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Abstract

ABSTRACT

Nowadays, improving productivity, health and aninvalfare in livestock reared
under intensive conditions is mandatory for thaanability of our production systems.
Furthermore, reducing the use of antibiotics dught® constant growth of resistant
bacteria is a critical issue to face. Consequettiy,research and development of new
proposals beyond traditional solutions applied essential, and probably also a new
approach of animal metabolism, health and well-dpasr needed to tackle all these

important challenges.

Citrus flavonoids are polyphenols that possessrastang anti-inflammatory,
antioxidant, and antimicrobial properties and hslvewed promising effects in previous
research on beef cattle. Otherwise, recently tlesvletge of a communication network
between gastrointestinal tract, microbiota, andcéral nervous system, the gut-brain
axis, has increased. Thus, inflammation, microbiatel diet have been proposed to be

involved in animal behavior and eating pattern niation.

Therefore, the main objective of this thesis wasttaly the possible benefits of
supplementing citrus flavonoids in bulls fatteneder intensive conditions and fed high-
concentrate diets on performance and productilatit, also their possible effects on
eating and animal behavior and to study the passitadde of action related with the gut-

brain axis.

Thus, a first study evaluated the effects of ciftagonoids supplementation on
eating pattern (using a single-space feeder), paeoce parameters, rumen wall health,
and animal behavior in Holstein bulls fed high-cemicate diets in pellet form. Citrus
flavonoids reduced feed intake and modified eapatiern, reducing the percentage of
large meal sizes. Additionally, rumen wall healtidanimal behavior were improved.
Based on these results, the following studies eatlithe possible interactions of citrus
flavonoids supplementation with feeder space, aoinate presentation (pellet vs. meal)
and composition (fat level). Furthermore, the expi@n of genes involved in the gut-
brain axis crosstalk, such as nutrient sensingptecg some neurotransmitters receptors
and different inflammation regulators were studiethe epithelium of rumen and, in the

last study, of duodenum epithelium as well.




Abstract

When bulls were supplemented with citrus flavonoit#sroted more time to
perform feeding behaviors throughout the differestaidies. Whilst performance
parameters and concentrate intake were not affedbeth concentrate was fed in pellet
form using multi-space feeders, concentrate inta#e reduced when citrus flavonoids
were supplemented in a concentrate fed in meal ¥aithout impairing performance, so
improving efficiency. In all studies, animal behawvas also improved, by reducing oral
non-nutritive behaviors, and aggressive and saxtelactions. Moreover, in all studies,
the macroscopical rumen wall study performed astheghterhouse showed lighter color
for bulls supplemented with citrus flavonoids. Cersely, ruminal gene expression
differed among the studies, so the expression wég@volved in nutrient sensing and
behavior in bulls supplemented with citrus flavateowere different depending on the
concentrate presentation (pellet or meal), and omitipn (fat level inclusion). The
expression of these genes in the duodenum epitheliten bulls were fed high-fat diets

was also modified.

In conclusion, citrus flavonoids supplementationdified eating pattern in
Holstein bulls, decreasing the percentage of largal sizes or increasing time devote to
feeding events. This modulation of the eating pajteogether with an improvement in
rumen wall might be involved in the improvement afimal behavior of bulls
supplemented with citrus flavonoids. Moreover, @lagid supplementation differently
modified the expression of genes in the rumen armtlenum epithelium that could be
related with eating pattern and animal behaviorul@gn, although concentrate
presentation (pellet vs. meal) and fat level mafifeect these effects on gene expression
of different nutrient sensing, peptides and hornsorexzeptors, along with some pro-
inflammatory molecules, probably as result of thieat of rumen fermentation on

flavonoid metabolism.
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RESUM

Avui dia millorar la productivitat, la salut i elebestar animal en els sistemes
intensius de produccio és basic per asseguravéasssstenibilitat. A més, ens enfrontem
a la reduccié de I'is d'antibiotics pel creixemdpts bacteris multirresistents. En
consequencia, és essencial investigar i desenvahgpas alternatives juntament amb un
nou enfocament del metabolisme, la salut i el danemimal necessari per abordar

aguests importants desafiaments.

Els flavonoides citrics sén polifenols que posseepropietats antiinflamatories,
antioxidants i antimicrobianes, i han mostrat efecprometedors en estudis previs
realitzats en vedells d'engreix. D'altra bandar@ikent coneixement sobre una xarxa de
comunicacioé entre el tracte gastrointestinal, leratiiota i el sistema nervids central, I'eix
intesti-cervell, proposa que la inflamacio, |a mhiota i la dieta estarien involucrades en

la modulaci6 de la conducta animal i alimentaria.

Aixi, l'objectiu d'aquesta tesi va ser estudiar ké&neficis de suplementar
flavonoides citrics en vedells d'engreix alimengatd dietes altes en concentrat sobre la
productivitat, la conducta alimentaria i animalfapndint en els possibles mecanismes

d'accio relacionats amb I'eix intesti-cervell.

El primer estudi va avaluar els efectes dels flaiges citrics sobre la conducta
alimentaria (menjadora uniboca), parametres pragsjcsalut de la paret ruminal i
comportament animal en vedells Holstein alimentts concentrat granulat. Els
flavonoides van reduir la ingesta de concentran modificar la conducta alimentaria,
reduint el percentatge de menjades grans. A més, mdlorar la salut de la paret ruminal
i el comportament animal. En base a aquests résudtis seglents estudis van avaluar
les possibles interaccions de suplementar flavasoditrics amb I'espai de menjadora,
presentacio (granulat vs. farina) i composicio €lide greix) del pinso. També es va
estudiar I'expressié de gens relacionats amb liesti-cervell, com receptors de
nutrients, de neurotransmissors i diferents regukade la inflamacié en I'epiteli ruminal

i, en I'dltim estudi, duodenal.

En tots els estudis, els vedells suplementats davorfoides van dedicar més
temps als comportaments alimentaris. Si bé elsnpatras productius i la ingesta de

concentrat no es van veure afectats quan el caoatest va subministrar granulat
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utilitzant menjadores multiespai, els flavonoidas veduir la ingesta de concentrat quan
es va subministrar en farina, sense afectar elimeand i millorant I'eficiéncia. En els
diferents estudis, el comportament animal tamb@éillarar, reduint comportaments orals
no nutritius i les interaccions agressives i sexualmeés, I'estudi macroscopic de la paret
ruminal realitzat en escorxador va mostrar un coiés clar en els vedells suplementats
amb flavonoides en els diferents estudis. Per apfexpressio genica en I'epiteli ruminal
va ser diferent entre estudis, sent I'expressi@ates relacionats amb la deteccidé de
nutrients i el comportament diferent depenent derésentacid del concentrat (pellet o
farina) i la seva composicio (nivell de greix) ezdells suplementats amb flavonoides
citrics. L'expressio d'aquests gens en I'epiteldenal també va ser modificada en vedells

alimentats amb dietes altes en greix.

En conclusi6, la suplementacié amb flavonoidescsitra modificar la conducta
alimentaria en els vedells, disminuint el percgggade menjars grans o augmentant el
temps dedicat comportaments alimentaris. Aquestiutacié de la conducta alimentaria,
juntament amb la salut de la paret ruminal podkg@liear la millora del comportament
en aquests vedells. A més, la suplementacio ambritades va modificar I'expressio de
gens en l'epiteli ruminal i duodenal que podrietareselacionats amb la conducta
alimentaria i animal. La presentacio del concerfgegnulat vs. farina) i el nivell de greix
van afectar a aquesta expressio genica de recejgaonstrients, péptids i hormones, i de
molecules pro-inflamatories, probablement com aultas del metabolisme dels

flavonoides en el rumen.

Xl



Resumen

RESUMEN

Hoy en dia mejorar la productividad, la salud piehestar animal en los sistemas
intensivos de produccion es basico para asegurasostenibilidad. Ademas, nos
enfrentamos a la reduccion del uso de antibiotipos el crecimiento de bacterias
multirresistentes. Consecuentemente, es esenciastigar y desarrollar nuevas
alternativas y, posiblemente, un nuevo enfoqueng¢hbolismo, salud y bienestar animal
es necesario para abordar estos importantes desafio

Los flavonoides citricos son polifenoles que pose@mopiedades
antiinflamatorias, antioxidantes y antimicrobianaban mostrado efectos prometedores
en estudios previos con terneros de cebo. Polaxdm el creciente conocimiento sobre
una red de comunicacion entre tracto gastrointstmicrobiota y sistema nervioso
central, el eje intestino-cerebro, propone quamécion, microbiota y dieta podrian estar

involucradas en la modulacion de la conducta anynadimentaria.

Asi, el objetivo de esta tesis fue estudiar loebeios de suplementar flavonoides
citricos en terneros de cebo alimentados con digitas en concentrado sobre el
rendimiento productivo, la conducta alimentarianyyal, profundizando en los posibles

mecanismos de accidn relacionados con el eje iimbeserebro.

El primer estudio evalud los efectos de suplemdigaonoides citricos sobre la
conducta alimentaria (comedero uniboca), paramgiroductivos, salud de la pared
ruminal y comportamiento animal en terneros Habst@@imentados con concentrado
granulado. Los flavonoides redujeron la ingesteaheentrado y modificaron la conducta
alimentaria, reduciendo el porcentaje de comidasdgs. Ademas, se mejoro la salud de
la pared ruminal y el comportamiento animal. Ereba®stos resultados, los siguientes
estudios evaluaron las posibles interacciones plesentar flavonoides citricos con el
espacio de comedero, presentacion (granulado keahg composicion (nivel de grasa)
del concentrado. Ademas, se estudid la expresiégedes relacionados con el eje
intestino-cerebro, como receptores de nutrientesneurotransmisores y diferentes

reguladores de la inflamacion en el epitelio rurhyna&n el dltimo estudio, duodenal.

En todos los estudios, los terneros suplementamtofiavonoides dedicaron mas
tiempo a diferentes comportamientos alimentariobieh los parametros productivos y

la ingesta de concentrado no se vieron afectadam®ouel concentrado se suministrd en
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granulos utilizando comederos multiespacio, losdieides redujeron la ingesta de
concentrado cuando se suministré en harina, stotaafel rendimiento y mejorando la
eficiencia. En los diferentes estudios, el compoiato animal también mejoro,
reduciendo comportamientos orales no nutritivassyiteracciones agresivas y sexuales.
Ademas, el estudio macroscopico de la pared rumaadizado en matadero mostré un
color mas claro en los terneros suplementadoslawarfoides citricos en los diferentes
estudios. Por el contrario, la expresion génicalegpitelio ruminal fue diferente entre
estudios, siendo la expresion de genes relacionamlo$a deteccion de nutrientes y el
comportamiento diferente dependiendo de la presiéntedel concentrado (pellet o
harina) y su composicion (nivel de grasa) en tesmauplementados con flavonoides
citricos. La expresion de estos genes en el epiieiodenal también fue modificada en

terneros alimentados con dietas altas en grasa.

En conclusion, la suplementacion con flavonoidéscos modifico la conducta
alimentaria en los terneros, disminuyendo el pdejende comidas grandes o
aumentando el tiempo dedicado comportamientos atames. Esta modulacion de la
conducta alimentaria, junto con la salud de laghameninal podria explicar la mejora del
comportamiento en estos terneros. Ademas, la seplacion con flavonoides modifico
la expresion de genes en el epitelio ruminal y énatlque podrian estar relacionados
con la conducta alimentaria y animal. La presedtadel concentrado (granulado vs.
harina) y el nivel de grasa afectaron a esta expregnica de receptores de nutrientes,
péptidos y hormonas, y de moléculas pro-inflamasyrprobablemente como resultado

del metabolismo de los flavonoides en el rumen.
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1. BEEF PRODUCTION SYSTEMS CHALLENGES: SUSTAINABILITY

Nowadays, talking about beef production challengesynonym of talking about
sustainability. The limited resources of our plaaking with the climate change and
global warming, have placed all our production nisdethe spotlight, even more when
human population is expected to continue growirng rilext decades, along with an
improvement in the standard of life. In fact, wevide demand for livestock products is
predicted to increase twofold by 2050 (Rojas-Dowra al., 2017). On the other hand,
climate change will affect both quality and quantif feed crops, forages, and water
availability and these effects will depend on tharlds area (Moss et al., 2000; Polley et
al., 2013; Rojas-Downing et al., 2017). Althoughidg the last decades in the Western
world, improvement in knowledge and technologiegehallowed an optimization and
intensification in livestock production (Napel dt, 2011), unfailingly these systems
must be adapted in the coming years to the newatdijrenvironmental conditions and
feeds availability, along with developed societynd@ds (Steinfeld et al., 2006; Polley
et al., 2013).

The concept of sustainability could be defined, egaelty speaking, as the
capability of satisfying the needs of the preseithout compromising the capability of
the future generations to meet their own needs. Whi#ed Nations were already
discussing about sustainability in the JohannesbbDeglaration on Sustainable
Development in 2002 and the three main pillarsistanability were depicted: economic
growth, environmental protection and social eqian Cauwenbergh et al., 2007,
Boogaard et al., 2011; Hoffmann et al., 2011).

Focusing on intensive livestock production systeimsse three main pillars could

be adapted as:

* Environmental pillar: the effect of livestock pradion systems over the climate
change. Animal production systems are involvechenémissions of grenhaouse
gas (GHG) at different stages, basically due t@grand feed production, farm
animal production, manure, processing and trans(&teinfeld et al., 2006;
Rojas-Downing et al., 2017).

» Social pillar: includes farmers’ quality of life dnvell-being and also the point of
view of the society. Based on the values and coscesf the society,
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environmental impact, animal welfare, along witlhdosafety and quality could
be also included here (Latruffe et al., 2016).
* Economic pillar: basically profitability and produwgty to ensure the economic

viability of the farm and the production system (Maauwenbergh et al., 2007).

Consequently, sustainability of livestock productieystems would imply
different meanings depending on the world areacanuhtry, its society perceptions and
production systems (intensive, extensive, etc.)iifset al., 2018).

Regarding beef cattle production, the European wifBU) is the 3 largest
producer in the world, just after USA and Braziimigh et al., 2018), producing 7.8
million tons of bovine meat in 2017 (Eurostat, 2DIBuropean society is characterized
by strong ethical concerns about animal welfare emdronmental impact of intensive
production systems, but either about quality, Igalnd nutritive meat consumption
(Smith et al., 2018). These society concerns whaice been translated into an important
legislation on animal welfare and environmentalt@cton, being the EU a worldwide
leader in these areas. As a result, European heestry, and especially farmers, are just
facing big challenges that could suppose a deepftyemation without precedents in this
sector. Thus, the different production systemseaf lzattle that coexist in the EU should
be adapted to give a proper response to the souigbolitical demands, also maintaining

themselves economically viable.

Based on the concept of sustainability, on-farmetashallenges of the beef

production systems would be defined as:

v" Reducing the environmental impact, basically GHGssions, being methane the
most important GHG in beef cattle due to ruminaffentation (Steinfeld et al.,
2006).

v" Improving on-farm welfare and health.

v" Increasing economic profitability by enhancing fagsreductivity and animal

efficiency.
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1.1. Environment impact of beef cattle production

Methane is considered one of the most potent GHI& td its warming potential
per unit, 23 times much than carbon dioxide (Sedthet al., 2006). Agriculture is the
greatest source of anthropogenic methane emisammhabout two-thirds of this methane
is produced by enteric fermentation. Globally, tatzethane released from enteric
fermentation is about 86 million tonnes per yeamg ruminant livestock one of the most
important anthropogenic source of these emissmttzetenvironment (Moss et al., 2000;
Steinfeld et al., 2006; Giuburunca et al., 2014jtelic methane in ruminants is mainly
produced in the rumen (87%), and it is the majoy waremove hydrogen generated by
protozoa, fungi and some bacteria during ruminakaobic fermentation of fibrous feeds
(Moss et al., 2000; Giuburunca et al., 2014; Cabeli al., 2016).

Although ruminant species play an important rolewasting fibrous feeds,
basically indigestible for humans, into nutritiveogucts as milk and meat, their
environmental impact should be considered and extlu€he production system, feed
intake and the quality and digestibility of feedyrsficantly affect rumen methane
production and release (IPCC, 1997; Moss et abQRF-urthermore, methane production
supposes a loss of energy for the animals (betw&ken 15%), so that improving
productivity and efficiency of ruminants is the gtest approach to reduce enteric
methane emissions (Steinfeld et al., 2006; Giubzawet al., 2014).

Different nutritional strategies would lead to auetion of methane production
in the rumen. Ruminal fermentation produces difiex®latile fatty acids (VFA), mainly
acetic, propionic and butyric acid, that are useceaergy source by ruminants. The
guantity of VFA and the molar percentage of théedént VFA produced in the rumen
are basically determined by the source of feedseaaslly by the characteristics and
content of carbohydrates. Poor quality feedstuffth vaigh fibrous content promote
acetate production by ruminal microorganisms, whibscase of feeds with greater
guantity and quality of carbohydrates content prama@ropionate synthesis.
Fundamentally, acetate and butyrate boost methamigtion whereas, on the contrary,
propionate is reducing the availability of hydrogensynthetize methane (Moss et al.,
2000). Thus, nutritional strategies focused on eoimg propionate:acetate ratio would
reduce ruminal methane production, but this objecwill be achieved basically by
improving feed efficiency (Knapp et al., 2014). &eg high-starch diets (increase
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propionate production and efficiency), or suppletimgnwith some lipids, as oils, would
be nutritional strategies that could lead to a cida in methane emission by ruminants
(knapp et al., 2014).

Beyond nutritional strategies, different alternatias some feed additives, natural
products and extracts, probiotics and ruminal fim@dification or vaccination against
methanogens have been proposed, achieving diffdemgrees of success (Moss et al.,
2000; Bodas et al., 2009; Patra and Saxena, 2@tatj 8t al., 2014; Cobellis et al., 2016).

Additionally, farm management practices focusedmproving animal health and
reducing mortality, and minimizing metabolic disers, as heat stress and acidosis,
would improve productivity and, consequently, reglotethane emissions per productive
unit (Knapp et al., 2014).

1.2. Animal welfare in beef cattle

Animal welfare is actually an outstanding pillar sdistainability of livestock
production systems in developed countries. As roaetl before, society values and
concerns are clearly influencing animal welfarecpption of consumers. During the last
half century two important changes have occurredour developed countries
simultaneously: on the one hand, a significantnsifecation of livestock production
systems has taken place; on the other hand, théemoh farms and farmers have both
decreased, rising at the same time the numberbainupeople (Boogaard et al., 2011).
These urban people possess limited knowledge dwng and livestock production, and
their perception about intensive management isequéigative. In fact, their vision of
animal welfare is linked with “natural behavior” an“natural environment”, considering
high animal density as a low well-being status (¥feh 2001; Cozzi et al., 2008;
Boogaard et al., 2011). Consequently, there iseatgnterest of farmers to provide an
adequate animal welfare to improve the social aeree of livestock management but
also to satisfy consumers’ demands, increasindlyenced by their ethical values.

