1099/EC, and Dir. 2010/63/EWeed and water were providad libitumthroughout the trialef
this study

For S3E1, 630 onedayold male Ross 308 broilers, obtained from the same breeder flock and
hatching batch, were supplied by a commere&theryandvaccinated against infectious bronchitis,
Mar ek 6 s, md&unbersdiskases, and coccidiosdisplacemenin an experimental poultry
barn, birds were randomly assignedtexperimental groups/(replicate pens/groughat werefed a
commercial ABF basal diet in mash for@@N1) or the same basal diet supplensal withcrystalline

L-arginine(ARG1) for the entire trial (819 d). The basal diet was formulated to meet the nutrition

28 The literature search was carried outdmarchinghe Scopus database on September 12, 2022, entering the
following query string: (TTLE ((chicken OR broiler) AND (arginine OR arg) AND heat AND stress AND NOT
(arginine AND vasopressin) AND NOT plant AND NOT polymorphism) OR ABS ((chicken OR broiler) AND
(arginine OR arg) AND heat AND stress AND NOT (arginine AND vasopressin) AND NQOT piaD NOT
polymorphism))No restriction on the date and type of publication was set.
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specifications released by the breeding comgArmiagen, 2022). Analysis of AA concentration of the
experimental diets was outsourced to Evonik IndustrieA&hau, GermanyAnnex 3 provides the
formula and compositioof the basal diet according to the fqinmase feeding program used (istarter,
0-9 d; grower 1,10-21 d;grower Il,22-35 d; finisher, 3649 d). For each feeding phase, the basal diet
(Annex J) consisted of a single batch of coarsely ground nieeti(for information on particle size,
seeFootnote 24), andthe subbatches intendefbr ARG1 replicates were supplemented on top with
crystallineL-arginine (about 1.5 g/kg feed; purity of 98%; BESTAMINQCJ BIO,Seoul Korea)
Consequentlythe total arginine level ahe basal dieted to group COMl was1.59, 1.42, 1.32, and
1.25%, whilethat ofthe supplemented diet féd group ARG1lwas1.75, 1.57, 1.47, and 1.39%time
starter, grower I, grower Il, and finisher phase, respectividig. total arginine to lysine ratio of the
formerdi et ranged between 1.07 and 1.08 and was <col
(Aviagen, 20223)whereas that afhe latter diewas 1.20 throughout the trialhe floor pens were
arrangé in a block design and equipped with chopped straw as bedding materibgltfeeders, and
nipple drinkers.The environmental temperature was modified according to the flock age and the
breedi ng c¢ o mp alAviages, 20i18) The artifictat phatopesiod was3R:1D during the
first 7 and last 3 d, while 18L:6D for the remainder dallewing EU legislation (i.e., Dir. 2007/43/EC)
and the breeding company épsocegsing nthragemedviagerf, 2068) | i ght n
For SE2, 240 0neday-old male Ross 308 broilerprocured and vaccinated as detailed above,
were randomly placed in 2 identical environmental chambersafter referred to asoms Eachroom
wasdivided into12 equally sized floor pens equipped as previously described. The pens were assigned
to one of two experimental groufise., 6 replicate pens/group/roorafd were arranged in a block
design. The control groufCON2) was given a commercial ABF basal dietnirash form, while the
treated group was fed the same basal diet supplemented on togrysgithlline L-arginine (ARG 2)
throughout the trial (@4 d), as detailed abovénnex 3 provides the formula and composition of the
basal diet according to the thrpbase feeding program used (igarter,0-14 d; grower, 1527 d;
finisher,28-44 d). As before, the basal diet wasoarsely groundhash feedfor information on particle
size, se€&ootnote24). In this case, howevehe total arginine level of the basal diet fed to group ON

was 1.9, 1.38, and 1.3%, while that of the supplemented diet fed to group RR@s 1.4, 1.5, and
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1.37% in the starter, groweandfinisher phase, respectivelyhe total arginine to lysine ratio of the

former diet ranged between 2.8nd 1.0 and was consisttn wi t h t he breeding com
(Aviagen, 2022a)whereas that of the latter diet was 1.20 throughout theThalartificial photoperiod

was adjusted gsreviouslydescribed. Environmental temperature and RH were recorded with climate

data loggers (Trotec GmbH, Heinsberg, Germamgatedat animal level (3 data loggers/room having

a recording time of 900 sAs for the temperature program, one room was constangy &eTN

conditions, while the other room was kept at TN conditiom#l D34 and subjected to cyclic HS from
D35onwardg(i.e.,temperature was raised daily484 °C from 9:00 AM to 6:00 PMrom D35 toD43).

During the HS period, RH ranged between 400%b in both rooms. These RH values were maintained

by means of humidifiers (Trotec GmbH) installed on the ninth day of theRigre 33 andFigure

34).

Figure 337 S3E2 |Average daily temperatura)(and RH b) of the two rooms
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Note: March 15, trial start (DO) April 19-27, cyclic HS period (D3®43); April 28, trial end (Di4).
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Figure 347 S3E2 |Hourly temperaturéa-i) of the two roomsluring thecyclic HS period
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Note: April 19-27, cyclic HS period§35-D43).

DATA AND SAMPLE COLLECTION

For S3E1, on a replicate basis, the number and BW of birds were recorgie¢atnen{DO0), at
every feeding phase switch (D10/28), and at slaughter (D49), while FI was measured for each feeding
phase. DWG, DFI, and FCR were calculated fag fheding phases separatelgd cumulative
performance traitsvere calculated for the entire rearing periogt9dd). The number and BW of dead
or culled birds were recorded daily to compute the mortality rate and ctivegaerformance data for
mortality. At slaughter (D@) in a commercial abattoir, carcass andutyields were measurexh a
group basisiccording to standard commercial procedures. Breast muscle myopathies, namely WS, WB,
and SM,were assessed blindly by specially trained 24fh postmortemi after chilling, deboning,
and skin removal on a randomly selected sample of approxima28i@breasffillets per group with a
3-pointscale: score 0, normal; score 1, mild myopathy; score 2, severe my¢pathet al., 2016)
Two birds per replicate (i.e14 birds/group)with a BW close to the flock averageereselected at the
slaughterhouse (34 for collection ofblood, liver, andcecalcontentsamples. Blood waselpt at RT
before being centrifuged to get plasma that was subsequently stoi&@ °& until metabolomics

analysis throughH-NMR. Hepatic tissue (~1 cthwas dissected from the rigbdudalobe of the liver,
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frozen in LN, and stored at80 °C until *H-NMR analysis.Similarly, the content of botltecawas
collected in duplicate, frozen in LLNand stored aB80 °C until *H-NMR analysisand DNA extraction
for shotgun metagenomic sequencing.

For SE2, threerepresentative birds per pen (i.£8 birds/goup/roon were randomly chosen
and labeled to measure the rectal temperatittea veterinary thermometer (Scala Electronic GmbH,
Stahnsdorf, Germany). The rectal temperature was takehe first and eighth day of the HS period
(i.e.,D35 and D42, respéively) at two time points, that is 9:00 AM and 6:00 RBlowth performance
data were collected as described befdmat in this case cumulative FI and cumulative FCR were
computed for the period consisting of a feeding phase and its previous onefanesfier + grower;
starter + grower + finishert the slaughterhouse (D44)lood liver, and cecal contemterecollected
from two of the three birds previously labeledeachpen (i.e., 12 birdsampledgroup/room) as
explained aboveBesides breast muscle (~1 cinwas collectedfrom the left cranial portiorof the

Pectoralis majoy frozen in LN, and stored aB0 °C until *H-NMR analysis.

LAB ANALYSIS

For metabolomicsanalygsof samples collected i83E1 and S3EZAn H-NMR solution with
D.0, containing TSP 10 mmol/L and NaR mmol/L, was created. Phosphate buffér vas used to
achieve a pH of 7.00 £ 0.02, while TSP was used as a reference for NMR chsdriftcahd NaN
avoided bacterial proliferatioifCecalcontent samples were prepared by vortex mixing 80 mg of each
sample with 1 mL of bdistilled water. Approximately 0.5 g of liver and muscle samplesre
homogenizedq14,000 rpm 20 s RT) with 3 mL of a water solution of TCA 7% (w/wAll samples
were catrifuged (18,630 g; 900 s;°€) and 0.7 mL of supernatant were mixed with 0.1 mL ofkhe
NMR solution.The pH of liver and muscle samples was further adjusted to 7.00 £ 0.02 with drops of
NaOH 9 N and 1 N as needed. Adinsples were centrifuged againthe abovementionedonditions.
The'H-NMR spectra were registered (600.13 MHz; 29¢
(Bruker, Milan, Italy) equipped with Td&pin software v3.5 (Bruker). The signals from broad
resonances due to large molecules werersggpd withCPM& i | t er (400 echoes wi
and a 180° pulse of 24 ps, for a total filter of 330 ms), while the residual signal of water was suppressed
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by means of presaturatiofhis was done employing tlepmgprldsequence, part of the standard pulse
sequence library. Each spectrum was acquired summing up 256 transients constituted by 32,000 data
points encompassing a window of 7,184 Hz, separated by a relaxation delay of 35NMR spectra
were phas@adjustedn TopSpin v3.5(Bruker) and then exported to ASCII format by means of the built
in scriptconvbin2ascSpectra were processed with R (R Core Team, 2020) throughrhadescripts.
Signal assignment was performed comparing their chemical shift and roitjtigith the Human
Metabolome Databas@Vishart et al., 2007and Chenomx software libraryl0 (Chenomx Inc.,
Edmonton, Canada), by means of Chenomx software routip@s.all samples the absolute
conceftiration of molecules was performed with the median water dilution, assessed via probabilistic
guotient normalizatio(Dietelle et al., 2006)T SP was used as an internal standard. Differences in water
content between samples from the same matrix were considered through probabilistic quotient
normalization.The concentration of each molecule was obtained from the area aof dsesignals,
calculated bythe global spectra deconvolution algorithm implemented in MestReNova software
v14.2.026256 (Mestrelab research S.L., Santiago De Compostela, Spain), by considering a limit of
guantification of 5. This was done after applyiagbaseline adjustment by Whittaker Smoother
procedure and a line broadening of 0.3.

Moving to microbiota analysof the cecalcontenf DNA extractionwas performecdidopting a
beadbeating procedure and using the QIAMPNA Stool Mini Kit (Qiagen, Milan, Italy) as detailed
in the work byDe Cesare et a2017) Total DNA was fragmeted and tagged with sequencing indexes
and adapters using the Nextera XT DNA Library Preparation Kit (lllumina, San DiegoJGA.
Shotgun metagenomic sequencing was performed with NextSeq500 (lllumid (Bxin pairedend
mock. Filtering of low-qudity reads and sequence adapters trimming of raw reads were conducted using
the toolAdapterRemovalThe microbial community composition was evaluated withbtbaformatic
tool MetaphlAn3(Truong et al., 2015t the phylum, class, order, family, genus, and species Farel.
S3E1, #pha diversity was computed adopting the Shannon index implementeganR-bioconductor
package(Oksanen et al., 2020 his package was also employed to calculate the-8umiis beta
di stance. Beta values were transformed with the

to perform the®?CoAanalysisFor S3E2, alphdiversty indices (i.e., observed, Shannon, Simpson, and

107



Inverse Simpson)and BrayCurtis beta distancevere calculatedwith the R packagephyloseq

(McMurdie and Holmes, 2013)

DATA ANALYSIS

For S3E1, a oneray ANOVA with blockswas used to evaluate the effect of diet (i.e., the group
factor) on growth performance, using the replicate as the experimental unit. Mortality rate data were
transformedusing the arcsine transformation befbeing analyzeadvith inferential statistics. Carcass
and cutup yields data were not statistically analyzed because they were recorded on a group basis
without considering the replicates at the slaughterhouse. CatabtWs, WBandSM were analyzed
wi t h P e asgmmedtdstsusing thé sampled animal as the experimental unit. Count data were also
arranged in 2 by 2 contingency tables aligriimgjevels of thegroupfactor(i.e., CON1 andARG1) and
havingbinar | y aggregated scores of a myopathy in colu
1 and score 2, while fiabsenced as score 0 counts
with epiR package(Stevenson et al., 2020f R (R Core Team, 2020)The risk of developing a
myopathy was calculated as incidence risk ratio minus 1 and expressed in percentage. A confidence
interval of 9 5-%guared st Weeused ® test the incitdnde risk ratio significance.
Regarding the analysis of metabolomics datavo-t ai | e d t-Sstwitid gronpastieindependent
variableand the sampled bird as the experimental unit was carried/l@etdbolomics dta devianhg
from normality in ShapirdVilk test were subjected to BeRox transformatiorfBox and Cox, 1964)
Concerning thenalysis ofcecalmicrobiota data, the relative frequency of abundance was computed
andatwes i d ed Westiwashapplied tievealstatistically significant differences betwegoups
Alpha diversity(Shannon indexjlata were statistically analyzed withveo-t ai | ed t&bstuAdent 6s
representative boxplot for the genus level is shown in the resulbrsditlow. These analyses were
carried out using RR Core Team, 2020pP-values less than 0.05 were considered significant, while
those ranging between 0.05 and 0.1 were considered tendencies.

For S3E2the effect of diet (i.e., the grodigctor on growth performance of the starter and grower
phase was assessed withtwoway blocked ANOVA without interactigreconsidering the room as a
fixed factorand using the replicate as the experimental Haitvever theinteractive effecbetweerthe
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factorsgroupandroomwas testedhroughatwo-way blocked ANOVA with interactiofor thedata of
thefinisher phaseT u k e y 0 s -hStBst wae usdtineeded Mortality rate data were handled as
before.Rectal temperature datagouped bythe day of collectiorwere analyzed through a thremay

mixed ANOVA, a type of repeatetheasures ANOVA that includes betwearbject factors (i.e., group

and room) and withisubject factors (i.e., time pointhfter verifying that there was no statistiga
significant threeway interaction, rectal temperature data were grouped by the factors group and room
to run pairedt-tests with Bonferroni adjustment between time poifegarding the analysis of
metabolomics data twoway ANOVA with interactiorbeweengroupand roomand the sampled bird

as the experimental unit was carried olitu k e y 6 s -hb8 f@st was sisedhere appropriate.
Metabolomics dta deviating from normality in Shapikilk test weretransformed withBox-Cox
transformatior{Box and Cox, 1964 he effects of group, room, and their interaction on alpha diversity
measuresand beta diversityistance matrixwere testedwith a twoway ANOVA and a tweway
PERMANOVA [adonis2function implemented in the Rreganpackage(Oksanen et al., 202))
respectively Descriptive statistics of relative abundance data at the phylum level are reported in the
result section below, whildifferential abundance testing and othedipth analyses anicrobiota data

from S3E2 are being performedll theseanalyses were carried out usinglRCore Team, 202@nd
considering 0.05 as the significance threshBlgalues ranging betwee).05 and 0.1 were considered

tendencies.

6.4 Results

For S3E1,Table 11 presents the growth performancegobupsCON1and ARG1in the four
phasdeedingtrial. At placement, chicks had an average weight of 40 g. At the end of the starter phase,
group ARG1 showedlower FCR thangroup CON1 (1.345vs. 1.303; P < 0.05), whereashe other
performance traits showed no differences betvggenps Likewise, ARG birds had the lowest FCR
in the first grower phase (1.538.1.470;P < 0.05). No differencebetween groupsiere detected in
the second grower phase. At the end of the finisher phem&ARG1 reachedjreater BW thagroup
CONL (3,778g vs.3,937 g;P < 0.001).Cumulatively(0-49 d) DWG washigher(P < 0.001)andFCR
was lower(P < 0.05)for ARG1 birds (76.15g and1.808vs.79.46 gand 1.73Xor CON1 and ARQ,
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respectively. However thetwo groups had essentially the sacuenulative FJas also shown iRigure
35.

Processing data of S3E1 showed tlaatass and breast yieldghe latter calculated as percentage
of the eviscerated carcass weightvere similar between groups (i.e., 73.5 and 33w/ 3.6 and
33.7%, for CON1 and ARG1, respectively) and in line with the goals set by the breeding company for
the broiler line use@Aviagen, 2022h)Regarding breast muscle myopathies, the incidence of WS and
WB was related to the group factér € 0.001 andP < 0.05 for WS and WB, respectively), with ARG1
birds exhibiting a higher incidence of mild WS and severe WS and WB than CON 1Hajyais (36a-

b). However, the incidence risk ratio analysis revealed that the dietary supplementatiargofine

had a significant effect only on the onset of WS: ARGL1 birds were 1.32 (95% confidence interval of
1.15 to 1.51) times more likely to develop WS than CONdghiin other words, feeding broilers the
argininesupplemented diet significantly increased by 32% the relative risk of developing WS. On the
other hand, SM did not show a significant association with the group f&agoreé 36c).

Metabolomics analyses of S3kElkentified60, 71, and 78 metabolites in plasma, liver, and cecal
content samples, respectivelyable 12 shows the metabolites with different concentrations between
CON1 and ARG birds in those samples. In plasma, ARGL1 birds had a significantly lower concentration
of 2-oxoglutarate, glutaminend methanol, while that of fumarate and mannose showed a comparable
but not significant trend. Furthermore, concentrations of arginine, betaine, and histidine were
significantly greater for ARG birds, with those of acetate and creatine having a ssmileancy toward
significance. In the liver, the concentration of glutathione showed a decreasing trend in ARG1 birds,
while that of aspartate, creatine, leucine, phenylalanine, and threonine varied in the opposite way.
Moreover, the concentration of methione sulfoxide was significantly higher in the liver of ARG1 birds.

In the ceca, ARG birds showed a significantly lower concentration of leucine and an almost significant

increase in thymine concentration than CON1 birds.
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Table 117 S3E1 |Growth performance of groups COMhd ARG1lat the end of each feeding phase
and in the entire trial (@9 d)

Group”
CONL ARG1 SE  P-value
Chick weight(g/bird) 40.17 40.01 0.34 0.409
Starter (0-9 d)

Dependent variable

BW (g/bird) 2149 2189 6.77 0.315
DWGS (g/bird/d) 19.42 19.88 0.74 0.293
DFI8 (g/bird/d) 26.12 2589 0.85 0.631
FI8 (kg/bird) 0.235 0.233 0.01 0.631
FCR® 1.345 1.303 0.03 0.044
Mortality % 0.00 0.00 0.00 /
Grower | (10-21 d)

BW (g/bird) 893.2 917.6 27.63 0.149
DWGS (g/bird/d) 56.52 58.22 194 0.152
DFI8 (g/bird/d) 86.61 85.56 1.25 0.169
FI8 (kg/bird) 1.039 1027 0.02 0.169
FCR® 1533 1.470 0.04 0.018
Mortality (%) 0.00 0.00 0.00 /
Grower Il (22-35 d)

BW (g/bird) 2,262 2,339 89.06 0.157
DWGS (g/bird/d) 97.79 1015 4.75 0.190
DFI8 (g/bird/d) 169.2 168.5 1.98 0.542
FI8 (kg/bird) 2369 2359 0.03 0.542
FCR® 1.736 1.661 0.11 0.238
Mortality (%) 0.32 000 059 0.356
Finisher (36-49 d)

BW (g/bird) 3,778 3,937 49.26 <0.001
DWGS (g/bird/d) 108.0 114.0 7.22 0.172
DFI8 (g/bird/d) 221.8 223.4 5.27 0.585
FI8 (kg/bird) 3.105 3127 0.07 0.585
FCR 2.063 1961 0.12 0.168
Mortality (%) 032 064 059 0.356
Entire trial (0 -49 d)

BW (g/bird) 3,778 3,937 49.26 <0.001
DWGS (g/bird/d) 76.15 79.4 0.97 <0.001
DFI8 (g/bird/d) 1376 1376 1.88 0.994
FI8 (kg/bird) 6.748 6.746 0.09 0.98
FCR 1.808 1.732 0.4 0.012
Mortality (%) 0.64 0.64 0.06 1.000

AMeans of 7 replicate pens/group.
8 Corrected for mortality.
Note: P-values less than 0.05 are in bold.
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Figure 357 S3E1 |Cumulative FI &), final BW (b), and cumulative FCRc) of groups CONland
ARGL1in the entire trial (49 d)
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Figure 367 S3EL1 |Incidence and severity of W&)( WB (b), and SM €) of CON1and ARG1birds
at D4
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Table 127 S3E1 |Metabolites showing different concentrations (mmpifiLplasma, liver, andecal
content of CON and ARQ birds at D49

. Group”
Metabolite CONL _ ARG1 SE  P-value Changé
Plasma
2-Oxoglutarate 9.64E02 7.67E02 1.61E02 0.004 z
Acetate 4.37E02 5.94E02 2.23E02 0.079 y
Arginine 3.25E01 4.09E01 1.38E02 0.018 y
Betaine 6.06E01 6.90E01 8.62E02 0.023 %
Creatine 7.67E02 9.58E02 8.96E02 0.060 y
Fumarate 1.39E02 1.22E02 2.83E02 0.057 z
Glutamine 1.46E+00 1.32E+00 2.22E03 0.043 z
Histidine 9.97E02 1.17E01 1.77E01 0.009 %
Mannose 4.30E02 3.95E02 1.56E02 0.066 Z
Methanol 5.35E02 4.19E02 4.67E03 0.026 z
Liver
Aspartate 5.02E03 5.81E03 1.14E03 0.078 y
Creatine 3.60E04 5.40E04 2.44E04 0.056 y
Glutathione 1.50E04 6.00E05 1.09204 0.064 z
Leucine 15803 2.00E03 5.82E04 0.066 y
Methionine sulfoxide 2.00E05 3.00E05 7.05E06 0.034 y
Phenylalanine 7.90E04 1.02E03 3.03E04 0.062 %
Threonine 17703 2.12E03 5.41E04 0.094 %
Cecalcontent
Leucine 2.47E03 1.79E03 7.53E04 0.017 z
Thymine 4.80E04 6.50E04 2.29E04 0.051 ¥
AMears of 14 birdsgroup
$Ratio ofthe mean of grou@ONL1 overthe mean of grouARG1. The arrows indicatej , ratio < 1; Z, rati o

Note: P-values less than 0.05 are in bold.