The absence of chronic stress is one of the mgsbritant objectives to improve
animal welfare (Mostl and Palme, 2002). Chronicesdr trigger the release of
glucocorticoid hormones in animals that would negdy affect their growth and
immune system (Carroll et al. 2007; Burdick et2011). Carroll et al. (2007) classified
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the stressors in livestock in three categoriescipsipgic stress (associated with fear),
physiologic stress (related to endocrine or neutoenne function) and physical stress
(as heat stress, hunger and thirst, or disease)t Bohighly important to control and
reduce these stressors on-farm environment to wepaaimal welfare and, additionally,

to enhance animal productivity and health.

Animal welfare is thereby essential for livestockensive production systems
sustainability, basically due to its relevance ocisty demands and consumers’ decision
making, but also for its importance on animal Healtd productivity either. In fact, all
the stakeholders involved, including farmers, lkedg@s and scientist are eager to
developed standardized criteria and mechanismsa@agtee an objective animal welfare
assessment based on scientific knowledge (McGRO,; Welfare Quality®, 2009). To
achieve these objectives, we need to develop de#lalezgies, easy to apply in practical
on-farm conditions but also effective for animallfare assessment (Webster et al.,
2004). Moreover, it is highly important to createstways to transfer properly this

information to the consumers and to the society.

In Europe, a research project named Welfare Qalias created in 2004,
comprising a partnership of 40 institutions fromBELBopean countries, and expanded in
2006 to 4 more Latin countries, Uruguay, Brazilil€and Mexico (Blokhuis et al.,
2010). The aim of this multidisciplinary project rge¢o develop standardized and science-
based systems for welfare assessment on-farm anghéerhouses for poultry, pigs and
cattle, and to communicate these welfare measores®risumers (Welfare Quality®,
2009; Blokhuis et al., 2010)

The European Welfare Quality® assumes that welfara multidimensional
concept, which includes physical and mental weilhpéGonyou, 1994). The assessment
protocols for fattening cattle, pigs and poultryrev@ublished in October of 2009. As a
key welfare points four main principles are congdein these protocols: good feeding,
good housing, good health and appropriate behadelfare Quality®, 2009).
Furthermore, each principle includes two to fowlependent criteria (Welfare Quality®,
2009). In therable 1we have the principles, criteria and measuresiwratare Quality®

protocol for fattening cattle evaluation.
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Table 1.The principles, criteria and measures of the Wel@uality® assessment
protocol for fattening cattle.

W_elfa_lre Welfare criteria Measures
Principles
1 | Absence of prolonged hunger Body condition score
Good feedin ) isi ' i
g Absence of prolonged thirst Water provision, cIeanImess of water points,
2 number of animals using the water points
. Time needed to lie down, cleanliness of the
Comfort around resting .
Good 3 animals
h:L?sing 4 | Thermal comfort As yet, no measure is developed
Pen features according to live weight, access
Ease of movement .
5 to outdoor loafing area or pasture
6 | Absence of injuries Lameness, integument alteration
Coughing, nasal discharge, ocular discharge,
Good health Absence of disease hampered respiration, diarrhea, bloated rumen,
7 mortality
Absence of pain induced by Disbudding/dehorning, tail docking,
8 | management procedures castration
9 | Expression of social behaviors Agonistic behavioahiesive behaviors
Appropriate | 10| Expression of other behaviors | ACCESS to pasture
behavior 11| Good human-animal relationship Avoidance distance
12| Positive emotional state Qualitative behavior assessment

Regarding beef cattle fattened under intensive itiongd, it is interesting to
highlight the impact of the intensive managemenentiucing the opportunities for these
animals to perform natural behaviors consideredingsortant for ruminants. The
impossibility of developing these natural behavidrsistration and discomfort may
generate aggressive interactions and stereotypesthase are been related with poor
welfare status (Gonyou, 1994). Foraging could hesclered as a fundamental natural
behavior that cannot be accomplished under intensnditions in beef cattle. In fact,
oral stereotypic behaviors are very frequent irs¢hanimals (as repetitive licking non-
food objects, as fences, walls or the feeder) leve been related with this impossibility
to perform natural foraging behavior (Bergeronlet2006). On the other hand, talking
about bulls reared in intensive fattening systeaggressive and sexual behaviors
frequently performed by these animals supposerafisignt welfare challenge (Mach et
al., 2009; Devant el al., 2017). The origin of #gnbghaviors is really widespread, as social
hierarchy, limited resources (feeder space), apxiestress. Testosterone is linked with
these behaviors, so castration has been proposega@ssible solution, but this solution
would involve negative welfare implications, asista mutilation and, additionally,

castrated bulls are less efficient affecting cascpsmlity as well (Mach et al., 2006). Thus,
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alternatives to ameliorate and reduce the expnessiall these behaviors and improve

welfare of beef cattle fattened in intensive prdducsystems are needed.

On the other hand, respiratory disease is congideme of the most important
welfare issues in beef cattle reared under intensonditions (EFSA, 2012). Due to
anatomical and physiological factors, and linkedh® typical management applied in
these productive systems (long transports, mixingramals, and overstocking), beef
cattle are susceptible to a variety of respirafmathogens that have been summarized
under the name of Bovine Respiratory Disease (BEPSA, 2012). Thus, improving
health and reducing the incidence of these BRDadngy challenge to guarantee cattle

welfare.

1.3. Efficiency in beef cattle intensive systems

Beef cattle are inherently less efficient than ngatdac species, as pigs and
poultry, basically due to their digestive systentthBugh fermentation in the rumen by
microorganisms allow ruminants to use low qualitgtsl with high fibrous content, to
produce high quality protein, this process is leficient when compared with
monogastric animals, especially for ruminants reéare extensive grazing systems.
Additionally, feed cost is the most important econo factor affecting profitability of
beef cattle production, even more when focusingptansive fattening systems. This cost
would count for around 75% of the total direct sodielsen et al., 2013; Kenny et al.,
2018). As a consequence, improving feed efficiesayne of the greatest challenges of
this industry to guarantee its economic sustaiitgbieduce environmental impact and
improve profitability for the producers, even meveen competing with more efficient

sources of meat as monogastric livestock.

Generally speaking, efficiency could be definedhasratio of output per unit of
input (Cartens and Tedeschi, 2006; Nielsen e2@l 3). Normally, live body weight and
intake are used to measure feed efficiency in fods and different measures are

commonly employed to calculate this feed efficiencpeef cattle:

* Feed Conversion Ratio (FCR): this is the rationdéke to live-weight gain, so at
lower FCR the more efficient is the animal. Thest@ris very valuable to assess

feed quality, management and environment, and mong beef cattle
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performance, because is well correlated to animadtp (Cartens and Tedeschi,
2006; Kenny et al., 2018).

* Feed Conversion Efficiency: is the mathematicakmnse of FCR (Kenny et al.,
2018), i.e. ratio of live-weight gain to intake. iid@quently, regarding feed
conversion efficiency the highest the number theenafficient is the animal. As
FCR, it is useful to study animal performance, djeality and management or
environment effects in animal efficiency.

* Residual Feed Intake (RFI): this measure uses xpected feed intake of the
animal based on its growth and body weight, catedlafrom intake and
performance from a group of contemporary animaést@hs and Tedeschi, 2006).
So, RFI is defined as the difference between theahdeed intake and the
expected feed intake based on animal requirementsdintenance and growth
(Nielsen et al., 2013; Kenny et al., 2018). Thisamee is then independent of
animals’ production level, being more appropriatstudy biological mechanisms
involved in variation of feed efficiency betweerebeattle, but also in programs
for genetic improvement of feed efficiency (Cartansl Tedeschi, 2006; Nielsen
et al., 2013; Kenny et al., 2018).

* Residual Gain (RG): is the amount of gain adjustedeed intake (Nielsen et al.,
2013). A positive value of RG indicated that thénaal is growing faster than
predicted based on its intake, so it is more effiti

Based on these different approaches, geneticsraddgiion system are the most
relevant factors affecting feed efficiency in beattle. Regarding genetic programs,
finding and developing genetic predictors for fesfticiency in beef cattle would be
highly useful. A key point to improve this efficiepwould be to reduce the nutritional
requirements for maintenance, where wide animaatian exists (Cartens and Tedeschi,
2006; Nielsen et al., 2013). As previously mentthnRFI is an interesting measure to
select animals with lower energy requirements faintenance. Additionally, RFI
possesses moderate heritability, and some resats $uggested that post-weaning RFI
in cattle would be a useful trait for selectingrtgprove efficiency in the progeny (Cartens
and Tedeschi, 2006). In fact, actual developmernheftechnology needed to properly
study the individual feed intake in beef cattlecilitates the study of RFI and,
consequently, the genetic selection to improveigificy in cattle.
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On the other hand, production system comprisingitiart, management and
environment, are greatly affecting feed efficiennybeef cattle as well. Obviously,
nutrition is one of the most important of thesddes, from the composition of diet to the
presentation of feed. It is well-known that highacentrate diets, with greater content of
cereals, energy and higher digestibility are mdfieiently used by beef cattle to grow
than low quality diets rich in forage of poor qiyaliBasically, ruminal fermentation of
diets rich in fibrous ingredients with low energyntent is producing higher acetic acid,
and this fermentation is related to a greater pcbdn and emission of methane, being
less efficient and increasing environmental imp&aznversely, high-concentrate diets
based on cereals decreased methane productiongdwriminal fermentation, also
increasing propionic production, being more efiitiand reducing environmental impact

as well.

Focusing on intensive production systems of betfecea wide range of non-
animal factors can affect feed efficiency of livadt. As previously commented, factors
affecting rumen fermentation would have an impactezd efficiency and will modulate
the eating pattern of animals at the same timealifferent nutritional strategies would

impact feed efficiency in beef cattle fed high-cenirate diets, as:

« Concentrate presentation: e.g. feeding the coratenin pellets improves feed
efficiency when compared with meal presentatiosjdadly due to the increase in
starch availability as a result of pelleting pragdsit also by reducing concentrate
waste by the animals when eating (Bertipaglia e28l10).

e Concentrate composition: some ingredients use@jmtoncentrate diets, as fats,
would have different effects on feed efficiency opdulating feed intake and
eating pattern, depending on the inclusion rate &lgb on its chemical
composition (saturated or unsaturated fats) (Kmedhéi al., 2006; Hess et al.,
2008).

Additionally, also different feeding strategies ltballow us to reduce concentrate
intake and waste without impairing performance amichal welfare (as the feeder design

and space, or pelleting quality of the concentr@feydu, 2015).

Actually, the type of diet (concentrate, or forage)dulates the way animals eat.

Beef cattle are considered as grass and roughatges eaithin ruminant species

10
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(Hofmann, 1989), so their digestive system haswebbeing adapted to efficiently digest
high fibrous foods. Furthermore, foraging seembdan essential natural behavior for
cattle and might be in the origin of oral stereety@nd anxiety in animals reared under
intensive conditions (Bergeron et al., 2006). Tfares it could be hypothesized that a
close relationship between eating behavior and aninwelfare exists in beef cattle,

linking nutrition with behavior (Nielsen, 1999).

The eating pattern is defined by meal size, dunadioa meal and the number of
daily meals in beef cattle, and these parametérw &b calculate the daily food intake,
daily feeding time and the eating rate (Nielserf% Devant and Bach, 201 Higure
1). Consequently, this eating behavior could becédie and/or modulated by a wide range
of factors related to the diet (nutrient compositipresentation form), farm facilities and
management (feeder space per animal, animals pefgesl availability) and the animal
itself (social behavior, stress, health), beindhhigmportant to consider the relationship

between them in order to achieve the best perfocmand efficiency.

On the other hand, complex physiologic and psydajiodd mechanisms are
involved in voluntary-intake behavior regulation; teward and homeostatic systems
(Ginane et al., 2015). Homeostatic system is réldte the nutritional status and
requirements of the animal, and different metabslitegulate hunger and satiety by
peripheral signals (nutrients, metabolites, hormsamepeptides) that arrives to the brain,
regulating food intake (Ginane et al., 2015). Téward system motivates the animal to
seek beneficial foods based on previous experierangs is closely associated with
homeostatic system, involving different brain araad neurochemical pathways (Ginane
et al., 2015).

Furthermore, the existence of a communication sctak between
gastrointestinal tract, microbiota, and the braas lbeen proposed: the gut-brain axis
(Wiley et al., 2017). Thus, through this complexwak, inflammation, microbiota, and
diet might affect animal behavior (Haagensen e28l14) and also the eating pattern.

Certainly, eating behavior may have a significaifeéat on total voluntary feed
intake, hence affecting also feed efficiency, sattmechanisms involved in eating
behavior modulation need to be deeply investigatdzeef cattle due to its relevance in

feed efficiency but also in animal health and welfa

11
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Figure 1. Components of the eating behavior and their iatations. Adapted from Nielsen (1999).

2. CHEMOSENSORY TRANSDUCTION AND GUT-BRAIN AXIS IN BEE F

CATTLE

2.1. Chemosensory transduction and nutrient sensing beef cattle

The last decades an important number of reportsrithesy the presence of taste

and odorant receptors in non-oral and non-olfadiesgpes of different vertebrate species

has been published. Taste receptors have been iimangide range of tissues and organs

out of the mouth, like gastrointestinal and redpimatract, brain, skeletal muscle, and
testis in different species (Kiuchi et al., 200&hBens and Meyerhof, 2011; Beer et al.,
2012; Colombo et al.,, 2012; Foster et al., 2014urRoand Foster, 2018). The
chemosensory transduction is the biological protessallows mammals and organisms

to recognize the different chemical stimuli presarnthe external or internal environment

(Zufal and Munger, 2016). These chemical stimulcogmition is basic for the

maintenance of life, and plays a key role alscegding processes, being responsible of

identifying palatability, safety, and nutritionahle of food (Zufal and Munger, 2016).

Thus, taste receptors have the function of detgetid transducing sapid chemicals and,
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as a response, releasing transmitters from théhadlivould activate the proper response
(Breer et al., 2012; Damak, 2016; Roura and Fo2@8).

The functions of these taste receptors within thgestive tract seem to be
involved in important and complex communicatiorhpedys between the gastrointestinal
system and the brain. Consequently, they mighnielved in the homeostatic system
acting as a sensors for food-derived componentagleey players in the hungry and
satiety mechanisms through the release of hormeresh could act locally (in a
paracrine way) or systematically (by circulatorylgmphatic systems) ( Breer et al.,
2012; Ginane et al., 2015; Roura and Foster, 20I8)s, taste receptors would be
involved in the modulation of the eating patternl anetary choices of the animals not
only by the taste of food or nutrients in the mouiht in addition acting as a nutrient
sensors thorough the digestive tract. Sweet tastptorsTLR2/T1RB amino acids taste
receptors (as umami taste receptdiR1/T1R}B bitter taste receptorsTAS2R and
various free fatty acid receptoraf) asffarl, ffar2, ffar3 andffar120, among others,
have been implicated in nutrient sensing thorough digestive tract in human and
different mammal species (Breer et al., 2012; Ramet al., 2012; Depoortere, 2014;
Roura and Fu, 2017). Also salty and sour tasteptece would be included in nutrient
sensing mechanisms, thus nutrient sensing receefoestoire would allow to recognize
all tastes (sweet, umami, bitter, soar, salty,fatjd nutrients (carbohydrates, proteins, fat

and minerals) and possible toxic molecules (bétet soar tastes).

In regards to cattle, there is scarce literatureused on nutrient sensing or
describing the presence of these taste recepitnsy & the digestive tract or in other
tissues. Within the digestive tract, the main réaefor sweet taste is the heterodimer
formed by the subunif§1R2andT1R3 In most mammalian species, carbohydrates are
one of the most important source of energy, so $haet receptors main functions
described are involved in energy balance, glucosedostasis, and food intake, acting as
an energy sensors (Lee and Owyang, 2017). On titeacy, the main source of energy
for ruminant species are VFAs produced by ruminatoeorganisms (Siciliano-Jones and
Murphy, 1989 ), so it could be expected to findfediénces in nutrient sensing and
pathways involved in energy balance and food intageveen ruminants and non-
ruminant species. The particular digestive systémuminants ferments most dietary

starch thanks to ruminal microorganisms, but depgnoin the diet variable quantities of
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starch arrive to the small intestine, where theyhardrolyzed (Mills et al., 1999; Larsen
et al., 2009). Moran et al., (2014) demonstrated TAR2/T1R3eceptor is expressed in
L-endocrine cells of bovine duodenum, and was at#iy by the presence of glucose.
Thus, it might indicate that sweet taste receptoulds be acting as energy sensing

receptor in the duodenum of cattle, as in othemats does.

VFAs (mainly acetic, propionic and butyric) are th®in energy source for
ruminant species due to microbial fermentation he tumen (Siciliano-Jones and
Murphy, 1989). Thus, it would be logical that rummirts possessed a nutrient sensing
pathway adapted to this particularity, where VFA=uld play an important role as cues
for energy homeostasis and food intake modulatidre ffar2 and ffar3, previously
namedGPCR43and GPCR41respectively, are the targets for short-chainyfattids
(SCFA) (Wang et al., 2009 and 2012; Hudson eR@ll2; Friedrichs, 2015). The mRNA
expression of these receptors have been foundmy tissues of cattle, especially in the
digestive tract, including rumen epithelium, omasuoeticulum, and intestine, mammary
gland and adipose tissues (Wang et al., 2009 ahd; Zoiedrichs, 2015; Devant et al.,
2016; Mielenz, 2017). Actually, it is very interiegf that both bovine receptoffar2 and
ffar3, responded with the lower binding affinity to acetcid (C2) when compared with
humanffar2 andffar3 (Hudson et al., 2012). Thus, it make sense thegethreceptors
exhibit less sensitivity to the predominant SCFAduced in the rumen, possibly
resulting in higher tolerance to changes in aaatid levels. Otherwise, it could explain
why propionic acid plays a key role as a regulafdieed intake in ruminants instead of
acetic acid, acting as an important hypophagicai@Bradford and Allen, 2007; Allen et
al., 2009 and 2012), as bovifilar2 and ffar3 are more sensitive to propionic acid.
Therefore, these affinities of bovirfear could be an adaptation for energy balance
regulation, inasmuch as propionic acid increaselated to high-starch diets in cattle

and, consequently, to higher energy content irdiée

Regarding protein or amino acids, there are severtalent sensing receptors
mediating taste of L-amino acids (Behrens and Meye2016). The heterodimer formed
by the subunit§1R1andT1R3 named as umami receptor and possessing higlityaffin
for the amino acid L-glutamate, have being widelyrfd in mammals (Zhang et al., 2012,
Behrens and Meyerhof, 2016) and also in cattled@eéret al., 2011; Zhang et al., 2012).
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However, scarce literature is available about thesmeptors distribution in cattle

gastrointestinal tract.