Regarding theesults ofthe cecalmicrobiotaanalysisof S3E¥°, alpha diversity ofgroupARG1
tended to be lower than thaftgroupCONL at almost all taxonomic levelexcept forthe speciegdata
not shown) At the genus levelFigure 37), groupARG1 had a averagalpha diversity of 1.3vhile
groupCONL1 of 1.5 P = 0.06).Beta diversity analysis did not cluster the samples accordigptgs
(data not shown)Table 13 showsthe bacteria that were differently abundanttire cecal content
collected fromCON1 and ARGL1 birds at D49. At the phylum level, the relative abundance of
Proteobacteriavas significantly lower igroupARG1 thangroupCONL1 (P < 0.05), while Firmicutes
had a similar trend toward significance. Bacteroidetes, in conwasg overrepresented iIARG1

compared taCON1birds P < 0.05). At the class level, Bacteroidi@remore abundant iARG1 than

2 The metagenomes have been uploaded tdl@®RI repository (BioProjecentitied iPRINA884508 available
at https://dataview.ncbi.nlm.nih.gov/object/PRINA884508?reviewer=t7u6lk5fa366vfuc3gam3yp70le
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CONL1 birds, aswere Coriobacteriiai a classof the phylum Actinomycetotai whereas the relative
abundance of GammaproteobacteuaclassifiedFirmicutes, and Clostridia changed in the opposite
way (P < 0.05). The differences in relative abundance detected at the order level reflected those at the
class level: Beteroidales an&ggerthellales (the latter belonginghe clas<Coriobacteriiawere more
abundant, while Enterobacterales (members tlod class Gammaproteobacteria), unclassified
Firmicutes, and Clostridiales were less abundaAtRG1 thanCON1birds P < 0.05).Regardinghe
bacterial families, the relative abundance of Eggerthellaceae was higheumARG1 than group
CONL1 (P < 0.05) whereaghe relative abundanasf Enterobacteriaceae amthclassifiedFirmicutes
was significantly lower irARG1 than CON1 birds P < 0.05).As for bacterial generaARG1 birds
showed a greater abundance@drdonibacter(P < 0.05)and a lower abundance &scherichia
unclassified Firmicutes, arfdlavonifractor( 0 . ®® O .LB8sfy) bacterial species whose relative
abundance differed betweeagroups were Gordonibacter pamelaeaand Lactobacillus salivarius
(significantly more abundant igroup ARG1; P < 0.05, as well asEscherichia coli Firmicutes

bacterium CAG 94, andLachnalostridium An131 (less abundant igroup ARG1 with a P-value

ranging between 0.09 and 0.03).

Figure 377 S3E1 | Shannon index of theecalcontent of CONBNndARG1 birds at D4
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Turning now to S3E2, the growth performance results are showabte 14. Chicks did not
show a significantly different weight between groups at placement4.2g). Before HS was applied,
ARG?2 birds tended to be heavier than CON2 birds at the end of tter ptaaise (i.e., BW of 437.9 and
450.4 g for CON2 and ARG2, respectivaPs 0.09). In contrast, FCR of group ARG2 was significantly
lower than that of group CON2 (1.344.1.270;P = 0.02). Similarly, at the end of the grower phase,
ARG2 birds showed geger BW and lower cumulative FCR than CON2 birds (1,424 g and ¥£646
and 1,471 g and 1.553 for CON2 and ARG2, respectitrdy.05). The difference in DWG, however,
approached but did not achieve significance (7§%77.95 g;P = 0.08). In the firsher phase, neither
the effect of group nor that of the interaction between group and room was sigrfficat05) The
exposure to HS, however, decrease®( 0. 01) BW, D WG, DFI, and (cumul
mortality regardless ajroup.

Figure 38 shows the ectal temperature akpresentative birds of grou@ON2 and ARG2 on
the firstand eighth day of the cyclic HS periat9:00 AM and:00 PM. The raw data ranged between
40.4 and 44.0 °C. The mixed ANOVA used to analyze the data grouped by the day of collection did not
reveal a significant interaction between the three factors (i.e., group, room, and timé poth05).
Moreover, theeffect of group was not significant, while those of room, time point, and their interaction
were highly significant® < 0.001).Pairwise comparisons of time points indicated that the increase in
rectal temperature fro@t00 AM to 6:00 PMwas greatly sigficant (P < 0.001)in either room, on both

the measurement days, and irrespectivia@group.
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Table 137 S3E1 |Bacteria showing different relative abundance (%) ircéwalcontent of CON and
ARGL birds at D49

. Group”
Bacteria CONL ARG1 P-value Changé
Phylum
Proteobacteria 1.70 0.14 0.018 z
Bacteroidetes 72.3 809 0.041 y
Firmicutes 19.0 14.6 0.087 z
Class
Coriobacteriia 0.19 0.42 0.010 ¥
Gammaproteobacteria 1.70 0.14 0.018 z
Firmicutes (unclassified) 480 258 0.041 z
Bacteroidia 72.3 809 0.041 ¥
Clostridia 135 9.35 0.043 z
Order
Eggerthellales 0.19 0.42 0.010 ¥
Enterobacterales 1.70 0.14 0.018 z
Firmicutes (unclassified) 480 258 0.041 z
Bacteroidales 72.3 809 0.041 ¥
Clostridiales 13.5 9.35 0.043 z
Family
Eggerthellaceae 0.19 0.42 0.010 ¥
Enterobacteriaceae 1.70 0.14 0.018 z
Firmicutes (unclassified) 480 258 0.041 z
Genus
Gordonibacter 0.19 0.42 0.010 ¥
Escherichia 1.70 0.14 0.018 z
Firmicutes(unclassified) 480 258 0.041 z
Flavonifractor 157 0.81 0.059 z
Species
Gordonibacter pamelaeae 0.19 0.42 0.010 ¥
Escherichia coli 1.70 0.14 0.018 z
Lactobacillus salivarius 0.01 0.06 0.030 ¥
Firmicutes bacteriunCAG 94 4.80 2.58 0.041 z
LachnoclostridiumAn131 0.33 0.13 0.091 z

AMeans of 14 birds/group.
SRatio of the mean of group CON1 over the mean of group ARG
Note: P-values less than 0.05 are in bold.
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Table 147 S3E2 | Growth performance of groups CQldnd AR@ in thethreephase feeding trial

Dependentvariable

Feedingphase Factor Chick weight  BW DWG? DFI3 FIS Cum. FIS T FCR® Cum.FCRs 1 Mortality
(g/bird) (g/bird)  (g/bird/d) (g/bird/d) (kg/bird)  (kg/bird) ' (%)
Group
Starter® CON2 43.15 437.9 28.20 37.94 0.531 / 1.344 / 0.00
(0-14d) ARG2 43.60 450.4 29.06 36.91 0.517 / 1.270 / 0.00
SE 1.07 16.69 1.22 2.28 0.03 / 0.06 / 0.00
P-value 0.327 0.094 0.113 0.292 0.292 / 0.015 / /
Group
Grower? CON2 / 1,424 75.16 133.1 1.730 2.261 1.772 1.646 0.83
(1527 d) ARG2 / 1,471 77.95 130.0 1.690 2.207 1.670 1.553 0.00
SE / 51.59 3.53 9.77 0.13 0.12 0.15 0.10 0.07
P-value / 0.049 0.079 0.459 0.459 0.295 0.112 0.042 0.339
Group
CON2 / 3,051 96.51 196.0 3.332 5.592 2.033 1.852 5.00
ARG2 / 3,138 98.21 188.5 3.205 5412 1.927 1.751 0.83
Room
TN / 3,222 105.1 208.3 3541 5.743 1.987 1.811 0.00
. ) HS / 2,967 89.64 176.3 2.996 5.261 1.973 1.792 5.83
Finishery Grounp x Room
(28-44d:; s
cyclic HS CON2-TN / 3,188 104.1 217.4 3.696 5.939 2.096 1.894 0.00
from D35 ARG2-TN / 3,257 106.1 199.1 3.385 5.546 1.878 1.728 0.00
onwards) CON2-HS / 2,914 88.93 174.5 2.967 5.246 1.970 1.810 10.00
ARG2-HS / 3,019 90.35 178.0 3.026 5.277 1.975 1.775 1.67
SE / 122.0 4.78 15.47 0.26 0.37 0.20 0.15 0.14
P-value
Group / 0.111 0.404 0.266 0.266 0.259 0.229 0.122 0.179
Room / <0.001 <0.001 <0.001 <0.001 0.010 0.866 0.759 0.039
Groupx Room / 0.732 0.889 0.115 0.115 0.191 0.208 0.297 0.179

An=12replicate pens/group.

Yn =6 replicatepenggrouproom. In froomHSo, temperature was raised daily-t84 °C from 9:00 AM to 6:00 PM from D35 to D43.
$Corrected for mortality.

TComputed for the period consisting of a feeding phase and its previelsesCum., cumulative.

Note: P-values less than 0.05 are in bold.
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Figure 381 S3E2 |Rectal temperature of CON2 and ARG2 biirdshe two rooms on the firsa) and
eighth p) day of the cyclic H®eriod at two time points

a Room TN Room HS b Room TN Room HS
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Note: The rectal temperature of 18 labeled birds/group/room was measured on the first (D35) and the eighth (D42) day of the
cyclic HS period at two time points, namely T1 (9:00 AM) and T2 (6:00 PM). Group means are the black dots inside the boxes.
** P <0.01;** P<0.001; *** P<0.0001.

Moving tothe resul$ of metabolomicsnalyse®f S3E2, the concentration of several metabolites
was found to baffected by the study factors group and room in plasma, livelReactbralis majoyas
shown in thdablesprovided inAnnex 4. The dah of thesaables have been compared and summarized
in Table 15 bearing in mind the aims of S3E2 and focusing partentially biologically relevant
metabolites Group ARG2 had a higher concentration of arginine in plasma, Rzer @.001), andP.
major (P = 0.07), creatine in plasma, liver, aRdmajor (P < 0.05), methionine in liverR = 0.08),
glycerolandlactate inP. major (P < 0.05), as well as a lower concentration of alanine in plaBma (
0.05) andP. major (P = 0.08), AMP in liver andP. major (P < 0.05), glutamine in plasm& & 0.01),
liver (P = 0.06) andP. major (P = 0.1), glutathione in liver anB. major (P 00.01), and glucos&-
phosphate i?. major (P = 0.07) The exposure tblS increased the concentration of glucose in plasma
(P < 0.05) phenylalanine in plasma and livér € 0.05), glutamateR < 0.05), (iso)leucineR = 0.07),
threonine P = 0.05), uracil and uridineP(< 0.05) in liver, AMP P < 0.05), anserine, betdanine,
carnosinePO 0. 00 1) , Pa&0.01) icPhroajori white decreased that of aspartate, betaine,

carnosine, glycerol, and methionine in plasiRa<(0.05), succinate in plasma and livér < 0.05),
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glycine P < 0.01) and tyrosind(O 0 in @l&sjna ané®. major, UDP in liver and®. major (P < 0.01),
alaning fumarate and N,NDimethylglycine in plasma, liver arfl major (P ©0.05), and (iso)leucine,
threonine, and valine iR. major (P ©00.002). On the other hand, the interactive effect of group and
room tended to be or was significant on the concentrafianf@n metabolites, such as carnosine and
formate in plasma, sarcosine in plasma and liver, ethanolamine and propylene glycol in liver, and
isoleucine and threonine h major.

Regardinghe cecalmicrobiota? analyseof S3E2 it can be seen from the dataTiable 16 that
group ARG2 showedreduced observed diversiff? < 0.05) compared to group CON2wvhile HS
increased thialpha indexP = 0.09) as well aghe ShannofP < 0.01) and Inverse SimpsoR £ 0.05).
No significant interaction between group and romas foundor alpha diversity indiceBeta diversity
was also affected by group € 0.00) and room P = 0.07), but not by their interactio(P = 0.26Q.
Despite being preliminary results based on descriptive statistics, the differences in relative abundance
of importantcecal bacteriaphyla for poultry are worth presentinglhe data reported ifiable 17
suggest thatARG2 birds may haveharboredless Actinobacteria andProteobacteriavhile more
Bacteroidetesas well agess Firmicutes onlynder TNconditions HSseemed toeducethe abundance
of Bacteroidetes andcreasdhat ofFirmicutes In addition, the exposure HS mayhaveincreasedhe

abundance dProteobacteria onffor CON2 birds.

30 The metagenomes have been uploaded to the NCBI reposiiofr(®8 j ect entitl ed APRJNAQ92
at https://dataview.ncbi.nlm.nih.gov/object/PRINA928248?reviewer=i1mh70gbpbnn002pmrcyr62leu
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Table 157 S3E2 | Biologically relevant metabolites whose concentration was affeBtedl(les of0.1

maximun) by either arginine supplementation, HS exposure or(set\nnex 4 for more informatioh

Arginine supplementatior? HS exposuré
Plasma Liver P.major |Plasma Liver P.major
Alanine z 7 z z 7
AMP - - -
Anserine -
Arginine y
Aspartate -
Betaalanine - -
Betaine - -
Carnosine - -
Choline -
Creatine y
Fumarate -
Glucose -
Glucosel-phosphate - -
Glutamate -
Glutamine z
Glutathione -
Glycerol -
Glycine - -
Isoleucine -
Lactate - -
Leucine -
Methionine -
N,N-Dimethylglycine -
Phenylalanine -
Succinate - - -
Threonine - - -
Tyrosine - - -
UDP - - -
Uracil - - - -
Uridine - - - -
Valine - - - -

Metabolite

1< NN
1 D N

1 0 N !

NN NG

1 <
1 <
N

1
1< N !
1

1
1
[

NN
S NMNN Y N !

N N

1<
1

1<
1
PN N NN

1
1
NN NS NN
TN NS &

CNENEN

1O N

Z

§ Compared withconcentrationsneasured irthe samples collected from birds fed the control diet or reared under TN
conditions, hesymbolsi ndi cat e: v, i n-mot effected d ; Z, decreased
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Table 167 S3E2 |Alpha diversity indicesof the cecal content of CON2 and ARG2 biidghe two
roomsat D44

Alpha diversity index

Factor Observed Shannon Simpson Inverse Simpson
Group

CON2 189 3.65 0.94 19.1
ARG2 180 3.60 0.95 19.3
Room

TN 181 3.56 0.94 17.9
HS 189 3.70 0.95 20.5
Group x Room

CON2TN 184 3.57 0.94 175
ARG2-TN 177 3.54 0.94 18.3
CON2HS 194 3.72 0.95 20.6
ARG2-HS 183 3.66 0.95 20.3
SE 1564 0.17 0.02 4.51
P-value

Group 0.049 0.403 0.802 0.855
Room 0.085 0.007 0.100 0.052
Group x Room  0.589 0.698 0.589 0.667

Note:n = 12 birds/group/roonP-values less than 0.05 are in bold.

Table 177 S3E2 |Relative abundansg%) of importantbacteral phylain the cecal content of CON2
and ARG2 birdsn the two roomat D44

Group Room Group x Room
Phylum CON2- ARG2- CON2- ARG2-
CON2 ARG2 TN HS N ™ HS HS

Actinobacteria 1.5+1.2 08+05 12+0.7 1.1+12 14+£0.7 0906 1.7+15 0.6+x0.2
Bacteroidetes 6.8+3.8 7.6+45 83+39 6.2+4.2 85+36 85+43 56+3.7 6.8+4.7
Firmicutes 89.3+5.0 880+ 7.0 86.7+6.4 90.6+5.0 88.1+4.6 85.4+7.9 90.5+5.3 90.7+ 4.9
Proteobacteric 1.8+09 15+0.7 16+06 1.7+10 16+05 16+0.7 19+12 14+0.6

Note:n = 12 birds/group/roonData aremeanst SD.

6.5 Discussion

The first aim of S3 was to determine how dietary arginine supplementation affects growth
performance of broilers reared under TN or HS conditions. The significant reduction in FCR shown by
birdsthat receivedliets supplemented with arginiiaup to D21 {4.1%) and in the entire 4day trial
(-4.2%) of S3E1, as well as until D25(7%) of the TN period of S3E2is in line with the results
obtained byZampiga et al. (2018Moreover, the substantial increase in cumulative Did434%)and
final BW (+4.2%) found in S3E1, coupled with tha BW at D27 (+3.3%) observed in S3E2 before the
application of HS, corroborates the data from other research iBagzo et al., 2012; Xu et al., 2018a;
Sirathonpong et al., 2019; Liu et al., 201%he results of the present study confirm therefore that
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feeding diets containingrginine levels above the recommended specifications leads to an impravem

in performance when broilers are grown in TN environments. Nevertheless, Kid@@@04)reported

an inconsistent response of BWG to arginine levels exceedingghggested byneNRC, while some
investigators did not detect any improvement in BW by supplementing broiler diets with arginine
(Fernandes et al., 2009; Fouad et al., 20A8}litional research may therefore be necessary to validate
the positive effects of arginine supplementation on BWG of broilers raised in optimal thermal
conditions.

Unsurprisingly, cyclic exposure to HS in S3E2 impaired growth performance and increased body
temperature and mortality, as discussed egdiee sectio.4 fiRaising Chickensint he fiHot house
E ar t Thé Effects of Heat Stres® ) . Arginine supplementation, h
deterbration in performance or prevent environmentally induced hyperthermia as birds responded
similarly to the thermal stress irrespective of the diet they were fed on. While performance and body
temperature results are reliable because they are based annarfdier of replicates and rectal
temperature measurements, respectively, speculations about mortality data must be made cautiously as
before (see chaptdriSTUDY #1: EFFECTS OF A SYNBIOTIC ON BROILER SEXPOSED TO
THERMONEUTRAL AND HEAT STRESS CONDITIONS 0 )Despite being scarce, available data
suggest that arginine supplementation could help broilers countergetddSan et al., 2021; Teyssier
et al., 2022a)The resultef S3E2 however, seem to deny that broilers sulgig¢to HS can benefit from
this nutritional strategy, especially in terms of growth performance. A likely explanation for this
contradictory finding is thahe favorable effects of arginine may have been blunted by the significant
reduction in FI causedybHS, which resulted in the ingestion of an insufficient amount of dietary
arginine to foster or preserve performarites worth noting, however, that the reduction in Fl was not
of the same magnitude for hesitessed controt19.7%) and supplemented.().7%) birds compared
to their TN counterparts. Testing greater levels of dietary arginine to offset the Fl loss might therefore
be advantageous if further investigations on arginine supplementatieatstressed broilers are to be
undertaken.