Bitter taste receptorsTAS2R repertoires of mammalian species have been
extensively studied (Go, 2005; Dong et al., 2009;add Shi, 2013; Li and Zhang, 2013;
Hayakawa et al., 2014), including ruminants (Fearei al., 2013 and 2015). Numerous
studies in different species are highlighting tinglication ofTAS2Rn gastric emptying,
satiety and gut motility (Glendinning et al., 200&nssen et al., 2011; Depoortere, 2014;
Roura and Foster, 2018), and probably catd&2Rfunctions within the digestive tract
are similar to these described in other specieshofiph TAS2R functions in
gastrointestinal tract of cattle have not beenqurodlly explored, the high tolerance for
bitter tastants and the gene repertoirelfa62Rof cattle, probably adapted to their diet,
could open new insights for studying alternativesriodulate the eating pattern and,

consequently, efficiency in this specie.

2.2. Gut-brain axis in beef cattle

Recently, gut-brain-microbiota axis has been pregoas a communication
bidirectional network between brain, digestive sgstand its microbiota in humans and
other mammal species, regulating essential fungti@uch as immunity, digestion,
metabolism, hunger and satiety control, and alesstesponses (Haagensen et al., 2014;
Carabotti et al., 2015; Sarkar et al., 2016; Wiewl., 2017). Additionally, it has been
suggested that inflammation, microbiota, and diey affect animal behavior (Haagensen
et al., 2014) through this gut-brain axis crosstaAl& gut-brain axis is bidirectional, gut
microflora signaling mechanisms to central nervaystem (CNS) include nervous,
endocrine and immune signals, whilst CNS modulatiesoflora though the autonomic

nervous system (Martin et al., 2018).

Basically, four main important routes of communigat between brain and
microbiota have been described: i) the vagus neiyvgut hormone signaling; iii) the
immune system; and iv) different microbial metatesli(Devant et al., 2016; Foster et al.,
2017).

Thus, microbiota produces different metabolite®laed in the SNC modulation,

as short chain fatty acids (which acts offar2 andffar3), secondary bile acids (acts
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through G protein-coupled bile acid receptbGRY), and tryptophan (as a precursor of
serotonin) (Carabotti et al., 2015; Martin et 2018). Furthermore, different nutrient
sensing receptors are also involve in gut-brairs,abxuilding a very complex network
where nutrition, microflora, health and animal bebaare completely interrelated. On
the other hand, SNC affects microbiota modulating motility, intestinal transit, gut
permeability and microbiota gene expression trahghsecretion of different hormones
(Martin et al., 2018).

One of the mechanisms of the gut-brain axis thatdcplay an important role in
animal welfare, affecting health but also animahdsgor, would be inflammation
(Haagensen et al., 2014; Devant et al., 2016; Wategl., 2017). Inflammation, among
other mechanisms, is associated with a decreaserum concentrations of serotonin, a
monoamine neurotransmitter related with well-bemg@od modulation and a reduction
in aggressive and sexual behaviors (Evans etG3;2Haagensen et al., 2014; Devant et
al., 2016).

Although scarce literature is available in beeftleatthe gene expression of
different receptors involved in crosstalk mechamssshthe gut-brain axidfar3, ppyrl,
adra2¢ occludingandTNFx) have been found in the rumen of bulls, suggeshiagsome
of these gut-brain crosstalk mechanisms could pédee there (Devant et al., 2016). Due
to the importance of these mechanisms on animdirfgdbehavior, welfare and health
and to the particularities of digestive system eéefocattle, further research is needed to

deeply understand them and being able of moduteta tas well.

3. FEED ADDITIVES IN BEEF CATTLE

Accordingly to the definition of the European Regidn (EC) No 1831/2003,
‘feed additives’ means substances, micro-organiempreparations, other than feed
material and premixtures, which are intentionallded to feed or water in order to
perform, the quality of feed and the quality ofddoom animal origin, or to improve the
animals’ performance and welfare, or reducing emrmental consequences of animal

production.
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This European Regulation also classifies feed additin different categories,
based on their functionality and properties, ane atditive could be allocated in one or
more of these categories:

e Technological additives: any substance added o filmea technological purpose
(e.g. preservatives, antioxidants, emulsifierdyisrang agents, acidity regulators,
and silage additives).

* Sensory additives: any substance, the addition litiwto feed improves or
changes the organoleptic properties of the feetheovisual characteristics of the
food derived from animals (e.g. flavorings, coldgn

* Nutritional additives: substances performing aitiotral function (e.g. vitamins,
minerals, amino acids, trace elements).

» Zootechnical additives: any additive used to imprthe performance of animals,
health or used to reduce the environmental implahional production.

* Coccidiostats and histomonostats: feed additivésnded to kill or inhibit

protozoa microorganisms.

This classification could be adapted to technolalgiprogress or scientific
development. In fact, this legislation is actuéléng modified, and probably a new group
of Zootechnical additives will be included, as pbi@gical condition stabilizers, closely

related with animal welfare.

Focusing on beef cattle fattened under intensiveditons, we will briefly
describe the functionality and possible application feed additives described in the

literature to:

* Reduce ruminal methanogenesis and improve effigienc
» Control of rumen acidosis in beef cattle.

* Improve beef cattle health.

3.1. Feed additives to reduce ruminal methanogenssi
As previously explained, ruminant livestock subsdly contributes to GHG
emissions due to methane production during runiaratentation. Normally, beef cattle

fattened under intensive conditions are fed higheeotrate diets, producing less
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methane than cattle produced in extensive systéRG(, 1997; Moss et al., 2000;
Steinfeld et al., 2006). Moreover, reducing methgreduction is not only an
environmental concern, being also nutritionally ortant due to energy losses and feed
efficiency impairment. Therefore, reducing methamission is also related to an
improvement in efficiency and productivity (Steilifeet al., 2006; Giuburunca et al.,
2014).

As methane is produced during ruminal fermentataiyiously we can reduce
methane emission by different ways, 1) reducingl feeake (if there is less ruminal
content, ruminal fermentation decrease and alsdnamet production and emission), 2)
modulating ruminal fermentation (acting directly eovmicroorganisms involved in
methane production during ruminal fermentationiodjrectly, reducing the substrates
they use to produce methane) or 3) improving aniimelth (enhancing animal

productivity by reducing pathology) reducing impuative days (Knapp et al., 2014).

Different plant secondary metabolites, defined lastpchemical compounds not
involved in plant growth or reproduction (Patra &akena, 2010), have been studied and
proposed for reducing ruminal methane productiothW this group, essential oils,
tannins, saponins, and flavonoids have been propas@otential alternatives to reduce
ruminal methane production and emission (PatraSax@na, 2010; Cobellis et al., 2016a
and 2016b; Rira et al., 2019). Also the use oftBokypropanol (3-NOP), an enzymatic
inhibitor, has clearly showed positive effects @ducing methane production in beef
cattle fed high-concentrate diets (Romero-Peret. €2014; Kim et al., 2019).

3.1.1. Essential oils

Essential oils are secondary metabolites produgqadnts in complex mixtures
with heterogenic chemical composition, and possifésrent antimicrobial properties
(Cobellis et al., 2016b). Thus, depending on themasition of the essential oil the effect
exhibited over methanogenesis will be differenti@and Saxena, 2010; Cobellis et al.,
2016a). Different essential oils and combinatioasenshowed promising effects over
ruminal microorganisms, reducing both archaea aotbpoa and, consequently methane
production. But also some negative effects ovetienitdigestibility (protein and starch),

VFAs production and intake have been observed @f ta&ttle (Patra and Saxena, 2010;
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Cobellis et al., 2016a and 2016b), probably duth&x antimicrobial properties along
with some problems related to palatability (Calggiraiet al., 2007).

Consequently, although essential oils are a vepynming molecules to reduce
methane production, extensive research is needegraperly determine active
compounds, synergisms and antagonisms between tleniarm doses and mode of
action (Cobellis et al, 2016b). Additionally, maaafuring feed additives based on
essential oils to be used on-farm need standardizéaptimized processes to guarantee

a stable composition and quality of the products\{&ovic et al., 2018).

3.1.2. Tannins.

Tannins are polyphenolic compounds naturally foursb many species of plants,
and normally classified in hydrolysable or condehsannins, depending on their
structure (Patra and Saxena, 2010; Rira et al9)20he anti-methanogenic effects of
tannins are been largely demonstrated, althougheffect has been also related to lower
digestibility of feed due to the formation of corapés with proteins along with a negative
impact over ruminal populations (Patra and Sax20a0; Pifieiro-Vazquez et al., 2015;
Rira et al, 2019).

Different tannins from different plant sources hdeaded to a reduction in
methane production in differemt vivo andin vitro studies, and probably by exerting a
direct inhibitory effect over methanogens but adtgoan indirect effect over ruminal
protozoa (Patra and Saxena, 2010). As in the dasssential oils, different tannins from
different plant sources trigger contrary responsestandardized processes and the study
of possible interactions with other substancesraijupresent in feedstuffs are required

for practical applications.

3.1.3. Saponins

Saponins are glycoside molecules with high moleonksight naturally found in
a wide variety of plants and possess differentdgicial properties depending on their
chemical structure (Patra and Saxena, 2010). $nctse, the research has been focus on
saponins’ effects on rumen ciliate protozoa andwédhk different plant secondary

metabolites occurs, methane reduction in the rute@ends on the level of inclusion and
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also the source of saponins (Jayanegara et al4)2@aponins reduce protozoa
concentration, but also cellulolytic and anaerdbingi in the rumen, leading to a decrease
in hydrogen availability for methanogen populatiorso methane production is
consequently reduced (Jayanegara et al., 2014eder, in the metanalysis carried out
by Jayanegara et al. (2014), different levels pbsins extracted from Quillaja, Tea and
Yucca did not negatively affect digestibility aradal VFAs production om vitro rumen

fermentation systems.

3.1.4. Flavonoids

Flavonoids are a large group of secondary planygbanols that possess
important biological properties as antioxidant arelating molecules, but also with
interesting anti-microbial effects (Patra and Sax@®10). Recent studies have reported
a significant reduction in methane production byrdssing methanogenic archaea
communities in differenin vitro studies performed with ruminal liquid from steésd
high concentrate diets (Seradj et al., 2014) antdals fed forage-rich diets (Wang et al.,
2013).

3.1.5. 3-Nitrooxypropanol

The molecule 3-nitrooxypropanol is a synthetic enayc inhibitor that has
demonstrated to be an effective feed additive neduenteric methane production in
ruminants, including beef cattle (Romero-Perezlgt2914; Kim et al.,, 2019). The
mechanism of action consists in targeting the emzgmathyl-coenzyme M reductase in
rumen archaea, inhibiting the last step for meth@oeduction by this population, being

very specific and effective at low dosesinwivotrials (Duin et al., 2016).

3.2. Feed additives to control rumen acidosis in leécattle

Acidosis is considered a common metabolic disovd#r ruminal origin in beef
cattle fed high-concentrate diets. As a metabakorder of the gastrointestinal tract,
acidosis affects performance and health, resuliisg in animal welfare impairment.
Basically, acidosis could be defined as a reductionuminal pH, affecting ruminal

microorganism populations and, as a consequencanaill fermentation, intake and
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performance. Thus, different feed additives are momly used in beef cattle fed high-

concentrate diets to control and reduce ruminalcsis effects in intensive production

systems: buffers (as sodium bicarbonate) or alkeditzas magnesium oxide), ionophores
(as Monensin), probiotics (as yeasts), and orgaciits (as malic, fumaric, and aspartic
acid) (Bach et al., 2007; Calsamiglia et al., 20@@nzéalez et al., 2012; Hernandez et al.,
2014). In our production system, dairy calves, wtarimals are raised from the weaning
phase with concentrate and straw both ad libiturth 8eparate feeders the risk of
suffering rumen acidosis is low (Devant et al., @0Except to situations where

management is poor: no straw at the feeders, hegtdpnsity that reduces the options to
access to the feeders or periods where no feadl®ifeeders due to delivery problems.
Therefore, in the praxis, in the commercial feeghialas, these feed additives are used

to reduce or prevent the risk of suffering rumeidlesis.

3.2.1. Buffers and alkalizers

Sodium bicarbonate is widely used in beef catttetigh-concentrate diets for its
ruminal buffering capacity (Calsamiglia et al., 2D1Basically, bicarbonate is the natural
buffer present in the saliva, so addition of sodibicarbonate exerts a direct effect on
ruminal pH, increasing buffer capacity of ruminhlid, although some contradictions
around its dosage and response still exists (Cajtianet al., 2012; Gonzélez et al.,
2012).

Magnesium oxide is the most commonly used alkaliererting a direct effect
increasing ruminal pH, but palatability problemsghl be considered (Calsamiglia et al.,
2012; Hernandez et al., 2014). This product is igaised in dairy cattle, due to a positive
effect on content of fat in milk observed when megjom oxide is supplemented, more

than its impact on ruminal pH (Calsamiglia et 2012).

However, the positive effects of buffers and alkeais in the prevention of ruminal
acidosis seem to be limited (Hernandez et al., p@&4hey work, buffers within a range
of pH between 7 and 6 which is not critical andaéiters work once the pH is low and

most rumen acidosis consequences of rumen acidiesaready taking place.
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3.2.2. lonophores

Monensin is an antibiotic and is the most frequembphore used as feed additive
in beef cattle worldwide, although it was banne&urope in 2006. Recently, due to the
relevance and growing concern about bacterialteesis to the antibiotics, and its impact
on human health, the prohibition of the use oftaatics as a growth promoters in animal

feed is being spread out to other countries ardb@dvorld.

Basically, monensin modifies ruminal microorganigmpulations, increasing
propionate and reducing acetate, so improving ieffity (Gonzalez et al., 2012).
Furthermore, this increase in propionate resulenieating pattern modulation, reducing
meal sizes and increasing the frequency of mealgpremoting lesser ruminal pH

fluctuations and reducing ruminal acidosis (Gorz&teal., 2012).

3.2.3. Probiotics

Regarding probiotics in beef cattle, although sobaeteria alternatives (as
Megasphaera elsdehihave been studied and proposed, yeasts and albpeltfiferent
strains ofSaccharomyces cerevisjd@ve showed positive effects on ruminal pH. Yeast
would modulate ruminal fermentation increasing dséet consumption by different
ruminal bacteria and increasing ruminal pH as allre€Calsamiglia et al., 2012;
Herndndez et al., 2014). Also a modulation of thing pattern in dairy cattle has been
described when supplementing with a strainSatcharomyces cerevisja@creasing

meal frequency of the animals (Bach et al., 2007).

3.2.4. Organic acids

Organic acids are considered safe technologicedlddditives (in the EU register).
Focusing on beef cattle, malic, fumaric and aspaatiid basically would stimulate
bacteria utilizing lactic acid, aSelenomonas ruminantiu@@alsamiglia et al., 2012).
Thus, the use of these organic acids would increaseal pH, also propionate and total
VFA, and the higher pH would promote the growthfibfolytic bacteria, improving
ruminal environment (Calsamiglia et al., 2012; Herez et al., 2014).
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In summary, to regulate rumen acidosis most optegious mentioned additives
affect the rumen flora (or at least these are thesahat have been described). Few
research has been conducted in how these additinezgly or indirectly can modify the
gut (rumen) metabolism: maybe they modify inflamiowat or maybe they modify the
eating pattern through altering the signaling aepdors involved in feed intake. As the
effect of those additives seems to differ dependingliet one could hypothesize that
probably those mechanisms are linked to the madi6o of the rumen flora.

3.3. Feed additives to improve beef cattle health

After prohibition of antibiotics as growth promagein livestock production, an
important research to find and develop additives tdould exert beneficial effects on the
immune system and improve the health of the animassbeen performed. Obviously,
due to the close relation between health, prodiigtiand animal welfare, to find
alternatives to the use of antibiotics is an ouiditag target in our intensive animal
production systems.

Focusing in beef cattle, probably ruminal acid@sid bovine respiratory disease
(BRD), are both the most important health challsrigdattening farms. On the one hand,
ruminal acidosis is often related to different leaproblems by rumenitis and
parakeratosis of the ruminal epithelium, that woplédispose the animal to other
different diseases such as laminitis, endocardiieat, liver abscesses, and BRD
(Chaucheyras-Durand and Durand, 2010; Hernandak,e2014). On the other hand,
BRD supposes to beef cattle industry an importattient due to the losses in
performance, health and animal welfare impairmbaing the major cause of clinical
disease and death in beef cattle reared undersiageproduction systems (Edwards,
2010; Hay et al., 2016). Pathogens involved in B&RB commonly found in the upper
respiratory tract of the animal, but this is a nfatttorial pathology that also involves host
susceptibility (stress and immunological statusi @nimal management (Edwards,
2010; Hay et al., 2016).

Therefore, controlling and reducing ruminal acidogiould lead to a health
improvement, reducing the predisposition to sudtker pathologies, and would improve
immune status of the animal as well. Additionadigeliorating the immune status of beef
cattle would help to reduce the development of BRIDing the fattening period.
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Consequently, the feed additives previously explgito control and reduce ruminal
acidosis would play also an important role by inyamg health and immune status in
cattle.

Immunomodulators are different substances capabpesitively affect immune
response of the animal to prevent or control desg&echa, 2001). Thus, the most
important objective of these immunomodulatory festtitives would be acting on
inflammation and immune function (IRTA, 2015), cegaently that would be a wide and
diverse group of additives and molecules, suchrabigtics, prebiotics, plant extracts
and phytochemicals, some vitamins and nutrientedg, 2001; Chaucheyras-Durand
and Durand, 2010; IRTA, 2015).

4. FEED ADDITIVES AND ANIMAL BEHAVIOR

Dinan et al. (2013) defined a “psychobiotic asva brganism that, when ingested
in adequate amounts, produces a health benefiatienis suffering from psychiatric
illness”. Thus, based on this definition, psychailo®are in fact probiotics that produces
and releases neuroactive substances which aceayutkbrain axis (Dinan et al., 2013).
After further research, Sarkar et al. (2016) expanthis definition of psychobiotic
including also prebiotics which specifically proradteneficial gut bacteria, positively
affecting mental health with psychophysiologicdéefs.