Parenthtically, the macroscopic analysis of breast fillets collected in S3E1 showed that

supplemental dietary arginine increased by 32% the risk of WS onset. This outcome is contrary to
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previous studies reporting no significant effects of arginine supplementatitie occurrence of WS,
or even its mitigatiogChristensen et al., 2015; Zampiga et al., 2018, 2019; Bodle et al), Plaigever,
unlike the considerable improvement in growth rate and BW observed here, arginine supplementations
tested in the studies just cited did not exert a positive effect on BWG. Previous research has established
that breast muscle abnormalitiesfastgrowing, high meayielding broilers are deeply related to the
extraordinary growth potential of these birds: the higher the growth performance, the greater the risk of
myopathy developmerfPetracci et al., 2019; Soglia et al., 2021; Bordignon et #&2)20 is therefore
very likely that, in S3E1, the significant growth promotion mediated by arginine exacerbated WS rather
than the supplemental dietary arginpe se

The second aim of S3 was to explore the impacts of dietary arginine supplementatio
metabolism and intestinal microbiota of broilers kept in TN or HS environments. In both experiments,
the plasma of argininsupplemented birds showed a significantly higher concentratiargiofine than
that of birds fed the control diets. This supgpagain the results reported Bgmpiga et al. (2018as
well as by Kidd et al(2001)and researchers working with piglékim et al., 2004)and ratgHolecek
and Sispera, 2016 addition to plasma levels of arginine, dietary arginine supplementation increased
the hepatic and musculaP.(major) ones in ARG2 birds compared to their control counterparts.
Therefore, it is conceivable that feeding broilers diets formulated with arginine above the typically
recommended dosés an effective way to increase the bioavailability of dietary arginitis can be
of paramount importance for animals incapable of synthesizing argieinevo such as chicker(8all
et al., 2007)As supplementing dietary arginine has also been shown to stimulate secretion of GH, IGF
1, and isulin in broilergXu et al., 2018a; Sirathonpong et al., 20484 pigletgKim et al., 2004)high
concentrations of arginine fodrin ARG1 and ARG2 birds may have indirectly boosted the anabolic
pathways regulated by these potent horm@Basbul, 1986; Collier et al., 2005; Zajac et al., 2010; Oh
et al., 2017)

Intake and availability of dietary arginine have been demonstrated to influence creatine levels in
di fferent part s (Keshavdrzhaadrulieh 19¢1k;dnCGhamruspolldryet al., 2002)
Creatine is mainly produced by the liver and is subsequently transported to target tissues with the

bloodstreanfWalker, 1960; Oviedd&kondén and Cordoviloboa, 202Q)Here, metabolomics analyses
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revealed greater concentrations of hepatic and circulating creatine for ARG1 and ARG2 birds, as well
as higher levels of creatine ih major of ARG2 birds. The latter result confirms the observation of
Chamruspollert et a[2002)that breast muscles of arginisapplemented broilers showed increased
creatine contentExtensive research has shown that supplementing creatioe its precursor,
guanidinoacetatk consideraly improves growth performance and breast meat yield of brgRengel
et al., 2007; Ovied®Ronddn and Cérdoviloboa, 2020; Portocarero and Braun, 20Z0nsequently,
a greater availability of creatine may have supported growth and lean tissue accretion in birds that
received arginine supplementation. However, this hypothesis is to be confirmed by experimental data
because the evaluation of lean tissigddywas beyond the scope of the present study.

Group ARG1 showed higher plasma concentrations of histidieenfirming the study by
Zampiga et al. (2018)and betaine than group CONL1. Histidine is an essential AA for chi¢keason
and Summers, 2001plasmatic levels of histidine have been shown to be positively correlated with the
weight of P. major (Baéza et al., 2035while feeding broilers a histidirdeficient diet resulted in
impairedgrowth, reduced breast meat yield, and a complete carnosine depletion and significant decrease
in anserine in pectoral musc{&ai et al., 2015) In contrast, supplementation of dietary histidine
increased breast muscle content of hiséatontaining dipeptides, viz. carnosine and anserine, thereby
improving the quality and antioxidant defenses of chicken (Keaet al., 2015; Qi et al., 2021; Lackner
et al., 2021) Future esearch is warranted to elucidate the causes and effects of the increased plasma
level of histidine found in argininsupplemented broilers of S3E1. As for betaine, several lines of
evidence suggest that it enhances the health, performance, carcass tcamposl meat quality of
poultry (MetzlerZebeli et al., 2000 Thanks to its osmoregulatory function, betaine can also mitigate
the effects of HYRatriyanto and Mosenthin, 2018furthermore, acting as a methyl group donor,
betaine was found to contribute to and promote the biosynthesis of creatine in the liver of ([@iuélers
et al., 2006)The increased availability of betaine is therefore another plausible reason for the increased
hepatic content of creatine and enhanced performance shown by ARG1 birds compared with their
control counterparts. On the other hand, angirsupplementation did not change the concentrations of
histidine or betaine in ARG2 birds. Nonetheless, it is still worth talking about the histigimaining

dipeptides and betaine as their levels were affected by the thermal stress applied irp8GEally,
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HS increased concentrations of carnosine and anserif® major, which accords with earlier
observations(Zampiga et al., 2021p)while reducd those of carnosine and betaine in plasma.
Furthermore, HS raised the levels of bafanine and choline iR. major. Carnosine consists of histidine

and betaalanine, while anserine is formed by the methylation of carnosine. These two dipeptides have
bean shown to have powerful antioxidant activity and several biological functions, spehbadfering,
metation chelation, complexing of dangerous carbonyl compounds, and ariolisg effects on
proteins, thereby protecting cells against stress asftemsia[reviewed in Lackner et al. (2031)
Choline, howeer, is an importantrovider of methyl groups and its metabolism is intimately related to
that of betaine (a product of choline oxidation) and methionine. Choline is a multifunctional molecule
that, among other things, constitutes many phospholipids (#gsphatidylcholine) that maintain
integrity and functions of cell membran@mon, 1999) Taken together, these data and those from the
study byZampiga et al. (20216urther support the idea that accumulating endogenous antioxidant and
protective molecules in specific tissues, such as the pectoral muscle, is an essential part of the adaptive
response to HS in chickens.

Besides arginine, the liver of arginisapplemented birds was enriched in leucine, methionine
sulfoxide, phenylalanine, and threonine in S3E1, as well as methionine in S3E2. These AAs, along with
histidine mentioned before, are all indispensable for ehniskLeeson and Summers, 2001) is
intriguing to link the increased hepatic levels (plasmatic for histidine) of essential AAs taiglbte
better intestinal digestion and absorption of dietary protein and purified AAs by arguppEmented
birds, such as crystalline arginine, methionine, and threonine included in the diets used in the present
study. Arginine supplementation has beshown to improve intestinal health, integrity, and function
(Liu et al., 2008b; Coburn et al., 2012; Zhang et al., 2017, 201dBjo increase the jejunallus height
to aypt depth ratio in broiler_aika and Jahanian, 201a)d the jejunal and ileal villus heightintra-
uterine growth retarded piglefg/ang et al., 2012)The villus height to crypt depth ratis commonly
used to assess gut health in chick@scatelle et al., 2018Wwhile villi extend the nutrient absorption
areaper se(Koutsos and Arias, 2006%0, it can be supposed that improved intestinal conditions and
desirable changes in gut morphology may have been behind an elevated efficiency of AA uptake in birds

fed diets supgimented with arginine. Since nutrient absorption primarily occurs in the jejunum and
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AAs are not assimilated through the large intestine epithgluinus, 2014; Beaumont and Blachier,
2020) the fact that group CON1 showed increaspdbbably unabsorbedlevel of leucine in the cecal
content suggests that the small intestine uptake of leuciglet mave been higher for group ARG1,
further supporting the aforesaid hypothesis. Additional investigations (e.qg., digestibility studies) focused
on this topic are therefore suggested.

Weirdly, arginine supplementation resulted in reduced levels of thditicmally essential AA
glutamine in the blood (in both S3E1 and S3E2), liver, Rnohajor (in S3E2). Glutamine has been
shown to be extremely important in supporting GIT development and function and promoting gut health
(Bortoluzzi et al., 2018, 2020j}s dietary supplementation has been found to alleviate the adverse effects
of enteric challenges in broilers, such as those of NE, coccidiosiS§amdnellanfection (Xue et al.,

2018; Oxford and Selvaraj, 2019; Wu et al., 2022) well as the impacts of HS on intestinal barrier
integrity in mice [reviewed in Bortoluzzi et §2018]). In their comprehensive reviewtizle, Coster et

al. (20049 pointed out thamost of dietary glutamine andqaarter of glutamine in the blood are used by
enterocytes and intestinal immune cells as a key nutrient to obtain nitrogen and energy. Accordingly,
there is a real competition between the gut and exérstinal tissues for glutamine. These authors also
reported that almost all plasma glutamine is derived from the pool of free glutamine within skeletal
muscle, the largest reservoir and most important site for the synthesis of thistAd liver, howeer,
glutamine is utilized as a substrate for gluconeogenesis and the synthesis of urea (in mammals), acute
phase proteins, and glutathione. The reasons for the reduction in glutaminebiseel®d in the present

study remain to be defined, but it can bgpothesized that the intestinal mucosa of arginine
supplemented birds had an increased demand for glutamine, thereby draining arterial glutamine to fuel
the accelerated metabolism associated with improved growth rates. To validate this, it is necessary to
analyze the metabolic profile of the intestinal epithelium. If this hypothesis is confirmed in future
studies, it might be worth fevaluating glutamine requirements for broilers fed argieiméched diets.

Except for arginine, methionine, and glutamiagginine supplementation did not significantly
influence hepatic levels of other essential, conditionally essential, eegsamtial AAs in S3E2. The
exposure to HS, however, modified the concentrations of many of them. HS decreased the levels of

(iso)leucine, threonine, and valine . major, glycine and tyrosine in plasma aRd major, and
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aspartate and methionine in plasma, whereas increased the levels of glutamate, (iso)leucine, and
threonine in liver, as well as those of phenylalanine in plasméwendThese results corroborate what
has been discussed in detail earlier regarding the alteration of protein metabolism induced by HS in
chickeng(see sectio2.4fRaising Chickensint he A Hot h o The EffedsafHeéahSiress |,
S ub s ellRIDAANDPHOTEIN METABOLISM 0 )Curiously, both arginine supplementation and
HS consistently reduced the concentration of anotheressantial AA, that is alanine, in all tissues
analyzed in S3E2apart from the liver when considering the effect of arginine supplementation.
Similarly, HS decreased, in all tissues, the levels of Nidethylglycine, a betaine derivative involved
in choline metabolism and synthesis of the antioxidant tripeptide Igjlon&t by serving as a source of
glycine (Simon, 1999; Kalmar et al., 201@ampiga efal. (2021b)found a comparable reduction in
N,N-Dimethylglycine in breast muscle of broilers reared under HS conditions. It has been reported that
N,N-Dimethylglycinehasfreeradical scavenging properti¢dlariganesh and Prathiba, 20H)d its
use as a feed additive has been shown to procegiéve effects on the health and performance of
broilers(Kalmar et al., 2010, 2011; EFSA, 2011; Prola et al., 2008} results from S3E2, particularly
the drop in N,NDimethylglycine levels caused by HS, aheir potential implications for metabolism,
growth, and responses to HS and oxidative stress would merit furitiepth investigations in broilers.
Oxidationrelated molecules have a prominent role in the present discussion, which is not
surprising conislering the effects arginine and HS have been shown to have on oxidative stress
(Akbarian et al., 2016; Wu et al., 2028xginine supplementation reduced the level of glutathione in
the liver in both experiments, as well as B major in S3E2. Glutathione, composed of
glutamate/glutamine, cyste, and glycine, is very important for the antioxidant defense system,
metabolism of nutrients, and regulation of cellular activities. Being the precursor of glutamate, arginine
considerably influences the biosynthesis and levels of glutatf@astro and Kim, 2020Like creatine,
glutathione is mainly produced and provided by the I{\Vu et al., 2004)Enkvetchakul et a1995)
described an ageind body weightlependent increase in hepatic and blood levels of glutathione in
broilers. Since control and supplemented birds were the same age at the time of sampling, one would
have expected a higher glutathione level in the liver of heavier chickens, particularly those belonging to

group ARG1. However,he outcome opposite to expectations raises the question of why arginine
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supplementation may have produced a reduction in glutathione levels. It is difficult to answer this query,
especially in view of the dietary arginis@pported increase in glutathioperoxidase activity observed
by Duan et al(2015) in broiler breeder hens and their offspring. Another unanswered question is: can
the aforementioned increased concentration of methionine sulfoxide, the major product of methionine
oxidation(Lee and Gladyshev, 201 Tepresent amdicator for hepatic oxidative stress due to greater
and faster growth of ARGL1 birds than their control counterparts?

Energyrelated molecules are also worth discussing. AMP was reduced in livéx. arajor by
arginine supplementation and was increase®.imajor by HS in S3E2. This nucleotide plays an
important role in many cellular metabolic processes, such as regulation of energy homeostasis by
modulating the activity of the enzym@/P-activated kinaseAMPK ). Recognized as the master energy
sensor forcells (Hardie, 2003; Hardie et al., 2006)AMPK senses energy levels by detecting
modifications in the AMP to ATP rati@Xiao et al., 2011; Chen et al., 2018)nder energy depletion
(i .e., i ncreased | evels of AMP and decreased | ev
to the activation of this kinase that results in promotion of catabolic pathways and inhibition of anabolic
pathways to generate AT(Btein et al., 2000)Considering this, the data of S3E2 suggest that the liver
andP. major of argininesupplemented birds probably were in a good energy balance (low AMP levels),
while P. major of heatstressed birds suffered from energy depletion (high AMP levels). According to
Baumgard and Rhoad2013) negative energy balance and catabolic states are two of the most
distinctive features of HS conditions. It is therefore intriguing thgihare supplementation may have
been able to partially counterbalance the adverse effects of HS on energy homeostasis of broilers by
increasing creatine levels and attenuating the increase in AMP levels, particularly in pectoral muscle.
However, the signi€ant reduction in the levels of fumarate in all tissues analyzed in S3E2 and of
succinate and UDP in plasma and liver supports the hypothesis that birds exposed to HS had a
suboptimal energy balance. Succinate and fumarate are two consecutive intesnedleteitric acid
cycle and, as such, their reduced availability can inhibit this central metabolic pathway, interfering with
cellular bioenergetic processes. On the other hand, UDP is important in glycogenesis because it is
combined with glucose to for UDP-glucose units that can be polymerized to glycogen chains. As UDP

levels were reduced by HS, it can be hypothesized that glycogenesis, a chief anabolic pathway occurring
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in liver and muscles, was hampered in rsetssed birds. In contrast, glycoghses and
gluconeogenesis may have been promoted to increase hepatic glucose production [reviewed in Rhoads
et al.(2013), potentially resulting in the increased level of plasrhecase observed in hestressed
birds.

Turning now to the results of cecal microbiota analyses, arginine supplementation reduced alpha
diversity in S3E1 (Shannon index) and S3E2 (observed diversity). This is contrary to Sin¢P0419al.
who measured an increase in Shannon index of colonic specimens collected from mice given high
dietary arginine compared to their ladose and control coterparts. It is reasonable to attribute this
discrepancy to the different animal species (i.e., chisemouse) and intestinal sections digesta was
collected from (i.e., cecums. colon). Cecal samples of ARG1 birds also showed decreased relative
abundance of Firmicutes (e.g., Clostridia) and increased relative abundance of Bactefeigetes
Bacteroidia). Even though they are based on descriptive statistics, the results afs3gdicate that
arginine supplementation favored Bacteroidetes to the detriment of Firmicutes, particularly in the ceca
of supplemented birds raised under TN conditions. A comparable reduction in alpha diversity and a
similar variation in the abundancelFirmicutesand Bacteroidetesr high-performing broilers treated
with a feedgrade muramidase were found in experiment S3Eé chaptes ASTUDY #2: EFFECTS
OF A MURAMIDASE ON BROILER S EXPOSED TO THERMONEUTRAL AND HEAT
STRESS CONDITIONSO .)Althoughit is important to take into consideratithre differences between
S2E1 and the experiments conducted in the present study, these findings somewhat contradict the widely
known positive association between microbial diversity or relative abundance of Firnfesgesially
useful Clostridia) and biler health and performand@orok et al., 2011; Yeoman and White, 2014;
Stanley et al., 2016Remarkably, Singh et gR019)also found increased prevalenddBacteroidetes
in the colon of the aforementioned mice fed on a daigiinine diet. Thus, these topics are worth
investigating further in chickent S3E2, however, the exposure to HS increased alpha diversity indices
(i.e., observed diversity, Shannamd Inverse Simpson), which reflects the changes in ileal alpha
diversity reported byWang et al. (2018apffected beta diversity as in the studies by Shi €PalL9)

Liu et al. (2020) andGoel et al. (2022)and seemed to reduce the abundance of Bacteroidetes and
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increase that of Firmicutes, which could also be in agreement with the last three studies mentioned above
if ongoing analyses confirm the descriptive data of S3E2.

Despite he reduction in Firmicutes, ARG1 birds showed increased relative abundance of
Lactobacillus salivariuswhich has extensively been studied for its probiotic effects and has frequently
been used as a feed additive to improve the health and performanestoidk and poultrgFAO, 2016;

Chaves et al., 2017}t is likely therefore that the increaselinsalivariusabundance was a positive

effect arginine supplementation had on the microbidtayinine supplementation alsoeduced
Proteobacteria in S3E1 and affected them in the same way in S3E2 too, as descriptive data of the latter
experiment indicate. Within this phylum, the relative abundandg. @bli was found to be lower in

ARG1 than CONL1 birds. This is consistent twihe results of a murine model in which arginine
supplementation was tested as a potential therafy. fowli infection (Liu et al., 2017) The authors of

the study just cited suggested that arginine supplementation atteBuatdidnfectionthrough positive
regulation of intestinal innate immunityMoreover, Liu et al.(2008) showed that arginine
suppkmentation alleviated gut mucosal injury in weaned piglets challenged with LP3Efroodi,
ascribing this beneficial outcome to a possible immunomodulatory effect of arginine. Likewise, Zhang
et al. (2017, 2018)demonstraté that arginine supplementation mitigated intestinal damageg. in
perfringensinfected broilers through enhancement of mucosal barrier and immune function, increase in
nitric oxide production, and restoration of a normal microbiota. It would thereforefbie delving into

the potentially desirable effects of arginine supplementation on intestinal immune function of broilers.
In S3E2, however, not only arginine supplementation, but also HS exposure seemed to affect the phylum
Proteobacteria; these resultg)ile preliminary, suggest that HS may have increased the abundance of
Proteobacteria for CON2 birdEhis outcome can be compared with thaSbf et al(2019)who found

that the abundance of cecal Proteobacteria was significantly increased in broilers exposed to HS.

In conclusion, the microbiota results obtained in B3bllectively indicate that arginine
supplementation may have induced beneficial changes in the intestinal ecosystem, with possible
beneficial implications for gut health, systemic health, and growth performance of broilers raised in a
TN environment On the other hand, the significant change in alpha and beta diversities and the

preliminary results of taxonomic analysis found in S3E2 confirm that HS affects the microbiota of
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broilers(see sectio.4 fiRaising Chickensint he @A Hot h o Uihe &EffedisaofHeal Stress |,
SubseGLITERANTESTINAL MICROBIOTA 0 .) However as suggestd by Singh et al.
(2019) further worki especially under HS conditiofisis needed to clarify how and to what extent
arginine supplementan influences the microbiota and its relationship with the Kiost, direct or

indirect effects?)
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7 STUDY #4: EFFECTS OF HEAT STRESS ON HYPOTHALAMIC
FEEDING-RELATED NEUROPEPTIDES , OXYGEN HOMEOSTASIS, AND
INFLAMMATORY STATE IN RED JUNGLE FOWL AND THREE

BROILER LINES

Note: The study presented in ththapterwas conducted byhe PhD candidate during six-month
research period @ r . Sami dbdAvian Mofesularl Gartetics and Endowlogy, Center of
Excellence for Poultry Science, University of Arkansas, BFS The results oéxperiment$S4E1 and
S4E2have beempublished For more information, please referAonex 1

7.1  Highlights

w This study aimed to investigatethe effects ofheat stresson hypothalamic expression of
(an)orexigenic neuropeptidaadmolecules associated wittxygenhomeostasis and inflammation
i n di erent genetically s gheredjingladfowbr oi I er 1 i nes

w A stablegene expression of (an)orexigenic neuropeptidesfound irthefour chicken populations.

w Hypothalamic integration of circadian information, acclimation ofisio long-lastingheat stress
steady hypothalamic pathways unaffected by evolution or seleétioms onmRNA abundance,
and analysisof the entire hypothalamusay haveattenuated the differences imeuropeptide
expression.

w Heat stress modulated the expression of genes associated with hypoxia and oxygen horasostasis,
well as their upand downstream mediators.

w Responses toyipoxia ancheat stresarelikely relatedto feed intakeregulation in chickens, which

warrantsfurther indepth investigation.