Thereby, these psychobiotics act through the gaibaxis (se€.2. Gut-brain
axis in beef cattle)producing neuroactive substances, such as semotond gamma-
aminobutyric acid, which have the ability of affiect cognition, memory, learning and
behavior, also modulating mood and anxiety (Dinarale 2013; Sarkar et al., 2016;

Bermudez-Humaran et al., 2019).

Obviously, this is a truly incipient research ba#licbased on rodent models, but
it would be easy to think that these mechanismsediedts should exist in all mammal
species probably adapted to microbiota and dieusyTht could be expected that
probiotics, prebiotics and different feed additivesnmonly used in livestock feeding
systems would be also exerting these effects thahghgut-brain axis cross-talk
mechanisms. Actually, considering the evident intgraze of ruminal microbiota, which

includes a wide range and density of bacteriaoaad, archaea and fungi populations, it
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could be hypothesized that modulating this micr@biwe might also modulate animal

behavior.

This hypothesis would open an interesting areaeséarch in cattle, but also in
other domestic animals, to study new alternativeprabiotics or prebiotics with the
capacity of positively modulate and improve anirbahavior, health and welfare, so
developing psychobiotics for livestock. Thus, poergly mentioned, reducing oral non-
nutritive sexual, and aggressive behaviors in intadls for fattening is needed to

improve animal wellbeing among others benefitsr{ahihandling, meat quality, etc...).

5. PREVIOUS RESEARCH OF CITRUS FLAVONOIDS IN BEEF CATTLE

Flavonoids are polyphenols with a great numberiablgical properties, such as
anti-inflammatory, antioxidant, and antimicrobiattigity (Harborne and Williams,
2000). These polyphenols have been deeply studietodtheir positive effects on human
health (Heim et al., 2002). A high range of flavimisohave been found in vegetables,
being classified based on their chemical structui@ch also affects their biological
properties (Harborne and Williams, 2000; Heim et2002). Citrus fruits are considered

as one the major source of flavonoids in human diet

Previous research have been performed with citavenoids,in vivo andin
vitro, to study the possible positive effects in bedfleaBalcells et al. (2012) found
beneficial effects of supplementing a citrus flammhcommercial product in heifers fed
high-concentrate diets. Citrus flavonoids supple@igmm increased lactic acid
consuming bacteriaMegasphaera elsdehiand, consequently, improve ruminal pH.
Furthermore, also an increase in the molar proporif propionic acid was obtained,

reducing the actetate:propionate ratio in heifappemented with citrus flavonoids.

On the other handh vitro studies (Seradj et al., 2014) performed with e
citrus flavonoid commercial product showed prongsiaffects reducing methane
production by depressing methanogenic archaea coitigsy

Consequently, all these positive effects could léadan improvement in

productivity, health and efficiency in beef cafigel high-concentrate diets.
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1. OBJECTIVES

Nowadays, it exists an outstanding need of impm@animal health, welfare and
productivity in livestock reared under intensivendions. Additionally, this challenge
is even greater when considering the imperativel oéeeducing the use of antibiotics in
our animal production systems. Consequently, devwedp natural and effective

alternatives that help us to achieve these goalriest mandatory.

Citrus flavonoids are polyphenols that possessresting anti-inflammatory,
antioxidant, and antimicrobial properties. Previcesearch carried out with citrus

flavonoids in fattening beef have showed positiffeats in some rumen parameters:

v' Greater rumen pH, increasing the concentratioraofdsia consuming lactic acid
asMegasphaera elsdenii

v" An in vitro reduction of methane production depressing metpamo archaea
communities.

v" Ruminal VFA modification, increasing molar proportiof propionic acid.

Consequently, improving ruminal pH could improveninal health, reducing the
incidence of ruminal acidosis. Furthermore, incigg@solar proportion of propionic acid
and reducing methane production, both could paditiaffect productivity and efficiency
of beef cattle. Additionally, propionic acid acts @ important regulator of feed intake
in cattle fed high-concentrate diets, so citrusdlzids could affect eating pattern when
high-concentrate diets are fed, however the effécitrus flavonoids on eating pattern

has not been previously evaluated.

Otherwise, recently the existence of a communioatitetwork between
gastrointestinal tract, microbiota, and the centealous system, the gut-brain axis, has
been proposed in mammals. Thus, inflammation, rbiota, and diet might be affecting
animal behavior (Haagensen et al., 2014). Theretbeeeffect of supplementing citrus
flavonoid could affect animal behavior and welllgeand this effect could be modified
by diet.

Having these hypothesis in mind the main objeaivéhis thesis was to study the

possible benefits of supplementing citrus flavosoind bulls fattened under intensive
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Objectives

conditions and fed high-concentrate diets on parémrce and productivity, eating and

animal behavior.

To achieve this target, different specific objeefiwere defined:

. To study the eating pattern behavior of bulls feghkconcentrate diets when

citrus flavonoids were supplemented, evaluatingceatrate intake, growth

rate, and concentrate efficiency.

. To evaluate the possible effects of citrus flavdsosupplementation on

animal behavior under farm commercial conditions.

. To investigate the effects of supplementing ciftagonoids on rumen health

parameters, ruminal VFA content and compositiond aaminal pH at

slaughterhouse.

. To evaluate the possible interaction of citrusdlads supplementation

with the concentrate presentation (pellet vs. maad) composition (fat

level) in bulls fattened under commercial condision

. To analyze the possible effects of citrus flavosomh nutrient sensing

receptors involved in hunger and satiety regulatiorilammation, and

behavior that have been related with the gut-baais.
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To accomplish these specific objectives, four ssdvere performed:

1. Study 1: designed to evaluate the effects of cilax®noids supplementation
on eating pattern, concentrate consumption, growth, feed efficiency,
rumen wall health, carcass characteristics, antha@nbehavior in Holstein

bulls fed high-concentrate diets in pellet formngsa single-space feeder.

2. Study 2: designed to evaluate the effects of citeaxsonoids supplementation
in bulls fed high-concentrate diets in pellet fosmperformance (concentrate
consumption, growth and concentrate efficiencyyca&ss characteristics,
rumen wall health and animal behavior in commeralditions (multi-space
feeders). Additionally, the expression of gene®ived in the gut-brain axis
crosstalk, such as nutrient sensing receptors, sem@transmitters receptors

and different inflammation regulators in rumen keilum were studied.

3. Study 3. designed to evaluate the effects of citflasyonoid extract
supplementation on concentrate consumption, groatin, feed conversion
ratio, macroscopic rumen wall health, carcass dbarniatics, and eating and
animal behavior of Holstein bulls fed high-concatdrdiets in meal form
fattened under commercial conditions (multi-spaeder). Furthermore, the
expression of genes in the rumen epithelium inwblvegut-brain crosstalk
mechanisms such as taste receptors and inflamma#guolators was

analyzed.

4. Study 4: designed to evaluate the effects of cilax®noid supplementation
on concentrate consumption, growth rate, concengféiciency, macroscopic
rumen wall health, carcass characteristics, antha@nbehavior in Holstein
bulls fed high-fat concentrate diets at the fimghphase in meal form under
commercial conditions. Additionally, the expressafrsome genes involved
in gut-brain crosstalk mechanisms in the rumen dmdenum epithelium,

such as nutrient sensing receptors and inflammagigulators, was evaluated.
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ABSTRACT

The effects of flavonoids extracted from Citrusaiium (Bioflavex® CA) on
eating pattern, performance, carcass quality, anten wall health of Holstein bulls fed
on a single feeder were studied. One hundred nigigtyt bulls (195.3 + 19.6 kg of body
weight and 149 + 6.8 d of age) were used in a cetaptilock randomized design. Groups
of animals with the same mean and coefficient ofati@n of body weight (replicates)
were randomly allocated in 1 of 6 pens (20 animpalspen), and each pen was assigned
to a Control (C) diet or to a diet supplementedhwitavonoids (Bioflavex® CA,
Interquim S.L., Spain) (BF, 0.4 kg per ton of camicate of Bioflavex® CA) in two
consecutive fattening cycles. Concentrate intakeneeorded daily, and BW fortnightly.
Animal behavior was monitored by visual scan procecdevery fourteen days. Animals

recorded, and internal rumen wall was examined.cEoimate intake was higher (P <
0.05) in C than in BF bulls; however, ADG and cantcate efficiency were not affected
by treatments. The final BW tended (P = 0.06) thigéer in C than in BF bulls, but this
difference disappeared for carcass weight. Inithishing phase, the proportion of meal
size values above 750 g was higher (P < 0.05)éonr@pared with BF bulls. Throughout
the study, BF bulls spent more time eating straw (R01) and concentrate (P < 0.05),
and exhibited more displacements (P < 0.05) thhallS, whilst C group performed more
(P < 0.05) oral behaviors. Bulls of C treatmentibitbd more (P < 0.01) fighting than
BF group throughout the study, and butting tenddakthigher (P < 0.09) for the growing
phase, and higher (P < 0.001) for the finishingsgha this group compared with C bulls.
During the finishing phase, sexual behaviors suctielamen and complete mounts were
higher (P < 0.01 and P < 0.05, respectively) inullsbhas well, and C bulls tended (P =
0.10) to perform more attempted mounts comparel Bkt bulls. In the slaughterhouse,
color of rumen wall tended (P = 0.06) to be lighftar BF compared with C bulls, and
presence of baldness areas in the rumen was |@ser 0.01) in BF animals. In
conclusion, when bulls were supplemented with sitfiavonoids, feed intake was
reduced. Citrus flavonoid supplementation incredisee eating straw, reduced agonistic
behaviors throughout the study and sexual interastiduring the finishing phase,
potentially improving animal welfare. Rumen wallrpaeters analyzed were indicative
of a better rumen health in BF than in C bulls,chkhinay be due to the reduction of large

meal sizes.
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Keywords: behavior, bulls, flavonoids, meal size, perforngmamen health.
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1. Introduction

Flavonoids are widely distributed in the plant ldog, i.e. in fruits, seeds,
vegetables, tea, and wine. Some of these compdavesanti-inflammatory, antioxidant,
and antimicrobial properties (Harborne and WilliarB800). Due to their interesting
capabilities, flavonoids from different sources laeing studied for different applications
in animal production. Bioflavex® CA (Interquim, S,ASpain) is an extract from bitter
orange Citrus aurantium whose major flavonoid is naringin. Naringin iglgicosylated
flavanone classified into the neohesperidoside,typh a neohesperidose (rhamnosyl-
a-1,2 glucose) attached to its basic structureféssanone (Tripoli et al., 2007).Other
extracts containing naringin have been shown tce Hzeneficial effects in regulating
rumen pH in fattening beef (Balcells et al., 201#%,well as reducinm vitro methane
production from steers fed high concentrate diSsrddj et al., 2014). Properties of
naringin may affect rumen microflora, increasing ttoncentration of bacteria which
consume lactic acid such Megasphaera elsden{Balcells et al., 2012; Serad;j et al.,
2014) resulting in a higher ruminal pH (Balcells &t, 2012), and a depression of
methanogenic archaea communities (Seradj et al4)20Rumen volatile fatty acids
(VFA) composition has been modified as well, insieg molar proportion of propionic
acid (Balcells et al., 2012). As propionic acidaisimportant regulator of feed intake in
ruminants fed high-starch diets, affecting bothetatand hunger (Oba et al., 2002), the
supplementation of flavonoids could affect eatirgtgrn of bulls fed high-concentrate
diets. Moreover, this supplementation could redenethane production, and together
with the reduced ruminal pH fluctuations (Lam, 2PpI®uld increase efficiency of

nutrient utilization in steers.

Otherwise, a communication network was describetivdren gastrointestinal
system, microbiota, and the central nervous sysféfiley et al., 2017), and thus
inflammation, microbiota, and diet may affect anif@havior (Haagensen et al., 2014).
As flavonoids act as potent anti-oxidant and amftammatory molecules (Harborne et
al., 2000; Heim et al., 2002; Tripoli et al., 200They are able to modify VFA
composition in ruminal fluid (Seradj et al., 2014nd may alter rumen microflora
(Balcells et al., 2012; Seradj et al., 2014); sytbould improve animal behavior through
the gut-brain axis crosstalk.
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The hypothetical benefits of supplementing cittegdnoids on eating pattern and
animal behavior in fattening bulls have not beesvimusly addressed. The present study
was designed to evaluate the effects of citrusofiawds supplementation on eating
pattern, concentrate consumption, growth rate, égdency, rumen wall heatlh, carcass

characteristics, and animal behavior in Holsteilstfed high-concentrate diets.

2. Materials and methods
2.1. Animals, Feeding, Housing, and Experimental Design

The study was conducted in accordance with the iSpaguidelines for
experimental animal protection (Royal Decree 53&0flFebruary ¥ on the protection
of animals used for experimentation or other sdienpurposes; Boletin Oficial del
Estado, 2013). Animals were fattened under commlerconditions in a farm
(Agropecuaria Montgai SL, Montgai, Lleida). One Hed ninety-eight Holstein bulls
(195.3 £ 19.6 kg of body weight (BW) and 149 + @l&f age) in two consecutive
fattening cycles (99 animals each cycle) were used.

Animals were randomly allocated in one of six cegepens (12 m long x 6 m
wide) that were deep-bedded with straw and equippdda computerized concentrate
single-space feeder (0.50 m long x 0.26 m widels @ depth) with 10 kg of concentrate
capacity as described elsewhere (Verdu et al, 20d8) lateral protections (1.40 m long
x 0.80 m high) forming a chute, which width could bdapted from 42 to 72 cm,
depending on the animal size and age (Verdu e2@15). This computerized feeding
system was calibrated weekly. When each animakddshe feeder, it was identified, the
computer recorded the initial and final concentsateeight, with its initial and final time.
Animals were adapted during 3 wk by widening thaitehto facilitate feeder access
(adaptation period). During the study, the widthtloé chute has been adapted to the

animal size to allow them to eat easily.

Pens were also equipped with a water bowl and aratgal straw feeder (3.00 m
long x 1.12 m wide x 0.65 m depth; 7 feeding sppetere straw was offered ad libitum.
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2.2. Feed I ntake and Performance

Animals were fed a commercial concentrate in peltein, formulated to
accomplish the nutritional requirements of thisetygd animals (NRC, 2001). The first
112 d of the study, animals were fed a grower coinate, between 112 d to the end of
the study, animals were fed a finisher concentrligredients and nutrients of the
concentrate formulas are presentedaile 1 During the study, animals had ad libitum
access to wheat straw (3.5 % CP, 1.6 % ether eéxit@® % NDF, and 6.1 % ash; DM

basis) and fresh water.

Table 1 Ingredients and nutrient composition of the conmcees.

ltem Growingd Finishingf

Ingredients, g/ kg
Corn grain meal 399.8 449.6
Gluten feed 230.0 213.1
Barley grain meal 138.2 108.7
Wheat 110.2 110.1
Beet pulp 49.0 49.9
Palm oil 23.8 27.5
Soybean meal 16.0 16.0
Calcium carbonate 16.0 12.9
Urea 8.0 4.2
Bicarbonate 4.0 4.0
Vitamin premix 3.0 2.0
Salt 2.0 2.0

Nutrients
ME, Mcal/ kg DM 3.18 3.24
CP, g/ kg DM 152 136
Ether extract, g/ kg DM 53 58
Ash, g/ kg DM 61 55
NFD, g/ kg DM 185 178
NFC, g/ kg DM 548 572

Lfrom O to 112 days of the study.
2from 113 days to the end of the study.
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The study was a complete block randomized desigous of animals with the
same mean and coefficient of variation of body Wwei{replicates) were randomly
allocated in 1 of 6 pens (20 animals per pen),each pen was assigned to one of the
two treatments (3 pens per treatment), either ob(f@) or supplemented (BF) with 0.04
% of bitter orange extracCitrus aurantium of the whole fruit rich in naringin, >20%
(Bioflavex® CA, Interquim, S.A., Barcelona, Spain}wo consecutive fattening cycles.
The dose of 0.04% was based on preliminary fieldl r@search studies (Balcells et al.,
2012).

Animals were weighed individually every 14 d thrbogt the study in 12
experimental periods of 14 d, during the 8 firstigas (from 1 d to 112 d) the animals
consumed the growing concentrate and during thedlaeriods (from 113 d to 168 d)
and during the days before slaughter animals coedutme finishing concentrate (see
Table 1).After 168 d of study animals were slaughtered witlie following 3 weeks,
each time one pen from C and one from BF bulls skxeghtered. Transport distance to
the slaughterhouse (Escorxador del Grup AlimerfRnssona, Guissona, Spain) was
approximately 35 km. The time waiting before slaeghvas less than 6 h. Animals were
weighed before loading. They were slaughtered byroercial practices and following
the EU Regulation 1099/2009 on the protection amais at the time of killing or

slaughtering .Hot carcass weight (HCW) of everyraliwere recorded.

2.3. Chemical Analyses

During the study, samples of concentrate were cigteat d 0, 42, 84, 126, and
168 d. and analyzed for DM (24 h at 103°C), ash @ 550°C), CP by the Kjeldahl
method (method 981.10; AOAC, 1995), ADF and NDFoading to Van Soest et al.
(1991)using sodium sulfite and alpha-amylase, and EEdxhtet with a previous acid
hydrolysis (method 920.39; AOAC, 1995).

Naringin was determined for every sample as a Biet® CA marker for BF
group, and was used as a quality control analgsigiarantee the correct addition of the
product into the feed by Laboratory of InterquimASinternal method for naringin
quantification using HLPC developed by InterquinA.Swas used and analyzed as

described herein. To analyze naringin all concémtsamples were milled. Five grams
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were weighed and 50 mililiters of dimethyl sulfogidiere added and agitated for 15 min,
and was filtered and placed in a vial. The patteas prepared, 30 mg of naringin were
mixed with dimethyl sulfoxide until 200 ml were aewed. Drying losses were taken into
account for calculations. Nova-Pak C18 columns wesed as stationary phase for the
chromatography, silica-based, reversed-phase Ch8nos that are based on 4 um
particle technology (Waters Cromatografia SA, Ceyaéa del Vallés, Barcelona). The

column was maintained at 40°C, acidified water wigthanol R (70:30) v/v was used as
mobile phase, with a flow rate of 1.0 mL/min. 10 wkre injected, and detection was

done by UV at 284 nm. The chromatography duratias around 35 min.

2.4. Animal Behavior

A visual scan procedure at days 16, 31, 44, 59872100, 114, 128, 142, 157,
and 168 of the study was performed to study theggmactivity (standing, lying, eating,
drinking, and ruminating) and social behavior (rgoastic, agonistic, and sexual
interactions) of the animals in every pen. Soasdddvior activities recorded are described
in Table 2 The visual observation was made for 2 pens atdhgedgime from 8:00 to
10:00 h, as described by Mach et al. (2008), Radgal. (2006), Robles et al. (2007), and
Marti et al. (2010). General activities were scassithg 3 scan samplings of 10 s at 5 min
intervals, and social behavior was scored durimgetltontinuous sampling periods of 5
min. This scanning procedure of 15 min was repettgce consecutively in each pen,
starting randomly in a different pen every scanmlayg. This method describes a behavior

exhibited by an animal at a fixed time interval [gam, 1978).

2.5. Carcass Quality

After slaughtering, HCW was registered for everyvaal. Dressing percentage
was calculated by dividing HCW by BW recorded befstaughtering. Following the
(S)EUROP categories described by the EU Regulahon 1208/81 and 1026/91,
conformation of carcasses was classified, where ¢&'tesponded to an excellent
conformation, "U" to very good conformation, "R" ¢@od conformation, "O" to fair
conformation, and "P" to a poor conformation. Taecover was classified according the

EU Regulation No. 1208/81, which utilizes a classaiion system by numbers, 1.2.3.4.5,
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where 5 (very high) describes an entire carcassredwvith fat and heavy fat deposits in

the thoracic cavity, and 1 (low) describes low ¢tma fat cover.

Table 2 Description of the social behavioral categorg=orded.

Interactions

Item

Definition

interactions

Self-grooming

Nonagonistic gqjal behavior

Oral non-nutritive
behavior

No stereotyped licking of its own body, scratchwith a
back limb or against the fixtures.

Licking, nosing with the muzzle or horning a neighibg
bull.

Licking or biting fixtures with non-nutritive findl.

Agonistic
interactions

Fighting
Butting

Displacement

When bulls pushed vigorously head against head.

When one bull push vigorously its head againstgary of
another bull's body.

When one bull jostle itself between 2 other butibetween &
bull and any equipment.

Chasing When a bull follow fast or run behind another bull.
Chasing-up When a bull push a resting animal and make hintatodsup.
Flehmen Upper lip reversed.
Attempted .
Head the back of th l.
' Sexugl mounts ead on the back of another anima
Interactions Completed
P Forelimbs on the back of another animal.
mounts

Stereotypies Oral Stereotypes Tongue rolling, stereotyped licking or biting argugoment.

2.6. Rumen and Liver Macroscopic Evaluation

Rumen and liver of every animal were macroscopicaValuated at the

slaughterhouse. Rumens were classified dependirtbeonolor by a visual evaluation,
from 1 to 5, being "5" a black colored rumen antid hite colored rumen (Gonzalez et
al., 2001). They were also divided into areas atingrto Lesmeister et al. (2004) to

examine the presence of ulcers, baldness regiosclamped papillae (Nocek et al.,

1984). Liver abscesses were classified accordifdydan et al. (1975).

2.7. Calculations and Statistical Analyses

Pen was considered the experimental unit and aswitgiin pen were considered

observational units for all statistical analyse&o pens (one of the C group and one of
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the BF group) belonged to the first fattening cyalere removed due to technical
problems with the antenna of the single-space feeae all data of these animals were
deleted from the databases.

Meal criteria for each animal and period was calted as described by Bach et
al. (2006). Thus, visits at the single-space fe@gee separated into meals, and eating
pattern parameters (meal frequency, meal duratmes-meal duration, and meal size)
were calculated. To calculate performance, eataabior and concentrate consumption,
all individual data registered were averaged byettygerimental period (14 d period). The
percentage of mean meal size above 750 g was éstijrthe criterion of 750 g was
chosen based on the distribution of the meal sseguall data (all animals and all
periods), 750 g was the average meal size. IniaddiNielsen (1999) in their review
observed a negative relationship between meakbsiddeeder visits, and above 750 g of
mean meal size this relationship is not lineagansequence above 750 g of meal size
the number of visits to the feeder are reducediklgiotal daily feed intake. Concentrate
efficiency data were transformed into log to acki@vnormal distribution. The means
presented in the tables and figures correspondnenansformed data and, SEM and P-
values correspond to the ANOVA analyses of thesfiamed data. The percentage of
each general activity was calculated, and the geebsy day, pen, and scan obtained.
Then, these data were transformed into naturalrriibgas to achieve a normal
distribution. The frequency of each social behawes calculated by summing by day,
pen, and scan, and transformed into the root o$tine of each activity plus 1 to achieve
a normal distribution. The ANOVA analysis was penfied with transformed data, and
the means shown in the tables correspond to tHetbatsformed data.

Performance, eating behavior, animal behavior aoicentrate intakevere
analyzed using a mixed-effects model (VersionSAS Inst., Inc., Cary, NC). The model
included initial BW as a covariate, treatment, per{14-d period), and the interaction
between treatment and period and fattening cydeckl, as fixed effects, and the
interaction between period and pen and the 3-wigrantion between pen, period and
treatmentas random effects. Period was considered a repdatéor, and for each
analyzed variable, animal nested within the intioacbetween treatment and pen (the
error term) was subjected to 3 variance-covariastoectures: compound symmetry,

heterogeneous compound symmetry, autoregressiveer omhe, heterogeneous
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autoregressive, and unstructured. The diagonal exlesmof the UN structure were
examined to detect signs of heterogeneous variauwess time. Heterogeneity was not
detected for any of the variables analyzed. Theagamce structure that yielded the
smallest Schwarz’s Bayesian information criterioaswconsidered the most desirable
analysis. The covariate*trt has been checked amdettm was removed from the model
when not significant. Hot carcass weight was aredymsing a mixed-effects model
(Version 9.2, SAS Inst., Inc., Cary, NC) includimgtial BW as covariate, treatment and

fattening cycle as fixed effects, and pen as aganeiffect.

For the analyses of categorical variables (carcésssification, rumen health
parameters, hepatic abscesses, and percentagalodimeeabove 750 g) an independent
Chi-square-test was used.

Differences were declared significant at P < 0d1g trends were discussed at
0.05< P<0.10 for all models.

3. Results
3.1. Animal health

Five animals did not finish the study due to healtbblems; 4 animals from the
C group were removed from the study before daylEg@use of chronic health problems
(lameness and weight loss), and 1 animal from thgm®up which had a leg lesion. All
the data from these animals were removed from datsh Additionally, the data from 3
animals (1 from the C group and 2 from BF group)chtinished the study, were also

removed from the databases due to chronic heatitepses (lameness and bloat).

3.2. Intake and eating pattern

Daily concentrate intake was lesser (P < 0.05Bférgroup (6.65 + 0.065 kg of
DM/d) compared with C group (6.82 £ 0.065 kg of RYithroughout the study (data not
shown in the tables; results are presented dividgrbwing and finishing period). During
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Table 3. Performance, concentrate intake, and eating li@haf/Holstein bulls
fed high-concentrate diets with or without citrievbnoid supplementation from 4 to 9
mo of age.

Treatment P-valu€
Item Control BF SEM T Time T xTime
Initial age, d 150 148 0.2 <0.01
Initial BW, kg 195 195 0.7 0.88
lIzé]nal BW (112 d of study), 387 385 19 0.34
ADG, kg/d 1.72 1.70 0.030 0.59 <0.01 0.96
E&Ege”t“"te efficiency, 027 028 0.044 081 <001 0.89
Concentrate DM intake
Mean, kg/d 6.4 6.3 0.06 0.10 <0.01 0.70
CV, % 175 18.0 0.87 0.71 <0.01 0.30
Daily meals
Mean, number 10.2 9.9 0.29 0.57 <0.01 0.78
CV, % 19.8 19.9 0.43 0.77 <0.01 0.08
Meal size, DM basis
Mean, kg/meal 668.1 668.8 19.94 0.98 <0.01 0.95
CV, % 22.0 21.7 0.67 0.76 <0.01 0.14
Meal duratiol
Mean, min/meal 53 5.3 0.29 0.94 <0.01 0.98
CV, % 27.8 26.2 1.24 0.40 0.08 0.30
Total daily meal duratior
min
Mean, min/d 50.2 49.2 1.55 0.66 <0.01 0.66
CV, % 245 23.5 1.36 0.61 0.55 0.26
Inter-meal duration
Mean, min/inter-meal 147.3 1519 4.06 0.44 <0.01 0.95
CV, % 225 22.8 0.73 0.78 <0.01 0.08
Meal eating rate, DM ba:
Mean, g/min 159.4 1595 7.96 099 <0.01 0.58
CV, % 51.1 459 4.04 0.38 <0.01 0.35

1 Control = non-supplemented, BF = concentrate supptgéed with citrus flavonoids.
2T =treatment effect; Time = time effect (periddld d); T x Time = treatment by time interaction
effect.

the growing period daily concentrate intake tenttete lesser (P = 0.10) for BF group
(6.27 £ 0.060 kg of DM/d) than for C group (6.4208060 kg of DM/d) Table 3);
however, this difference disappeared in the fimghperiod (7.51 £ 0.109 kg of DM/d)
(Table 4).
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Table 4. Performance, concentrate intake, and eating beha¥iHolstein bulls
fed high-concentrate diets with or without citriessbnoid supplementation from 9 to 11
mo of age.

Treatment P-value
Iltem Control BF SEM T Time T XxTime
Initial BW, kg 387 385 1.9 0.34
Final BW (112 d of study),
o ( Y476 467 3.0 0.05
ADG, kg/d 1.55 1.46 0.065 0.35 <0.01 0.65
Eg‘]’/ﬂ;e”"ate efficiency, 519 0.8 0.051 078 <0.01 0.60
Concentrate DM intake
Mean, kg/d 7.6 74 011 0.19 0.30 049
CV, % 18.6 17.3 141 0.51 0.03 047
Daily meals
Mean, number 10.3 10.6 0.35 0.61 0.16 0.92
CV, % 19.5 19.2 0.66 0.71 <0.01 0.06
Meal size, DM basis
Mean, kg/meal 782.9 752.8 24.75 0.41 0.08 0.99
CV, % 215 20.1 0.97 0.31 0.01 0.18
Meal duratiol
Mean, min/meal 4.1 42 0.28 0.83 <0.01 0.68
CV, % 29.8 27.8 1.66 0.42 0.06 0.98
Total daily meal duratior
min
Mean, min/d 40.8 424 2.12 0.61 <0.01 0.20
CV, % 28.3 26.7 1.83 0.54 0.09 0.93
Inter-meal duration
Mean, min/inter-meal 149.4 145.6 6.70 0.69 053 0.98
CV, % 22.6 21.8 0.68 0.45 0.08 <0.01
Meal eating rate, DM ba
Mean, g/min 242.3  229.2 20.92 0.66 <0.01 0.37
CV, % 48.2 453 4.29 0.64 020 0.18

L Control = non-supplemented, BF = concentrate supptéed with citrus flavonoids.
2T =treatment effect; Time = time effect (periddld d); T x Time = treatment by time interaction
effect.

No interactions between treatment and time werervks Table 3 and4) in
eating pattern parameters analyzed. During gropirase, no differences were observed
in the percentage of meal data above 750 g bettweatments. However, in the finishing
phase (periods 9 to 12), the proportion of mea sedues >750 g was higher (P < 0.05)
in C (57.3%) compared with BF bulls (49.3%).
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Table 5. Carcass quality of Holstein bulls fed high-concatdrdiets with or
without citrus flavonoid supplementation.

Treatment P-valué
ltem Control BF SEM T
Age before slaughter, d 322 324.6 2.95 0.57
Days in study, d 173 175.3 1.66 0.35
BW before slaughter, kg 490 479 3.98 0.06
Carcass weight, kg 258 254 2.31 0.15
Dressing percentage, % 52.6 53.0 0.18 0.42
Fatnes$ % 0.31
1 1.0 0
2 13.6 8.8
3 85.2 91.1
Conformatioi, % 0.62
R 3.7 6.3
O 58.0 51.9
P 34.3 41.8

L Control = non-supplemented, BF = concentrate supptéed with citrus flavonoids.
2T = treatment effect.

3 The carcass fat cover classification, accordiegil) Regulation No. 1208/81, which utilizes a
classification system by numbers, 1.2.3.4.5, wiheggplains a very high degree of covering fat and
heavy fat deposits in the thoracic cavity, and dlassified as low degree, with no fat cover.

4(S)EUROP categories described by the EU Regul®imn1208/81 and 1026/91, the conformation of
carcasses is classified as "E" when corresponds &xcellent conformation, "U" to very good
conformation, "R" to good conformation, "O" to fainnformation, and "P" to a poor conformation.

3.3. Performance and Carcass Quality

No differences were found for ADG during the grogvphase (1.71 £ 0.030 kg/d)
nor in finishing period (1.50 + 0.065 kg/d). Howeyvénal BW was higher for C bulls
(476.2 £ 3.00 kg) than for BF group (467.8 + 3.@0.IkConcentrate efficiency for growing
(0.27 = 0.044 kg/kg) and finishing period (0.19 H®1 kg/kg) was not affected by
treatment Table 3 and4). Slaughter BW tended (P = 0.06) to be higherGogroup
(489.7 + 3.98 kg) compared with BF group (479.3.983kg), although this difference
disappeared for HCW (256.1 £ 2.31 k@pble 5. Carcass quality data are presented in
Table 5. Dressing percentage (52.85 % * 0.182), carcadgemoation and fatness were

not affected by treatment.
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3.4. Animal Behavior

General Activities. General activities are showedTable 6. During the growing
phase (from 0 d to 112 d of the study), no diffeemnwere found in the percentage of
animals per pen standing, lying, drinking, and mewing throughout the visual
observation period (2 h). The proportion of animedéing straw and concentrate was
higher (P < 0.01 and P < 0.001, respectively) fériiills (18.72 £ 1.81% and 5.97 £
0.06%, respectively) compared with C bulls (15.36181% and 5.68 + 0.06%,

respectively during this phase.

Table 6. Percentages of general activities (%) of Holskrills fed high-
concentrate diets with or without citrus flavonsigoplementation.

Treatment P-valueg
Item Control BF  SEM T Time TxTime
Growing
Standing 72.2 74.7 2.38 0.25 <0.01 0.48
Lying 27.8 25.3 2.38 0.27 <0.01 0.15

Eating concentrate 5.7 6.0 0.06 <0.01 <0.010.26

Eating straw 154 18.7 1.81 <0.01 <0.010.19

Drinking 1.9 1.6 0.24 0.52 0.73 0.85

Ruminating 12.0 12.7 0.61 0.32 0.05 0.17
Finishing

Standing 75.7 71.7 4.37 0.40 0.73 0.49

Lying 24.3 28.2 4.57 0.15 0.59 0.49

Eating concentrate 5.3 6.1 0.33 <0.01 0.77 0.66

Eating straw 10.9 15.0 4.05 <0.05 0.13 0.17
Drinking 2.0 1.7 0.72 <0.05 0.06 0.64
Ruminating 8.2 11.4 1.95 0.37 0.19 0.76

1 C = control, BF = concentrate supplemented wittusiflavonoids.

2T = treatment effect; Time = time effect (measueata every 14 d); T x Time = treatment by
time interaction.

3SEM = standard error of the means of the log-t@mséd data.
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During the finishing phase, for the visual observation period (2 h) no differences
were observed in the proportion of animals per pen standing, lying, and ruminating. As
observed 1n the growing phase, the proportion of animals per pen eating concentrate was
higher (P <0.01) in BF bulls (6.10 + 0.33%) than in C bulls (5.30 + 0.33%), and a higher
(P <0.05) proportion of animals was eating straw in BF bulls (14.96 + 4.05%) compared
with C bulls (10.89 +4.05%). Otherwise, proportion of animals drinking water was lesser
(P <0.05) for BF bulls (1.59 + 0.57%) than for C bulls (1.98 + 0.57%) 1n this phase.

Figure 1. Non-agonistic interactions of Holstein bulls fed high-concentrate diets
with or without citrus flavonoid supplementation.
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Active Behavior. In the growing phase, during the visual scan observation period
of 2 h, no differences were observed for self-grooming and social behavior (14.27 +0.89
times/15 min and 5.16 + 0.64 times/15 min, respectively) between treatments. Bulls of
the C group exhibited more (P < 0.05) oral non-nutritive behaviors (4.85 + 0.78 times/15
min) than BF bulls (3.62 + 0.78 times/15 min) (Figure 1). All behaviors related to
agonistic interactions were statistically different during this phase (Figure 2). The
frequency of fighting behaviors was higher (P < 0.05) in C bulls (5.25 + 1.03 times/15
min) than in BF bulls (3.77 + 1.03 times/15 min). Butting tended to be higher (P = 0.09)
for C group (3.01 + 0.35 times/15 min) compared with BF group (2.21 + 0.35 times/15
min), and an interaction (P = 0.05) between treatment and day was observed for this
behavior. Displacement interactions were lesser (P < 0.05) exhibited by C group (0.18 +
0.09 times/15 min) compared with BF group (0.27 + 0.09 times/15 min). Chasing and
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chasing-up interactions were higher (P < 0.01 and P < 0.05, respectively) in the C bulls
(048 + 0.12 times/15 min and 0.11 + 0.05 times/15 min, respectively) than in the BF
group (0.14 + 0.12 times/15 min and 0.02 + 0.05 times/15 min, respectively), but these
behaviors were occasionally exhibited. No differences in sexual behaviors (flehmen,

attempt to mount, complete mounts) were observed in this phase (Figure 3).

Figure 2. Agonistic interactions of Holstein bulls fed high-concentrate diets with
or without citrus flavonoid supplementation.
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During the finishing phase (from 113 d to 168 d), no differences were observed
for self-grooming behavior (7.39 + 0.88 times/15 min) between treatments, whilst social
and oral behaviors were higher (P < 0.01 and P < 0.001, respectively) in bulls of the C
group (7.37 + 0.76 times/15 min and 5.33 + 0.54 times/15 min, respectively) compared
with BF bulls (4.81 + 0.76 times/15 min and 2.52 + 0.54 times/15 min, respectively)
(Figure 1). Regarding agonistic behavior (Figure 2), fighting and butting interactions
were higher (P <0.001 and P <0.001, respectively) in C group (8.50 + 1.47 times/15 min
and 629 + 0.87 times/15 min, respectively) than in BF bulls. Although chasing
interactions occasionally occurred, bulls from the C group (0.64 + 0.09 times/15 min)
exhibited higher (P < 0.001) interactions than BF bulls (0.04 + 0.09 times/15 min).
Flehmen and complete mounts were higher (P < 0.01 and P < 0.05, respectively) in C
bulls (4.35 + 0.76 times/15 min and 1.81 + 0.29 times/15 min, respectively) than in BF
bulls (2.60 + 0.76 times/15 min and 0.69 + 0.29 times/15 min, respectively), whereas
attempt to mount interactions tended to be higher (P = 0.10) 1n bulls of the C group (2.02
+ 0.57 times/15 min) compared with BF group (0.96 + 0.57 times/15 min) (Figure 3).
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Figure 3. Sexual interactions of Holstein bulls fed high-concentrate diets with or
without citrus flavonoid supplementation.
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Table 7. Macroscopically observations of the rumen of Holstein bulls fed high-
concentrate diets with or without citrus flavonoid supplementation.