7.2  Background and Aims

As extensively discussed in tharagraphslevoted tdHS (see sectioR.4 fiRaising Chickensin
t he AHot ho uTheeEffdeta of Héab Stres® ) the exceptional improvements ibroiler
performancestemming from genetic selection have come at a pinckeed, higkperforming broilers

have been shown to euchless able tendurehigh environmental temperaturaad HSthan their
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predecessomue to ehigher metabolic ratand poor development tiie cardiovascular and respiratory
systemsNonethelessmodernbroilers still adopt evolutionary conserved strategiedeal withHS,
suchasreducing Fland maximizing sensible heat loss through a peripheral vasodlilBgspitebeing
survival strategies, these responsessiderably affect growth performance and homeostddigat
stressed broilerd’he negativesffectsof reducedr| on growth performanceare quitepredictableand
well-known, but the underlyingmolecular mechanismaf this reactionare not On the other hand,
diverting blood to the body peripheajters blood pressure and resultsasoconstrictiorof internal
organs, sch as theGIT andbrain (Hales, 1973; Borges et al., 2007; Lambert, 2009; Bain et al., 2014)
causing a hypoxitike statethat forces the organism to implemeelevantmetabolic adjustments

The hypothalamusa major centerregulating Fl,feeding behavigrand energy homeostasis
(Simpson et al., 2008; Waterson and Horvath, 2015; Timper and Brtning, 2017; Luquet et al., 2019)
mainlythroughnumerous (an)orexigenic neuropepti¢@sora and Anubhuti, 2006; Furuse et al., 2007;
Tachibana and Tsutsui, 2016; Delgado et al., 20hay potentially be involved in the physiological
responséo HSleadirg to reducedeedingestion Investigatinghe hypothalamic control of metabolism
with advanced molecular technigussientistshave uneartked intriguing links betweenfood intake
regulation anxygen homeostasi$he bridge between these apparentigonnected processeshe
hypoxiainducible factor KiI F) signaling in the hypothalamuBlIF proteins are nuclear transcription
factors whose canonical functias the control ofadaptationto hypoxia(Nakazawa et al., 2016)
envirormentinduced hyperthermiéRhoads et al., 2013pxidative stressand inflammation(Greer et
al., 2012; Gaspar and Velloso, 201i8pwever, Zhang et a{2011)demonstrated thaheinhibition of
HIF in proopiomelanocortinROMC) neuronsof the arcuate nucletismpairs hypothalamic glucose
sensing andausesyperphagia and increased fat deposition in nliceghe same stugyAMPK and
mTORSsignaling pathways werdsofound to converge on HiiZhang et al., 2011AMPK, the master
energy sensoof cells (Hardie, 2003; Hardie et al., 2006)as beershownto regulatehypothalamic

glucose sensing and feeding behavitinokoshi et al., 2004; Claret et al., 200%yhile the

31 The arcuatenucleus equivalent to the avian infundibular nucleiss highly sensitive to circulating levebf
glucosedueto its proximity to the median eminence axldwer restriction of the bloodbrain barriethan in other
hypothalamic siteéDu et al., 2021)
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hypothalamic mTOR cascade has been demonstrated to integrate numerous nutrient and hormone
signalsto control the energy balance of the b¢@pta et al., 2006)nterestingly, keat shock proteins

(HSP) nucl e aNF-o B andilé haveallbeefl shown to bdownstream mediators of HIF

(Baird et al., 2006; Banda et al., 2015; Fuijii et al., 202@ndto regulatefood intake and energy
homeostasis in mammgIShi et al., 2013; Hosoi et al., 2016; Légearreras et al., 2021)

It has beemypothesized that hypothalamic neuropeptidergic regulation of FI and the ceftral HI
signaling pathways potentialhglatedto it might differentlyrespond to H$1 unselected chickens and
broiler genotypes from diversgtages othe breeding era herefore,S4 was undertaketo determine
the expression profile of (S4E1) feedirgatedhypothalamic neuropeptideBRHN) and (S4E2) the
hypothalamic HIF complex as well as its upstream regulai@s RI3K, AMPK, and mTOR) and
downstream mediatorg€.,HSPsNF-oB, andIL -6) in heatstressed red jungle fowl and thiké er en't

geneticallyselected broiler lines.

7.3 Materials and Methods

EXPERIMENTAL DESIGN, HUSBANDRY CONDITIONS , AND SAMPLE COLLECTION

Hypothalamic samples analyzed in S4 had been colldcteaga studypreviously conducted at
Dr i di (@dellilelnab, 2021) The four chicken populationsisedin that trialare maintained and
hatchedn the poultry facilities of the University of Arkans@&yetteville, ARU.S). In addition to the
red jungle fowl(JF; Wall and Anthony, 1995)the slow-growing Athens Canadian Random Bred
(ACRB) represented the broildgypically rearedin the 1950s(Collins et al., 2016)the moderate
growing 1995 random bre®@%RB) was the representaébroiler of the1990s(Harford et al., 2014)
and he fastgrowing modern random bre®iRB) served as the modern higlerforming broiler After
hatching, 600 male chicks(150 birdgpopulation) wereplaced in12 environmentally controlled
chambers divided into 2oor pens of the same size (25 bimfsthe same popul@n/pen). The trial
lasted 56 d.

A 2x4 factorial desigrwith environmental temperature and populat&anmain factors anthe
penas the experimental unitasadopted Pens were provided with feeders, drinkers, and wood shavings

as bedding materiaBirds were fed and waterexdl libitum Commercialstarter (628 d) and finisher
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(29-56 d) broiler diets were used. The artificial photoperiod was 23L:1D during the first 7 d, while
20L:4D for the remainder of the trial. The environmental temperature wesaiisadecreased in all
chambers as follows: 3Z (0-3 d), 31°C (4-6 d), 29°C (7-10 d), 27°C (11-14 d), and 25C (15-28
d). FromD29 toD56, half of the chambenwereconstantly kept afN conditions(25 °C), whilein the
other halfthebirds weresuljected to cyclidHS (36 °C from 9:00 AM to 6:00 PM

At D56, 2 birds per pen (i.e., 6 birds/environmental temper#bopaulation) were randomly
chosen and euthanized via cervical dislocation. Hypothalamic samples were collected and treated
according to the procedurilsistratedby Piekarskiet al.(2016) Briefly, the brain was extracted from
the skul and immersed in-PhethylbutangSigma, St. Louis, MOU.S) in dry ice for 60 s to provide
the firmness needed fatissection of thénypothalanus. This was donéollowing the stereotaxic atlas
of thechick brain published by Kuenzel and Mas$b888) Brains were placed on a cold metal plate
with thdr ventral side visible. A forward cut was performed at the corticoseptomesencephalic tract
(otherwise known athe septopalliomesencephalic tract), while a posteriom@ag also performedt
the third oculomotor nerve. Two cuts were done bilaterally 2 mm from the brain midline. Lastly, a 5
mm cut from the brain base was performed dorsallyottectthe whole hypothalmus.Hypothalamic

samples were storexd -80 °C until analysis.

LAB ANALYSIS

For S4E1 and S4ERNA isolation, reverse transcription, and réale quantitative PCR were
carried out as previ o(Gekne etrale pOGaAb;tac2020itay RNBwasdi 6 s ¢
isolated from hypothalamic sampkhareswith Trizol (Life Technologies, Carlsbad, CAJ.S)
according to the ma nitydndooricantradonsioSRNA wesetevaluated througls . P u
Take3 micrevolume plate and Synergy HT multimode microplate reader (BioTek, Winooski, VT
U.S). One sample belonging twoupJFHS was omitted due to poor RNA quality. RNA samples were
RQ1 RNasdree DNase treated (Promega, Madison,,WILS), and 1 pgof RNA was reverse
transcribedwith gScript cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MIB). The
reverse transcription reaction waerformedat 42°C for 30 min, followed by an incubation of 5 min at
85 °C. Realtime quantitative PCR (Applied Biosystems 7500 Réaie PCR System) was performed
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in a total reaction of 12.5 pL with 2.5 pl of cDNA, 0.5 uL of forward and reverse primers, and SYBR
Green MasteMix (ThermoFisher Scientific, Rockford, JIU.S). The chickerspecific oligonucleotide
primers used are listed Annex 5. The gPCR cycling conditions were 80 for 2 min and 95C for
10 min, followed by 40 cycles of a twstep amplification program (9% for 15 s and 58C for 60 s).
Therelative expression of target genes was compusatythe 2*®T method(Schmittgen and Livak,
2008)with 18S rRNAgeneas the housekeeping gene gndupJFTN asthe calibrator.

For S4E2, poteinisolationand Western Blot analysis of hypothalamic samplese performed
following the procedures detailed in the artibleLassiter et al(2015) Hypothalamic sampleshares
were homogenized in lysis buffer (10 mmol/L Tris base, pH 7.4; 150 mmol/L NaCl; 1 mmol/L EDTA;
0.1% Triton %100; 0.5% Nonidet #0; protease and phosphatase inhibitors) using glass beads and
Bullet Blender Storm (NextAdvance, Averill Park, NY.S). Total protein concentration was assessed
with Synergy HTX (BioTek) and Bradford assay kit (BidRad Laboratories, Inc., Hercules, QAS).
Proteins (80 ug) were run orl2% Novex BisTris gels (LifeTechnologies) and then transferred to
polyvinylidene difluoride membranes. Membranes were blocked using TBS with 5%atmoiik and
Tween 20 at RT for 1 iMembranes were washed with TBS and incubated with primary antibodies
(1:5001:1,000) at 4C overnght. The primary antibodies used were rabbit polyclonal-pintispho
A MP K U™7%(22531, Cell Signaling Technology, Danvers, MAS), anttAMP K U1/ 2 (#2795,
Signaling Technology), antiSP90 (#PA5L7610, Pierce Thermo Scientific, Rockford, ULS), goat
polyclonal antiHSP60 (#s€1052, Santa Cruz Biotechnology, Dallas,, TXS), mouse monoclonal
anttHSP70 (#MAI91159, Pierce Thermo Scientific) and rabbit #&®#PDH (Santa Cruz
Biotechnology) After a wash with TBS, HRIeonjugated secondarptibodies (1:5,000) were added to
5% nonfat milk in TBS and Tween 20 and incubated with the membranes at RT for 1 h. Protein signals
were visualized through chemiluminescence with Super ECL (ABP BioSciences, Beltsville). $1D
andimageswere capturedusing FluorChem M MultiFluor System (ProteinSimple, Santa Clarg, CA
U.S). Image acquisition and analysis were performed with AlphaView software v3.4.0 (ProteinSimple).

Relative protein levelarepresented aberatio of phospho protein/Pan protein atal protein/GAPDH.
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DATA ANALYSIS

Molecular étaof S4E1 and S4E®ere analyzed witla two-way ANOVA testing the effects of
environmental temperatuyregpopulation, and their interactiorwith the sampled animal as the
experimental unit.Means were separated usiigu k e y 6 s -Hd8 Dest phers fappropriate.
Differenceswere considered significant aP < 0.05. These analyses were performeith R (R Core

Team, 2020andGraph Pad Prism v6.00 (Graph Pad Software, La JollalUC3)).

7.4  Results

For the benefit of readergrowth performancerecorded by Abdelli et a{2021)in the trialin
which the samples analyzed in S4 were collected have beemarized inFigure 39. Obviously,
cumulative Fl ighe most relevant parametkre totheaimsof S4 MRB showed the highest cumulative
FI followed by 95RB regardless of the environmenéathperaturethe exposure to HSignificantly
decreasedumulative Fifor 95RB and MRB compared to their TNounterpartsHS did not affect
cumulative Ffor JF and ACRB.