Treatment! P-value®
Item Control BF
Color of the rumen? 0.06
3 427 443
4 47.6 544
5 938 13
Papillae clumping 0.66
Yes 439 405
No 56.2 595
Baldness region 0.01
Yes 67.1 48.1
No 329 519
Liver abscess* 0.26
None 783 75.6
A 13.0 222
A- 22 -
A+ 22 22
Inflammation 44

1 Control = non-supplemented, BF= concentrate supplemented with citrus flavonoids.
2 T = treatment effect.

3Adapted from Gonzalez et al. (2001): Rumen color: 1= white; 5 = black.

4Adapted from Nocek et al. (1984).

62



Chapter il Flavonoids and rumen health and performance

3.5. Macroscopic Rumen Evaluation and Liver Abscesses

At the slaughterhouse, color of rumen wall tended-(0.06) to be lighter for BF
bulls (1.27% classified as color “5”) compared w@h(9.76% classified as color “5”).
Baldness areas presence in the rumen were lesséd.(R) in BF group (48.1%) than in
C (67.1%) Table 7). No differences were observed for liver abscedsesveen

treatments at the slaughterhougake 7).

4. Discussion
4.1. I ntake, eating pattern and performance

Bulls supplemented with flavonoids reduced conetatintake throughout the
study compared with control group, and surprisinggting pattern parameters did not
differed between treatments. As concentrate intakbe consequence of the meal size
and daily number of visits to the feeder, theseamaters were more deeply studied.
When meal sizes above 750 g were analyzed, noelites were observed in the growing
phase (from 0 d to 112 d) between treatments. @ontduring finishing phase (from 113
d to 168 d), the proportion of meal size value®6 g was higher (P < 0.05) in C (57.3%)
compared with bulls supplemented with flavonoid8.846). Therefore, supplementing
with BF reduced the percentage of large meal siztk8s phase. The question is how this
supplementation with citrus flavonoids could redlazge meal sizes during the finishing

phase. There are two hypothetical pathways baséitecature.

First, naringin is the main flavonoid of Bioflavex®A. This glycosylated
flavanone is responsible of the typical bitternessome citrus fruits (Ribeiro et al.,
2008). Taste is an important source of informatabout food composition for animals,
and bitter taste has been often related to theepeesof toxins (Favreau et al., 2010;
Ginane et al., 2011), and this taste is considasezinegative value (Favreau et al., 2010).
But herbivores present a high bitter thresholdng@nore tolerant to this taste than other
mammals (Glendinning, 1994). Moreover, in this gtogkal size exhibited no differences
during the growing phase between treatments, \Withsme content of naringin than in
the finishing phase. Thus, bitter taste of citdavdnoids probably is not the cause of

meal size reduction observed in the finishing pledghis study.
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Second, previous research has shown an increaswolar proportions of
propionate in the rumen of cannulated heifers smpphted with flavonoids (Balcells et
al., 2012). According to these results, Serad|.€814) observed that citrus flavonoids
increased propionate to detriment of acetate ptmpom rumen liquor from steers fed
high concentrate diets in am vitro study. Propionate plays a key role as a regulator
feed intake in ruminants fed high-starch diets Bved and Allen, 2007). Oba and Allen
(2003) found that an intra-ruminal infusion of sadi propionate decreased dry matter
intake of lactating cows by decreasing meal sizepi®nate produced in the rumen is
quickly absorbed during the meal, and acts as aoitant hypophagic signal in the liver,
being the primary signal to stimulate satiety immiants fed high-starch diets (Allen et
al., 2009 and 2012). Therefore, it could be hypsittex] that flavonoids supplementation
in bulls could reduce large meal sizes by increppiopionate production into the rumen

within the timeframe of the meal.

Regarding the number of visits to the feeder, is w&ble throughout the study
for bulls of the Control group (10.2 and 10.3 \g&it for growing and finishing phase,
respectively). In bulls supplemented with flavorsich numerically increase in the
number of visits to the feeder during the finishpigase (from 9.9 in the growing phase
to 10.6 visits/day in the finishing phase) was obsé. Devant and Bach (2017) have
reported that steers performing small meal sizesease the number of visits to the
feeder. In this study, in agreement to this obgewmabulls supplemented with flavonoids
had lesser percentage of meal sizes above 75ahg ifinishing phase, and this could
explain a numerical increase in the number of wisit the feeder during this phase
compared with the growing phase. Nevertheless,iiciease in the number of visits to
the feeder has not been sufficiently large to iasesfeed intake, perhaps because to the
single space feeder had limited the access toettn ih BF bulls. Our data support the
hypothesis that these animals supplemented witlorflaids could be redirecting their
intake behavior towards the straw, and straw feedempancy data observed in this study
were higher for BF bulls. Thus, the third cause Vilayonoids supplementation could
decrease concentrate intake in this study, coulctla¢ed to the reduction of meal size.
As BF bulls would need to increase the number sits/to the feeder, the feeder design
(single space-feeder) in this case could be limgitthe access to the concentrate,
decreasing total concentrate intake.
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Further research is needed to evaluate all 3 hgsahabout the reduction of
concentrate intake due to the flavonoids suppleatiemt, and if theses mechanisms could

act synergistically.

Although the reduction in concentrate intake of ldusupplemented with

flavonoids, ADG, final HCW and efficiency were raffected.

4.2. Carcass Quality

Even though BW before slaughter tended (P = 0@Bgthigher for control group
(489.7 £ 3.98 kg) compared with bulls supplementéd flavonoids (479.3 + 3.98 kg),
this difference was no longer present in HCW (2362131 kg). Lesser concentrate intake
of BF bulls could explain inconsistency betweeralfiBW and HCW observed in the
present study. Moreover, lesser empty digestivet ti@eight due to lower daily
concentrate intake may also explain that the difiees observed in the final BW between
treatments disappeared for the HCW. Fitzsimong. é2@14) found moderate negative
correlation between carcass conformation scoreesidual feed intake of beef bulls fed
high concentrate diet. This study (Fritzsimonsl e2814) reported that bulls consuming
less DMI had a lighter reticulo-rumen empty. Tharsall meal sizes performed by bulls
supplemented with flavonoids, and reduced concentrdake, probably could cause a
reduction of the digestive tract weight of BF bukxplaining that no differences in

carcass weight between treatments are been observed

As bulls supplemented with flavonoids had a reducedcentrate intake
throughout the study, a poor carcass fatness amdrooation could be expected, mainly
due to a lower energy intake. However, in the preseidy, flavonoids supplementation

did not affect carcass quality, fatness percentaigearcass classificatioible 6).

4.3. Animal Behavior
4.3.1. General activities.

Throughout the study, bulls supplemented with ftenids showed higher
occupancy of the single space-feeder for concentraitwell as for the collective straw

feeder. Thus, these animals dedicated more timeatowhen the visual observation
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procedure was used, although the total meal duraticorded by the computerized feeder
did not differ among treatments, and concentrakewas lower for the two productive
phases. The bulls devoted more time to eat duhi@gnorning (Verdu et al., 2015), which

could explain the incongruity between visual anchpaterized feeder observations.

Although straw consumption was not registered dytine study, BF bulls
occupied during more time the straw feeder, theoutid be hypothesized that they ate
more straw than C bulls. This observation wouldirbagreement with Balcells et al.
(2012), who observed that heifers supplemented @iths flavonoids consumed more
straw than non-supplemented. Although time devatetuiminating was not different
between treatments, this may be because duringhesservations higher number of BF
bulls were eating concentrate or straw comparedtesupplemented group, and feeding
may exert an inhibitory effect on ruminating belwaiviPearce, 1965; Gordon and Mc
Allister, 1970; Geoffroy, 1974; Murphy et al., 1988r it may be due to the visual scan
procedure, which does not describe total daily nating activities.

Non-supplemented animals exhibited higher occupahtiye drinker during the
finishing phase. Possibly, the higher feed intakteldted by these bulls during this phase
resulted in a higher water consumption, becauserdryer intake and water intake are
directly related (MacFarlane and Howard, 1972;r&idave, 1987).

4.3.2. Social Behavior.

Animal abnormal behaviors are indicative of poolfare. In cattle, aggressive
and oral non-nutritive behaviors have been desdriée indicators of poor welfare
(Gonyou et al., 1994; Devant et al.,, 2016), frugira and discomfort. Microbiota,
inflammation and diet (Haagensen et al., 2014; Wéteal., 2017), may affect behavior
in humans and other animals, and gut-brain-mictabaxis has been proposed as a
communication network between brain, digestiveesysand its microbiota. In this study,
C bulls exhibited more (P < 0.05) oral non-nutgtibehaviors than BF animals. This
behavior of licking objects with non-nutritionalnélity has been described as an
abnormal oral behavior in cattle, and a gut dysionchas been suggested as one of the
possible causes (Bergeron et al, 2006). Devarit €@L6) reported that bulls fed high-
concentrate diet without access to straw increasgdoehaviors, and this was related to
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an increase in rumen lesions, low rumination astignd low pH. In agreement with
Devant et al. (2016), supplementation with flavalsan previous studies has showed an
increase in straw consumption and rumen pH (Ba@tlhl., 2012), in the present study
in macroscopic rumen wall extraction indicated thatl was less damaged. Moreover,
the reduction of large meal sizes (less pH fluotma) and the increased time devoted to
eat straw (reducing time devoted to perform otledraviors and higher insalivation) in
BF bulls during the finishing phase could explaireduction of these oral behaviors.

Bulls supplemented with citrus flavonoids also éxied less aggressive
behaviors (agonistic interactions), as fighting antting, and less sexual interactions as
well. Devant et al. (2016) observed that diet pnesteon (pellet or meal) and straw
provision (with or without) in cattle fed high-cosmtrate diets modified the expression
of different genedfar3, ppyrl, adra2c, occludingndtnf, ), and suggested that the rumen
could be involved in the crosstalk between digessiystem and brain modifying animal
aggressive and sexual behavior. The expressidmecfendfar3 is stimulated by VFA,
mainly for propionic acid, and this gene stimulafes secretion of serotonin (Evans et
al., 2013; Devant et al., 2016). Serotonin, as steamsmitter, may act as an important
link within the gut-brain axis, and has been asged with mood modulation (Evans et
al., 2013) and a reduction in aggressive behayidasgensen et al., 2014). Additionally,
selective serotonin reuptake inhibitors (which @age extracellular serotonin) have been
related to libido reduction and sexual problem#iimans (Balon, 2006). In previous
studies (Balcells et al., 2012; Seradj et al., 20itdhas been observed that citrus
flavonoids increase the proportion of propioniadac rumen. Data of the present study
may support the hypothesis that acid propionic manonly be an important molecule
modulating eating behavior of BF bulls, it maybsoalrelated to the reduction in
aggressive and sexual interactions of BF bullsdygtenin secretion modulation in the

rumen.

Furthermore, Qaisrani et al. (2012) observed #edihg pullets with diluted diets
(with different sources of non-starch polysacches)deduced feather-pecking behavior
and increased feeding time. In the present stubyguBls dedicated more time to perform
eating behaviors (straw) and had numerically less¢éing rate, smaller meal sizes and

larger straw feeder occupancy than C bulls durvegfinishing phase. Thus, it could be
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hypothesized that these animals had less time rforpe these aggressive and sexual

behaviors as they were more occupied with feeduents.

4.4. Macroscopic Rumen Evaluation and Liver Abscesses

The lighter and less baldness areas in the rumdis wiserved in BF bulls
compared with C bulls may be indicative of bettenen health. This observation could
be linked to the anti-oxidant and anti-inflammatgrpperties of flavonoids protecting
the mucosa (Cavia-Saiz et al., 2010; Harborne.e2@00; Heim et al., 2002; Tripoli et
al., 2007). Naringin is rapidly deglycosylated hyzgmes to naringenin (Busto et al.,
2007), and rumen microflora is capable of anaerdbgradation of naringin to naringenin
(Cheng et al., 1970; Simpson et al., 1969). Nanngacts as a potent antioxidant as well,
and its anti-inflammatory effects has been deegygcdbed (Manchope et al., 2017).
Thereby, flavonoids could be protecting rumen egitim and improving macroscopic

health parameters studied by their antioxidantardinflammatory properties.

Balcells et al. (2012) found that heifers supplet@érwith an extract of citrus
flavonoids, after inducing acidosis in rumen caated animals had an increase in
lactating-consuming bacteregasphaera elsderaind rumen pH was higher compared
with non-supplemented animals. Otherwise, largel sizas have been related to higher
pH fluctuations, which can lead to rumen acidosis laver abscesses (Fulton et al., 1979;
Stock et al., 1987, 1990), and higher eating raséy megatively affect rumen health
(Sauvant et al., 1999; Gonzéalez et al., 2008).hla study, bulls supplemented with
Bioflavex® CA performed smaller meal sizes than-sapplemented group, and eating
rate was numerically lesser during the finishingag#h Thus, these eating pattern
modifications could have also improved rumen heal®F bulls compared with C group

(Gonzalez et al., 2012), along with pH and micnatlonodulation.

Finally, as previously mentioned, BF bulls occupdealing more time the straw
feeder. Straw ingestion in ruminants stimulatesination and salivation, and the buffer
capacity of saliva results in a higher ruminal pHhich can lead to a healthier ruminal

epithelium as well.
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5. Conclusions

In conclusion, citrus flavonoid supplementatiorburls fed with a single-space
feeder modified the eating pattern reducing largalnsizes that may cause a reduction
in feed intake. However, animal performance wasatfgcted. Animals supplemented
with citrus flavonoids spent more time eating str&@atrus flavonoids improved rumen
wall health parameters analyzed, maybe becaussglottion of large meal sizes, as well
as their potential antioxidant and anti-inflammsgtqoroperties. Otherwise, citrus
flavonoid supplementation reduced agonistic behawiiroughout the study, and sexual

interactions during the finishing phase.
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CHAPTER IV

Effects of flavonoids extracted fromCitrus aurantium on performance,
eating and animal behavior, rumen health, carcassuaglity and rumen
gene expression in Holstein bulls fed high-concerate diets in pellet

form.

DRAFT
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ABSTRACT

One hundred fifty bulls (183.0 £+ 7.53 kg BW and 187..8 d of age) were
randomly allocated to one of 8 pens and assignedotdrol (C) or (BF) Citrus
aurantium Bioflavex CA, Interquim S.L., Spain, 0.4 kg pemtof concentrate of
Bioflavex CA, 20% naringin). Each pen had one demlone separate five-space straw
feeder, and one separate three-space feeder whket¢ goncentrate based on corn,
barley, DDG and wheat was offered. Concentrat&ket@as recorded daily, whilst BW
and animal behavior fortnightly. Animals were slatgged after 168 d of study (12
periods of 14 d), HCW and carcass quality were ndmmh rumen was examined
macroscopically and ruminal epithelium samples waskected for gene expression
analyses. Data were analyzed using a mixed-effaotiel with repeated measures and
categorical data with a Chi-Square. Final BW (434.R60 kg), concentrate intake (6.6
+ 0.09 kg/d) and concentrate FCR (kg of concentiageof BW) (4.48 + 0.069 kg/kg) of
bulls were not affected by treatment. During thashing phase, oral non-nutritive
behaviors tended to be greater (P < 0.10) in Glibdn BF bulls, whilst self-grooming
and social behaviors were greater (P < 0.01) etdliiy BF bulls compared with C bulls.
Additionally, agonistic interactions (fighting, ltimy, and chasing) and flehmen were
greater (P < 0.05) performed by C than BF bullthia finishing phase. Throughout the
study, BF bulls spent more time ruminating (P <19.@nd during the growing phase also
devoted more time to eat concentrate (P < 0.01)peoed with C bulls. The degree of
carcass fat cover was affected by treatment (FO5)0At the slaughterhouse, color of
rumen wall was lighter (P = 0.05) for BF compardthvC bulls. Furthermore, whereas
the gene expression ditter taste receptor 1@&nd pro-inflammatory molecules like
cytokinelL-25, -defensirtended (P < 0.10) to be greater in the rumen dpitheof BF
than in C bulls, the relative gene expressiomparicreatic polypeptide receptorand
tumor necrosis factor alphaere greater (P < 0.05 and P < 0.01, respectivelyBF
bulls compared with C bulls. In conclusion, suppdemation with flavonoids extracted
from Citrus aurantiumin bulls fed high-concentrate in pellet form redsiagonistic
interactions and oral non-nutritive behaviors, @aging time devoted to eat concentrate
during the growing phase and ruminating activityottyghout the study. Moreover,
flavonoid supplementation modifies the expressiogemes in the rumen epithelium that
could be related with inflammation and animal betiamodulation.
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Keywords: bulls, flavonoids, performance, behavior, rumdlammation, bitter

taste receptors.
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1. Introduction

Last years, the study of different plant secondastabolites in beef cattle to
improve animal health, productivity and efficienbgs showed promising results as
natural alternatives to chemical, drugs and grgmtimoters (Durmic and Blache, 2012).
These secondary plant metabolites include essentla] tannins, saponins, and
flavonoids, among others (Patra and Saxena, 204lfels et al., 2016a and 2016b; Rira
et al., 2019). The exact mode of action of thesapmunds remains unknown. Citrus
flavonoids may affect rumen microbiota and fermgata(Balcells et al., 2012, Seradj et
al., 2014) or might be directly interacting withveeal receptors in the gut modifying
eating and animal behavior in bulls fed high-coticde diets. In a previous study
(Chapter IIl) was observed that supplementing & uitract from bitter orang€itrus
aurantium) rich in naringin (Bioflavex CA, Interquim, S.ASpain) throughout the
fattening period of Holstein bulls fed high-conaate diets, reduced the large meal sizes
(> 750 g/ meal) performed by the animals duringfthishing phase. Furthermore, bulls
supplemented with these citrus flavonoids moditiegir eating pattern and spent more
time occupying concentrate and straw feeders, adhdfinal BW and HCW were
numerically reduced. This previous study (Chaptg¢mias performed by a single space
feeder in order to record the individual eatingerat of the animals. As eating behavior
can be modified by diet and housing conditionsdéepen density) it was hypothesized
that the single-space feeder could have been fighitie access to the concentrate of the
bulls supplemented with flavonoids, impeding thasanals to increase the number of
visits to the feeder to compensate the reductianeal size observed. Thus, the present
study was carried out in a commercial farm with tiplé-space feeders to analyze the
possible interaction between feeder-space avadthabibnd citrus flavonoids

supplementation.

Therefore, the possible mode of action wherebyitnes flavonoids could modify
eating and animal behaviors different possible rapidms should be explored. On the
one hand, citrus flavonoids modify ruminal fermeiata affecting VFA production in the
rumen, and increasing molar proportions of propiauid (Balcells et al., 2012; Serad;
et al., 2014). Propionic acid plays a key rolehia tegulation of feed intake in ruminants
fed high-concentrate diets, being an hypophagiq@ia and Allen, 2003; Bradford and
Allen, 2007). On the other hand, naringin is comifgy the typical bitter taste to citrus
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fruits (Ribeiro et al., 2008), and this bitter &asbuld be identified as a negative value by
animals (Favreau et al., 2010; Jaggupilli et &16). A great number of studies carried
out last decades have found that different tastepters (sweet, bitter, soar, salty and
umami) are expressed in gastrointestinal tractuofidns and different species (Behrens
and Meyerhof, 2011; Breer et al., 2012). Consedyehitter taste receptord AS2R
could be involved in eating pattern modulation obsd when concentrate was
supplemented with citrus flavonoids. Thus, both inahpropionic acid and bitter taste
of citrus flavonoids could be involved in the egtipattern modulation observed when

bulls were supplemented with citrus flavonoids.

In the previous study (Chapter Ill) flavonoids sigmpentation improved rumen
wall health parameters analyzed, and reduced agobehaviors and sexual interactions
in bulls. Recently, gut-brain-microbiota axis haseb proposed as a communication
network between brain, digestive system and itsrobiota, being involved in the
gastrointestinal homeostasis maintenance (Haagetstn 2014; Carabotti et al., 2015;
Wiley et al., 2017). Furthermore, some studies Isaggested that inflammation and diet
may be implicated in animal behavior modulation dgensen et al., 2014) through the
gut-brain axis network. In beef cattle, Devantle{2016) pointed out that some of these
gut-brain crosstalk mechanisms could occur in timeen, after observing the effects of
different diets over the gene expression of soroepters involved in this network.

Thus, the present study was designed to explorefteets of citrus flavonoids
supplementation in bulls fed high-concentrate diets performance (concentrate
consumption, growth and concentrate efficiencyycass characteristics, rumen wall
health and animal behavior in commercial conditipnaltispace feeders). Additionally,
the expression of genes involved in the gut-braiis arosstalk, such as bitter taste
receptors, some neurotransmitters receptors afedetit inflammation regulators will be
deeply investigated in rumen epithelium to highligke mechanisms involved in eating
and animal behavior modulation when bulls are serpphted with citrus flavonoids.
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2. Materials and methods
2.1. Animals, feeding, housing, and experimental design

This study was conducted in accordance with theniSpaguidelines for
experimental animal protection (Royal Decree 53&0flFebruary ¥ on the protection
of animals used for experimentation or other sdienpurposes; Boletin Oficial del
Estado, 2013). One hundred fifty Holstein bulls38+ 7.53 kg of body weight (BW)
and 137 = 1.8 d of age) were fattened under comaieronditions in a farm (Granja
I'Alsina, L’Alsina, Lleida). The whole study lasteib8 d, and was divided into growing
(0 to 112 d) and finishing (113 to 168 d) phaseinfais were randomly allocated in one
of eight 8 pens, and assigned to one of the twairtrents (4 pens per treatment and 18
animals/ pen), either control (C) or supplementB#)(with 0.04 % of bitter orange
extract Citrus aurantiumy of the whole fruit rich in naringin (>20%) (BiaVex CA,
Interquim, S.A., Barcelona, Spain). Bioflavex wasdrporated into the concentrate
during the concentrate manufacturing. The pellepngcess started with a grinding
process of the ingredients through a roller mithad.75 mm sized screen openings. After
that, as described by Verdu et al. (2017), a steandglitioning was used, applying 80°C
of temperature and 0.5 min of retention time, befpelleting. The pellet mill was
equipped with a die ring (3.5 mm diameter holes@hm thickness), and after pelleting
the exit temperatures ranged + 10°C in relationaiaditioning temperature. The pellet
die knife was set at 10 mm from the die face artkigewere pneumatically transferred
to a cyclone cooler with a retention time of 20 nkimally, pellets were screened on a 2-
screen rotex. The manufactured pellets had a umitbameter (3.5 mm) and length (10
mm). Concentrates were manufactured from a 9,000&ster-batch, of which 4,500 kg
were C, and the other 4,500 kg BF. Each treatmemtentrate was transported to the

farm with the same truck, and stored into two défe silos under the same conditions.

Pens were totally covered (12 m x 6 m) and werg-deelded with straw and
equipped with a three-space feeder (1.50 m lef@gdi®, m width, 1.50 m height, and 0.35
m depth). The feeder of each pen weighed the ctratercontinuously as described by
Verdu et al. (2017), and these data were recome@adltulate concentrate consumption
by pen. Pens were also equipped with one drink&0(th length, 0.30 m width, 0.18 m
depth). Straw was offered! libitumin a separated straw five-space feeder (3.60 gilien
1.10 m wide, and 0.32 m depth), and every timead replaced it was recorded to estimate
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the total straw consumption. As straw was also tigetiedding, these data are only an
estimation.

Table 1 Ingredients and nutrient composition of the feedcentrates.

ltem Growing Finishinc?

Ingredient, g/ kg
Corn grain meal 399.7 450.9
Barley grain meal 179.8 155.5
DDGs 179.8 150.2
Wheat 109.7 110.3
Beet pulp 73.9 80.2
Palm oil 20.0 25.0
Calcium carbonate 15.5 12.8
Urea 8.0 4.0
Sodium bicarbonate 5.0 4.0
Dicalcium phosphate 3.6 3.1
Vitamin premix 3.0 2.0
Salt 2.0 2.0

Nutrient
ME, Mcal/kg DM 3.30 2.97
CP, g/ kg DM 157 140
Ether extractg/ kg DM 58 61
Ash, g/ kg DM 56 50
NFD, g/ kg DM 178 172
NFC, g/ kg DM 551 577

Lfrom O to 112 days of the study.
2from 113 days to the end of the study.

2.2. Feed consumption and performance

Animals were fed a commercial concentrate in meahf formulated to cover
their nutritional requirements (FEDNA, 2008). Timstf112 d of the study, animals were
fed a grower concentrate formula, and between 1@ te end of the study, animals
were fed a finisher concentrate. Ingredients andritimnal composition of the
concentrates are showedTliable 1. Throughout the study, animals redllibitumaccess

to wheat straw (3.5 % CP, 1.6 % ether extract, ¥ IDF, and 6.1 % ash; DM basis)
and fresh water.

81



Chapter IV Flavonoids and rumen inflammation and behavior

Animals were weighed individually every 14 d thrbogt the study in 12
experimental periods of 14 d. As already mentioweding the 8 first periods (from 1 d
to 112 d) the animals consumed the growing conatntind during the last 4 periods
(from 113 d to 168 d) and during the days befoeugihter animals consumed the
finishing concentrate (see Table After 168 d of study bulls were transported to the
slaughterhouse (Escorxador del Grup Alimentari &ns, Guissona, Spain), located 15
km from the farm. Animals were slaughtered in tweeks, 4 pens per week, two pens
from C and two from BF bulls each week. The timatwg before slaughter was less
than 6 h. Animals were weighed before loading. Theye slaughtered by commercial
practices and following the EU Regulation 1099/26@9he protection of animals at the
time of killing or slaughtering.

2.3. Animal behavior

A visual scan procedure at days 13, 28, 44, 56832100, 114, 128, 143, 153,
and 171 of the study was performed to study theggmactivity (standing, lying, eating,
drinking, and ruminating) and social behavior (rgoastic, agonistic, and sexual
interactions) of the animals in every pen. Soasdddvior activities recorded are described
in Table 2,Chapter Ill .

General activities recorded were: consumption (wdreanimal had its head into
the feeder and was engaged in chewing) of condentaad straw, drinking (when an
animal had its mouth in the water bowl), ruminat{mgluding regurgitation, mastication
and swallowing of the bolus). Also, postures such standing or lying (sternal
recumbence with all legs folded under the body Withhead down or up) were recorded.
The visual observation was made for 2 pens ataheegime from 8:00 to 10:30 h am, as
described by Verdu et al. (2015). General actisitiere scored using 3 scan samplings
of 10 s at 5 min intervals, and social behavior wwasred during three continuous
sampling periods of 5 min. This scanning procedufrel5 min was repeated twice
consecutively in each pen, starting randomly inff@rént pen every scanning day. This
method describes a behavior exhibited by an ananhal fixed time interval (Colgan,
1978).
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2.4. Carcass quality

After slaughtering, HCW was registered for everyraal. Dressing percentage
was calculated by dividing HCW by BW recorded befetaughtering. And, following
the (S)EUROP categories described by the EU Ragnl&o. 1208/81 and 1026/91,
conformation of carcasses was classified, where ¢&'tesponded to an excellent
conformation, "U" to very good conformation, "R" ¢gmod conformation, "O" to fair
conformation, and "P" to a poor conformation. Taecover was classified according the
EU Regulation No. 1208/81, which utilizes a clasaiion system by numbers, 1.2.3.4.5,
where 5 explains a very high degree of coveringuft heavy fat deposits in the thoracic

cavity, and 1 is classified as low degree, wittfataover.

2.5. Rumen and liver macroscopic evaluation and sample collection

Rumen and liver of every animal were macroscopicaValuated at the
slaughterhouse. Rumens were classified dependirtgeonolor by a visual evaluation,
from 1 to 5, being "5" a black colored rumen antid hite colored rumen (Gonzalez et
al., 2001). They were also divided into areas atiogrto Lesmeister et al. (2004) to
examine the presence of ulcers, baldness regiadspfaclumped papillae (Nocek et al.,

1984). Liver abscesses were classified accordiigyaavn et al. (1975).

Additionally, a liquid sample from rumen was ob&&infrom homogeneous
contents strained with a cheesecloth from 18 asimaidomly selected from two pens
per treatment, immediately following slaughter. |6wing the procedures of Jouany
(1982), 4 mL of ruminal fluid was mixed with 1 mE@solution containing 0.2% (wt/wt)
mercuric chloride, 2% (wt/wt) orthophosphoric acihd 2 mg/mL of 4-methylvaleric
acid (internal standard) in distilled water, andretl at -20°C until subsequent VFA
analysis. Also, a 1-cm2 section of rumen wall (kte of the cranial ventral sac) was
sampled and papillae were excised before rinsadeéstwith chilled PBS after sampling
and immediately incubated in RNA-later (InvitrogeMadrid, Spain) to preserve the
RNA integrity. After 24 hours of incubation with RNlater at 4 °C, the liquid was
removed and tissue was frozen at -80 °C until &rfRNA extraction and subsequent

gene expression analysis.
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2.6. Biological and chemical analyses

During the study, samples of concentrate were c@teat d 0, 42, 84, 126, and
168 d. and analyzed for DM (method 925.04; AOAM20ash (method 642.05; AOAC,
2005), CP by the Kjeldahl method (method 988.05;A80 2005), ADF and NDF
according to Van Soest et al. (1991) using sodiulfites and alpha-amylase, and EE by
Soxhlet with a previous acid hydrolysis (method .890 AOAC, 2005).

Naringin was determined for every sample of come¢et(C and BF) as a
Bioflavex CA marker for BF group, and was used awmaker confirming adequate
inclusion of citrus flavonoid extract in the didétg Laboratory of Interquim S.A. Internal
method for naringin quantification using HLPC depsd by Interquim S.A. was used
(Paniagua et al., 2018).

Ruminal VFA concentration was determined with aisapillary column (15 m
x 0.53 mm ID, 0.5 pum film thickness, TRB-FFAP, Tekroma, Barcelona, Spain)
composed of 100% polyethylene glycol (PEG) estatifvith nitroterephtalic acid,
bonded and crosslinked phase (method number; 5%65BBIA-AWWA-WPCF, 2005),
using a CP-3800-GC (Varian, Inc., Walnut Creek, CA)

Table 2 Sequence, annealing temperature (At), conceordtiM), efficiency
(%) and amplicon size (bp) of the primers usedjfeCR.

Fw Primer Rv Primer At M bp Efficiency
RPS9 CCTCGACCAAGAGCTGAAG CCTCCAGACCTCACGTTTGTTC 57 0.125 63 2.04
TAS2R7 TGGGGTGTTTGGTCTTCTCG GGCAATGAAAAGGAGGAGGAATG 60 |2 218 1.96
TAS2R16 GCTTGAGAGACTTGAGGCGT GCCATGAGCAAGACTGTGGA 60 0.25 0& 1.96
TAS2R38 AATTTCCGGGACCTGGTGAG AGCTCAGCGGGTCTTTCATC 60 0.25 51 1.97
TAS2R39 GTGGCGGATTTCTCCTACCC CACTCTGGCCCAAGGAAACA 60 0.5 30 2.09
LTF TGAAAGGGGAAGCAGATG AAGTCCTCACGATTCAAGTT 50 0.5 552 1.98
PPYR1 TGAGGCCATCCCCATTTGTC CTCAGACTCCTCCACAGGGA 57 025 74 2.22
TLR4 TCAGAAACCTCCGCTACCTTG TTCTGAAAAGAGTTGCCTGCC 55 0.5 117 1.91
FFAR2 CGCTCCTTAATTTCCTGCTG CAAAGGACCTGCGTACGACT 52 0.5 37 2.03
FFAR3 AAAGCAGCAGTGGCCATGA GAGGTTTAGCAAGAGCACGTCC 57 0.25 182 1.98
ADRA2C TGCGCGCCCCGCAGAACCTCTTCCT ATGCAGGAGGACAGGATGTACCA 95 05 403 1.97
CLDN4 CATGATCGTGGCCGGCGTG AGGGCTTGTCGTTGCGGG 62 0.125 226 1.82
TNFa AACAGCCCTCTGGTTCAAAC TCTTGATGGCAGACAGGATG 60 0.5 yoel 1.89
B-DEF GGTCACAAGTGGCAGAGGAT TGGTTGAAGAACTTCAGGGC 60 0.25 52 2.01
CCKBR TGTGTTGGTTGCCCGTGTAT AGGCGTAGCTTAGCAAGTGG 60 025 14 1.97
IL-25 TAAGGCTGTCACCTTGCCTC CGAGCCCAACTTCTATCCCC 60 0.25 94 1.89
UXT TGTGGCCCTTGGATATGGTT GGTTGTCGCTGAGCTCTGTG 57  0.125100 2.05
ACTB CTGGACTTCGAGCAGGAGAT CCCGTCAGGAAGCTCGTAG 57 0125 57 1.82
GAPDH GCATCGTGGAGGGACTTATGA GGGCCATCCACAGTCTTCTG 52 0.125 67 2.03
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For gene expression analyses, total RNA was egtlaétom rumen wall
homogenizing tissues in Trizol (Invitrogen) by Roby Instrument (IKA, Germany).
Isolated mMRNA was reverse transcribed to cDNA usirigrimeScript RT Reagent Kit
(Takara, Frankfurt, Germany) following the manufaet’s instructions. The RNA purity
was assessed by a NanoDrop instrument (Thermok-iglaeirid, Spain) at 260, 280, and
230 nm. The quantification of the expression ofggeat the mRNA level coding for 1)
the tight-junction protein ClaudinlCLDN4) 2) the production, expression, and turnover
of neurotransmitters: free fatty acid receptoff2) and free fatty acid receptor f3r8),
pancreatic polypeptide receptor ppyrl) actual name neuropeptide Y receptor Y4
[npy41), and a2-adrenergic receptor subtype &d(a29, cholecystokinin receptor 4
(cckbn; 3) pro-inflammatory cytokines TNE&-(TNFax) and cytokine IL-25(IL-25),
pattern recognition receptor Toll-like receptor(BLR4) and antimicrobial peptides
released by intestinal cellg-{efensinsandlactoferrin); 4) bitter taste receptors type 2
member 7, 16 ,38 and 39AS2R7, TAS2R16, TAS2R3®I TAS2R39%were performed
by quantitative PCR (gPCR). The gPCR was performsithg gene codifying for
Ribosomal Protein Subunit RPS9 as a housekeeping gene, which was checked for
stability following Vandesompele et al. (2002) onaparison with genes codifying ¢
actin ACTB), ubiquitously expressed Transcript protdiiX{) and Glyceraldehyde 3-
phosphate dehydrogena$2APDH). The gPCR conditions for each set of primers were
individually optimized Table 2). The specificity of the amplification was evale@tby
single band identification at the expected molecwulaight in 0.8% DNA agarose gels
and a single peak in the melting curve. The efficiewas calculated by amplifying serial
1:10 dilutions of each gene amplicon. A standamdewof crossing point (Cp) versus the
logarithm of the concentration was plotted to abtaie efficiency, which was calculated
using the formula '¢'°P¢ with an acceptable range of 1.8 to 2.2. A tataktion volume
of 20 uL was used, containing 50 ng of cDNA, 1 of SYBR Premix EXTaq
(TIiRNAseH) (Takara, Frankfurt, Germany) and theimged primer concentration for
each geneliable 2). The gPCR reactions were performed as followsnisial denaturing
step of 10 min at 95°C followed by 40 cycles ofslé 95°C, 15 s at optimized annealing
temperature for each gene, 30 s at 72°C, and hdiktansion of 10 min at 72°C. The
resulting Cp values were used to calculate thdivel&xpression of selected genes by
relative quantification using a reference gene ge@aeping gene) and a calibrator of
control group (Pfaffl, 2004, Eq. [3.5]).
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2.7. Calculations and statistical analyses

Only pen was considered the experimental unit amchas within pen were

considered sampling units in some parameters.

Concentrate efficiency data were transformed i@ to achieve a normal
distribution. The means presented in the tabledigaces correspond to non-transformed
data and, SEM and P-values correspond to the AN@wvalyses of the transformed data.
The percentage of each general activity was cakil@nd the average by day, pen, and
scan obtained. Then, these data were transforntechatural logarithms to achieve a
normal distribution. The frequency of each socethdwvior was calculated by summing
by day, pen, and scan, and transformed into thieafadbe sum of each activity plus 1 to
achieve a normal distribution. The ANOVA analysiasaperformed with transformed

data, and the means shown in the tables corredpahé back transformed data.