At the molecular level, neither environmental temperature nor population significantly influenced
MRNA expression of neuropeptide MRY), agoutirelated peptideAgRP), POMC, and cocaine and
amphetamine regulated transcri@@ART) (Figure 40). Similarly, mRNA expression of the five
melanocortin receptordACR) was not affected in a sigretnt fashion, even though MC1R exhibited
a decreasing populatiatependent trend from JF to MRB under both TN and HS conditidbag(09)
(Figure 41). The expression of orexitORX), its two receptorsRXR), and corticotropin releasing
hormone CRH) genesalsoappeared to be unaffected by environmental temperature and population

(Figure 42).
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Figure 39 | Cumulative FI & andfinal BW (b) recorded in the 5@ay trial in which the samples

analyzed in S4 were collected

a E: P<0.0001; L: P< 0.0001; EXL: P=0.002 b E: P<0.0001; L: P<0.0001; ExL: P < 0.0001
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Figure 407 S4E1 [Hypothalamic mRNA expression of NP¥)( AGRP ), POMC €), and CART ()
in JF, ACRB, 95RB, ant¥RB under TN and HS conditions at D56
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Figure 411 S4E1 |Hypothalamic mRNA expression tiie MCR system in JFACRB, 95RB, and
MRB under TN and HS conditions at D56
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Figure 427 S4E1 |Hypothalamic mMRNA expression of ORX sgst @-c) and CRH ¢) in JF, ACRB,
95RB, and MRB under TN and HS conditions at D56
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Likewise, no significant differences were found for mRBMpression of ghrelin and its receptor

(GHSR) (Figure 43). While the expression of leptin receptddbtR) and adiponectin receptors
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(AdipR) remained ochanged, that of adiponecshowed a trend toward significance with 95RB
exhibiting the highest mRNA level irrespective of the environmental temper&uré(08) Figure

44). Although the environmental temperature did not affect mMRNA expression of visfatin and
neurosecretory proteins GL and GMRGL and NPGM, respectively), JF showed a greater mRNA

abundance of visfatin than ACRB under TN conditi®s: 0.05) Figure 45).

Figure 431 S4E1 |Hypothalamic mMRNA expression tfe ghrelin system in JF, ACRB, 95RB, and
MRB under TN and HS conditions at D56
a E: P=0.780; L: P=0.426; ExL: P=0.324 b E: P=0.348; L: P=0.215; ExL: P=0.439
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Figure 447 S4E1 |Hypothahmic mRNA expression db-R (@) andthe adiponectinsystem(b-d) in
JF, ACRB, 95RB, and MRB under TN and HS conditions at D56
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Figure 457 S4E1 |Hypothalamic mMRNA expression gisfatin @), NPGL (), and NPGM ¢) in JF,
ACRB, 95RB, and MRB under TN and HS conditions at D56

a E: P=0.879;L: P=0.027; ExL: P=0.107 b E: P=0.960; L: P=0.398; ExL: P=0.865 c E: P=0.240;L: P=0.176; ExL: P=0.596

45 45 45

40 40 4.0

35 35 3.5

3.0 3.0 3.0
: < :
o
£25 % 25 % 2.5 OuE
£ b s Aty
=)
F20 O 20 ®20 RS
k% S a
=15 15 15

b
1.0 = ub ab @b 1.0 1.0
ab
0.5 a 3P 05 0.5
0.0 0.0 0.0

Note: Means of 6 birds/environmental temperature (E)/population (L) are the colored bars. Means with distinct letters are
significantly different P < 0.05). Error bars represent SE.

141



Moving to the results of SAEHS did not affect hypothalamic expression dFH U, -2HJ, F
andhypoxiainducible factor prolyl hydroxylase ZGLN1). However, there was gopulationeffect
(P=0.02)forHIFL U wi t h higher | ev elines edpetially ihdec HSmgnditioresd t o |
Hypothalamic expression of HHEU and EGL N1 di d thepopulatiehsufiderboth bet we

environmental condition§-igure 46).

Figure 467 S4E2 |Hypothalamic mRNA expression bflF complexin JF, ACRB, 95RB, and MRB
under TN and HS conditions at D56
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For oxygen homeostasissociated genes, there was a significant populatieat éor HBAL,
HBE, HBZ, HEPH, HJV, andFPN1 (seefABBREVIATIONS ofor the meaning of these acronyms).
The 95RBline exhibited an elevated mRNA abundanof HBE, HEPH, and HJV under both
environmental conditions and HBZ under HS conditions. ACRB birds subjected to HS showed an up
regulation of mRNA expression of HBA1, HBBR, HBE, HBZ, and HJV, while JF and 95RB of HJV
compared to their TN counterparts. wiver, HS dowmregulated mRNA expression of FPN1 in JF
(Figure 47).
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Figure 477 S4E2 |Hypothalamic mRNA expression okygen homeostas&ssociated genes i,
ACRB, 95RB, and MRB under TN and HS conditions at D56
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HS exposuré ncr eased t he

p h o s p h o™%ih aFt hgpdthalaraus, éut s

reduced it inthe threebroiler linescompared to TN conditions. Under TN conditions, M&Bibited

higher levels of hypothalamic-A M P K U™/2 Zollowed by 95RB, ACRB, and JF. UndéfS

conditions, however, JF hypothalamus corgd elevated levels of-p M P K U™/2 Zollowed by

MRB, ACRB, and 95RB, which resulted in a significant interactbenvironmental temperature and

population(P < 0.0001)mMRNAe x pr es si on

AMPKo 2,

conditions Figure 48).

of AMPKU1, AMPKU2,

a n did AomdRfterobdtwedn th@opulationsstudied under both environmental
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Figure 487 S4E2 |Hypothalamic expression of AMPK pathwayJF, ACRB, 95RB, and MRB under
TN and HS conditions at D56
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Note: Means of 6 birds/environmental temperature (E)/population (L) are the colored bars. Means with distinct letters are
significantly different P < 0.05). Error bars represent SE. One representative blot is shdignri@a.
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Analyzing the upstream regulators of HIF, qPCR data showedHSBatlid not affect the

expression oprotein kinase BAkt), mTOR, and S6K. Under TN conditions, 95REhibited higher

mMRNAIl evel s of

Ri thankhElothar papulafidngHypothalamic expression of S6K gene

was found to be upegulated in 95RB and MRB compared to JF and ACR&er both environmental

conditions Figure 49).

Figure 497 S4E2 |HypothalamicmRNA expression oPI3K-mTOR-S6K pathwayin JF, ACRB,
95RB, and MRB under TN and HS conditions at D56
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Note: Means of 6 birds/environmental temperature (E)/population (L) are the colored bars. Means with distinct letters are

significantly different P < 0.05). Error bars represent SE.
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HS up-regulatedyeneexpression of Nl B 2

m nMRBRel B

and butN&ouWn i

regulated that dRelA in 95RBcompared toheir TN counterpartsUnder TN conditions, 95R8howed

greaterl evel s of

elevated mRNA abundance of NFB 2vhile ACRB and9 5 R B

aB1l

Rtleah the othenpdpuldtidhs Whder HS conditions, MREnanifested

o f mRNA éxjaression of NF

a-6 did ndt differ betweethe populationsunder both environmental conditiorfSdure 50).

Figure 5017 S4E2 |HypothalamianRNA expression of Nf® Bpathwayin JF, ACRB, 95RB, and MRB

under TN and HS conditions at D56
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Note: Means of 6 birds/environmental temperature (E)/population (L) are the colored bars. Means with distinct letters are

significantly different P < 0.05). Error bars represent SE.

146



The immunoblotanalysisshowed that HS increased the levels of HSp@@einin ACRB and
95RB, and reduced that of HSP@®teinin all birdscompared to their TN counterparBotein level
of HSP90 was reduced by HS only in JF. At the mRNA level, H&gplated the expression of HSP90
in ACRB, but itdid not elicit any change HSP27, HSP6andHSP70.Under HS conditions, HSP90
MRNA level was higher irbroiler lines than inJF. Under TN conditionshowever,JF generally

exhibitedthe highest proteinlevel of HSB (Figure 51).

75 Discussion

As was pointed ouin the introductory chapter (see sectiohfiThe Broiler Industry: Nothing
Short of a Success Stoy ) geneti c s el ec tthatcaneffitiendy canved fkedc ed b r
into meat with tremendously high growth rated early market agesGrowth performance results
reported by Dridiés | al2021)are dcomsistenwwath the egtfaordibdryd e | | i
improvements attributable to selectioacauséVRB line considerably outperformetie other chicken
populations studiedAbdelli et al.(2021) havealso confirmed that hyperselected broilers (i.e., 95RB
and MRB) are very sensitive to elevated ambient temperatures since they exhibited, under HS
conditions, marked reductions in FI comparedheir slowgrowing predecessors (i.e., ACRB) and
ancestors (i.e., JF). So, although they have been reshageddticselection, modern broilers still rely
on an evolutionary preserved strategy to face HS, namely redfezdgonsumptionto decrease
metaolic heat productiorinterestingly,Fl is tightly controlled by the hypothalamic centers of hunger
and satiety(Simpson et al., 2008; Waterson and Horvath, 2015; Timper and Briining, 2017; Luquet et
al., 2019)with FRHN (Arora and Anubhuti, 2006; Furuse et al., 2007; Tachibana and Tsutsui, 2016;
Delgado et al., 2017)n addition,hypothalami FI regulation and oxygen/hypoxéensing have been
shown to be interconnectédirtue and VidatPuig 2011) An attempt was then madie determine the
expression profile of FRHN and hypothalampathways associated withypoxia and oxygen
homeostasis the abovementionddur chicken populations (i.e., JF, ACRB, 95RB, and MR&jred

underHS conditions
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Figure 5171 S4E2 |Hypothalamic expression of HSksJF, ACRB, 95RB, and MRB under TN and
HS conditions at D56

Note: Means of 6 birds/environmental temperature (E)/population (L) are the colored bars. Meanistimith ldtters are
significantly different P < 0.05). Error bars represent SE. One representative blot is shown ingfigure

The most renowned FRHN attee orexigenidNPY andAgRP and the anorexigenleOMC and
CART (Delgado et al., 2017; Gaspar and Velloso, 20BB4E1, no variation was detected for gene
expression of these major FRHbBbnirming the results of Beckford et §2020)at leastfor mRNA

level of POMC inthe hypothalamus dieatstressed broilerdt canthereforebe assumed thahese
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