Unification of performance, animal behavior and @amtrate consumption data
averaged by pen and period were analyzed usingkedraiffects model (Version 9.2,
SAS Inst., Inc., Cary, NC). The model includediaiBW as a covariate, treatment,
period (14-d period), and the interaction betweaeatment and period, as fixed effects,
and the interaction between treatment and pen hed3tway interaction between
treatment, pen, and period as random effects. éPevas considered a repeated factor,
and for each analyzed variable, animal nested miie interaction between treatment
and pen (the error term) was subjected to 3 vagi@mowariance structures: compound
symmetry, autoregressive order one, and unstrutturee covariance structure that
yielded the smallest Schwarz’s Bayesian informatioterion was considered the most
desirable analysis.

In the case of rumen gene expression data wersforamed into log to achieve a
normal distribution. The means presented in tharégcorrespond to non-transformed
data and, SEM and P-values correspond to the AN@wvalyses of the transformed data.
Pen were considered the experimental unit and dsiasasampling units, and data were
analyzed using ANOVA where the model included tresait (as there were no repeated
measures) as the main effect. For VFA data, alsonsre considered the experimental
unit and animals as sampling units, and data weatyaed using ANOVA where the

model included treatment (as there were no repeatskures) as the main effect. For
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categorical variables analyses (carcass classdficatumen health parameters, hepatic

abscesses) a Chi-square-test was used.

Differences were declared significant at P < 0&&] trends were discussed at
0.05< P<0.10 for all models.

3. Results
3.1. Animal health

Three animals from the BF treatment were removddrédhe end of the study,
two of them due to lameness problems, and onealae &ccident. One animal from the

C treatment was also removed due to lameness pnsble

3.2. Intake, performance and carcass quality

Although no statistical differences were found wncentrate intake between
treatments throughout the studyaple 5), neither during the growing éble 3) nor for
the finishing phaseT@ble 4), however a significant interaction between treaitrand

time was found during the whole studyaple 5, Figure 1), and also during growing

Table 3 Performance and concentrate intake for growiragphn Holstein bulls
fed high-concentrate diets supplemented with cilaxsnoids.

Treatment P-value
Item Control BF SEM T Time T x Time
Initial age, d 137.26 137.29 1.810 0.99
Final age, d 259.26  249.29 1.738 0.99
Initial BW, kg 182.78 183.23 7.528 0.97
Eé”a' BW (@12 dofstudy) 54455 34631 7.716 0.87
CV, % 8.08 791 0.446 0.79
ADG, kg/d
Mean, kg/d 1.45 145 0.018 0.85 <.0001 0.52
CV, % 24.63 26.82 2.181 048 <0.10 0.21
Concentrate DM intake
Mean, kg/d 591 587 0.090 0.74 <.0001 <0.05
CV, % 13.86 13.24 0.764 0.57 <.0001 0.87
FCR, kg/kg 4.11 413 0.047 0.69 <0.01 0.57

1C = non-supplemented, BF = concentrate supplemaeritbctitrus flavonoids at 0.04%.
2T =treatment effect; Time = time effect (periddld d); T x Time = treatment by time interaction
effect.
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(Table 3) and finishing Table 4) phases. Théigure 1 represents the mean of the
concentrate intake by period throughout this studlyring the growing phase (from
period 1 to 8), BF bulls had lower concentratekatthan C bulls only in period 6 and in
the last period of the finishing phase (period 1&). interaction between period and
treatment was found for CV of concentrate intakerduthe finishing phaser@able 4).
Thus, the CV was greater for BF than for C bullsrdythe period 9 but, on the contrary,
lesser for BF bulls compared with C bulls in peridd whereas for period 10 and 12 no
differences were found (data not shown). On theemohand, the estimation for straw
consumption for the growing phase (0.81 + 0.06%l kayid 0.72 + 0.065 kg/d for C and
BF, respectively), and also for finishing phas®%1+ 0.129 kg/d and 1.08 + 0.129 kg/d
for C and BF, respectively) was not statisticaliffedent (P = 0.91 and P = 0.36,

respectively) between treatments neither.

Table 4. Performance and concentrate intake for finisipingse in Holstein bulls
fed high-concentrate diets supplemented with cileaxsnoids.

Treatment P-valuée?
ltem Control BF SEM T Time Tx Time
Initial age, d 259.26 249.29 1.738 0.99
Final age, d 306.26 306.28 1.735 0.99
Initial BW, kg 344.55 346.31 7.716 0.87
Eé”a' BW (168 dof study) 43399 43588 7.595 0.87
CV, % 7.94 7.12 0.592 0.36
ADG, kg/d
Mean, kg/d 1.56 1.55 0.026 0.83 0.11 0.36
CV, % 33.60 32.62 3.229 0.83 0.11 0.16
Concentrate DM intake
Mean, kg/d 8.04 7.91 0.108 0.39 <.0001 <0.01
CV, % 13.05 12.40 0.989 0.65 <0.10 0.05
FCR, kg/kg 5.23 5.14 0.122 0.60 0.19 0.68

1C = non-supplemented, BF = concentrate supplemaeritbctitrus flavonoids at 0.04%.
2T =treatment effect; Time = time effect (periddid d); T x Time = treatment by time interaction
effect.

Performance parameters analyzed throughout the,stisdADG, final BW and
FCR, did not evince any statistical differencesmeein treatmentsT@ble 5), neither
during the growingTable 3) nor during the finishing phas&dgble 4).
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Table 5 Performance and concentrate intake for the whtildy in Holstein
bulls fed high-concentrate diets supplemented wittias flavonoids.

Treatment P-valuée?
Item Control BF® CA SEM T Time Tx Time
Initial age, d 137.26 137.29 1.810 0.99
Final age, d 306.26 306.28 1.735 0.99
Initial BW, kg 182.78 183.23 7.528 0.97
Final ‘BW (168 d 0l 433499 43588 7595 087
study), kg
CV, % 7.94 7.12 0.592 0.36
ADG, kg/d
Mean, kg/d 1.48 1.48 0.018 0.98 <.0001 0.54
CV, % 27.62 28.76 1.965 0.68 <0.01 0.17
Concentrate DM intake
Mean, kg/d 6.62 6.54 0.094 0.58 <.0001 <0.01
CV, % 13.59 12.96 0.591 0.46 <.0001 0.64
FCR, kg/kg 4.48 4.47 0.069 0.90 <.0001 0.70

1C = non-supplemented, BF = concentrate supplemaenitbctitrus flavonoids at 0.04%.
2T =treatment effect; Time = time effect (periddld d); T x Time = treatment by time interaction
effect.

Table 6. Carcass quality from Holstein bulls fed high-coricate diets
supplemented with citrus flavonoids.

Treatment P-valué

ltem C BF SEM T
Age before slaughter, d 323.19 323.11 1.019 0.96
Days in study, d 186.06 186.04 0.367 0.98
BW before slaughter, kg 461.50 464.71 3.423 0.51
Hot carcass weight, kg 243.11 242.04 2.126 0.72
Dressing percentage, % 52.71 52.11 0.294 0.15
Fatness, % 0.03

1 2.67 1.43

2 9.33 18.57

3 88.00 80.00
Conformation, % 0.22

P 60.00 51.43

O 40.00 45.71

R 1.43

U 1.43

1C = non-supplemented, BF = concentrate supplemaeritbctitrus flavonoids at 0.04%.
2T = treatment effect.
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Regarding carcass quality, data are present@&dhie 6. Even though BW before
slaughter, hot carcass weight (HCW) and dressingepéage were not affected by
treatment, statistical differences were found farcass fatness classification. Thus, C
group had greater (P < 0.05) percentage of aniolassified with score “3” of fatness
degree than BF bulls.

3.3. Animal behavior

Animal behavior data, including general activitédsng with active behavior, are

showed inTable 7andTable 8for growing and finishing phase, respectively.

General activities. During the growing and finishing phase, in mosttioé
activities registered no statistical differencegevebserved. The proportion of animals
ruminating in BF group was greater (P < 0.01) comgavith C bulls in the growing and
finishing phase, whereas the percentage of anigslag concentrate was greater (P <
0.01) for BF compared C bulls for the growing phase

Active behavior. In the growing phase, self-grooming and socialavedrs were
greater (P < 0.01) exhibited by BF compared withulls, whereas C bulls exhibited
more (P < 0.05) agonistic behaviors as buttinggldement and chasing, than BF bulls.
BF bulls also tended (P < 0.10) to perform lesktiigy, whikst flehmen behaviors were
greater (P =0.05) in C bulls compared with BF ©aulexual behaviors, as attempted and

complete mounts were not affected by treatmennduhis phase.

Regarding the finishing phase, again self-groonang social behaviors were
greater (P < 0.05) exhibited by BF than C bullsribgyithis phase, C group tended (P <
0.10) to perform more oral non-nutritive behaviomnpared with BF bulls. Agonistic
behaviors, as fighting, butting, chasing and disphaent, were clearly greater (P < 0.05)
exhibited in this phase by C group than BF animatilitionally, C bulls also exhibited
greater (P < 0.01) flehmen behaviorsglure 2) and tended (P < 0.10) to perform more
attempted mounts than BF bulls during this finighpmaseKigure 3).
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Table 7. General activities (%) and social behavior (tifrfEs min) for growing
phase in Holstein bulls fed high-concentrate dsefgplemented with citrus flavonoids.

Item Treatmerit P-value$
Control BF SEM? T Time T xTime
General Activity, %
Standing 78.46 77.79 0.058 0.78  <.0001 0.93
Lying 19.66 20.33 0.191 0.68  <.0001 0.48
Eating concentrate 764 999 0.060  <0.01 0.05 0.33
Eating straw 11.51 12.81 0.025 0.19 <0001 0.32
Drinking 1.55 2.63 0.003 0.87 0.84 0.92
Ruminating 766 1137 0082 <001 005 0.61
Social behavior, /15 min
Selfgrooming 19.32 28.95 0.102 <.0001  0.58 0.52
Social 1.96 4.02 0.126  <0.01 0.42 0.62
Oral non-nutritive 0.77 0.59 0.049 0.44 <0.01 0.27
Fighting 9.16 4.91 0.346 <0.10 <.0001 0.76
Butting 230 1.18 0.098 0.01 <0001 0.93
Displacement 0.464 0.214 0.033 <.0001  0.80 0.67
Chasing 0.70 0.20 0.071 <0.05 <0.05 <0.10
Chasing up 0.16 0.05 0.029 0.20 0.45 0.12
Flehmen 221 155 0.091 0.05 <0.01 0.74
Attempt to mount 221 1.44 0.153 0.22 <0.01 0.75

Complete mounts 255 2.00 0.091 0.34 <0.05 0.74

1. C = non-supplemented, BF = concentrate supplemh&vitk citrus flavonoids at 0.04%.

2. T = treatment effect; Time = time effect (measnents every 14 d); T x Time = treatment by tinteraction.
3. SEM = standard error of the means of the logsfiamed data (general activity) or root transfadndata (social
behavior).
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Table 8 General activities (%) and social behavior (tifrfgs min) for finishing
phase in Holstein bulls fed high-concentrate dsefgplemented with citrus flavonoids.

ltem Treatmerit P-valueg
Control  BF SEM? T Time TxTime
General Activity, %
Standing 67.14 66.41 0.080 0.86 <0.01 0.73
Lying 32.86 3293 0.168  0.93 <0.01 0.85
Eating concentrate .27 8.10  0.060 0.18 0.17 0.48
Eating straw 7.86 8.67 0.065 0.64 <0001  0.20
Drinking 2.14 254  0.004 0.95 0.95 0.94
Ruminating 812 1403 0.072 <001 o014 0.59
Social behavior, /15
Selfgrooming 10.20 16.90 0.150 <.0001 <.0001  0.62
Social 3.85 593 0.210 <0.05 0.54 0.52
Oral non-nutritive 1.38 0.78 0.067 <0.10 <0.01 0.15
Fighting 8.85 385 0.256 <0.01 <0.01 0.80
Butting 4.18 1.60 0.214  <0.05 0.69 0.34
Displacement 1.00 0.15 0.070 <.0001  0.23 0.62
Chasing 0.56 0.08 0.050 <0.05 0.32 0.20
Chasing up 0.23 0.05 0.032 0.11 0.39 0.24
Flehmen 5.63 235 0.079 <.0001  0.01 0.56

Attempt to mount 1.45 0.10 0.228 <0.10 <0.10 0.49

Complete mounts 2.80 1.58 0.165 0.18 <0.10 0.44
1. C = non-supplemented, BF = concentrate suppl&denith citrus flavonoids at 0.04%.

2. T = treatment effect; Time = time effect (measnents every 14 d); T x Time = treatment by time
interaction.

3. SEM = standard error of the means of the logsfiarmed data (general activity) or root transfaime
data (social behavior).

3.4. Macroscopic rumen evaluation and liver abscesses

At the slaughterhous& éble 9), rumen wall color of the BF bulls was lighter (P
< 0.05) compared with C bulls (72.86% vs. 50.67&ssified as colox “3” for BF and
C bulls, respectively). No differences betweenttrests in liver abscesses, baldness

regions and clumped papillae were observed atléuglisterhouse.
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3.5. Rumen pH and VFA concentration at slaughterhouse

Ruminal fermentation parameters data are presantd@ble 10 Total VFA
concentration and pH in the rumen were not affebtetteatment. The molar proportion
of isovalerate was greater (P < 0.05) in BF bulilsipared with C bulls, whereas molar
proportion of the remaining of VFA analyzed (acetg@iropionate, butyrate, valerate, and
isobutyrate) were not affected by the treatmentohdingly, acetate:propionate ratio was

also not affected by treatment.

Table 9. Macroscopical observations of the rumen and lateslaughterhouse of
Holstein bulls fed high-concentrate diets suppleie@mvith citrus flavonoids.

Treatment P-values
ltem C BF
Color of the rumeh <0.05
2 2.67 2.86
3 48.00 70.00
4 48.00 24.29
5 1.33 2.86
Papillae clumping 0.60
Yes 40.00 44.29
No 60.00 55.71
Baldness region 0.25
Yes 40.00 49.33
No 60.00 50.67
Liver absces’s 0.41
None 90.67 94.29
A 2.67 1.43
A- 4.00 2.86
A+ 1.33 -
Inflammation 1.33 1.43

1C = non-supplemented, BF = concentrate supplemaritbctitrus flavonoids at 0.04%.
2T =treatment effect.

SAdapted from Gonzalez et al. (2001): Rumen colerwhite; 5 = black.

“Adapted from Nocek et al. (1984).
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3.6. Expression of genesin the rumen epithelium

The results of the relative gene expression at miRNAl in the rumen epithelium
are showed inFigure 4. The supplementation with citrus flavonoids onljeeted
statically the expression of tfRAS2R16that tended (P < 0.10) to be greater expressed
in BF bulls than in C, whereas the resTéiS2Ranalyzed TAS2R7TAS2R16TAS2R38
and TAS2R3B were not affected by treatment. Regarding thatiked expression of
receptors related with the neurotransmitter sigugalionly ppyrl differed among
treatments, being greater (P < 0.05) expressd8Fdoulls than for C bulls. Additionally,
the relative expression of the receptors related imflammation like cytokinél-25 and
S-defensintended (P < 0.10) to be also were greater exptaasBF compared with C
bulls, wherea3NFawas greater (P < 0.01) expressed in BF bulls ilh&bulls.

Table 10.Ruminal fermentation parameters at slaughterhotistolstein bulls
fed high-concentrate diets supplemented with ciflaxsnoids.

Treatment P-valuée
C BF SEM
pH 5.91 5.90 0.142 0.95
Total VFA,mM 111.1 121.7 8.98 0.41
Individual VFA, mol/100 mol
Acetate 53.1 53.1 1.50 0.98
Propionate 35.9 36.2 1.63 0.90
Isobutyrate 0.7 0.6 0.11 0.40
n-butyrate 7.0 7.1 0.32 0.77
IsoValerate 1.5 0.9 0.16 0.03
Valerate 1.9 2.0 0.13 0.35
Acetate:propionate, mol/mol 1.6 1.6 0.12 0.97

1C = non-supplemented, BF = concentrate supplemaritbctitrus flavonoids at 0.04%.
2T = treatment effect.

4. Discussion

In this study, the supplementation with citrus éiaeids throughout the fattening

period did not affect performance parameters likEGA final BW and FCR of bulls.

An interaction between treatment and time was oeskthroughout the study for
concentrate intake. THégure 1represents the mean of the concentrate intake riydpe
throughout this study. Only in 2 periods a statatdecrease in concentrate intake was
observed in BF bulls compared with C bulls. Fromique7 to the end of the study an
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erratic behavior for concentrate intake (greater CV) was observed, especially for C bulls.
In this study, bulls were around 7 months old between period 6 and 7 of the study, moment
that coincides with the unset of the puberty when an increase of production and secretion
of testosterone occurs (Amann and Walker, 1983; Kenny and Byrne, 2018). Figures 2
and 3 illustrate flehmen and complete mounts by period, respectively. Regarding flehmen
behavior (Figure 2), C bulls clearly and steady increased the number of flehmen
behaviors preformed from period 7 till the end of the study, whilst BF bulls” flehmen
behaviors remained more stables. Furthermore, C bulls also exhibited higher number of
complete mounts than BF bulls from period 7 until period 12 (Figure 3). How this
modulation of sexual behaviors by citrus flavonoid supplementation occurs and if this
behavior modulation is related with the more erratic concentrate intake observed in C

bulls after puberty is not known.

Figure 1. Mean of the concentrate intake during the growing and finishing phase
of Holstein bulls fed high-concentrate diets with or without citrus flavonoids
supplementation.
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However, overall concentrate intake in the present study did not differ among
treatments. In a previous study, carried out with a single space feeder in order to study
the eating pattern of Holstein bulls fed high-concentrate diets supplemented with
flavonoids (Chapter III), a reduction in the percentage of large meal sizes along with a
reduction in concentrate intake were observed, that probably negatively affected final BW

of bulls. Consequently, the use of a multi-space feeder in the present study would have
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allowed to bulls supplemented with flavonoids to increase the number of visits to the
feeder, allowing them to increase feed intake, even if percentage of large meal sizes was
reduced and animals needed more time to eat, as observed in Chapter III. That would be
supported by the visual scan procedure, as BF bulls occupied more time the concentrate
feeder than C bulls during the growing phase. Although during the finishing phase this
difference was only numerical, the percentage of BF bulls eating concentrate was also
greater compared with C bulls. Interestingly, throughout this study BF bulls did not
devoted more time to eat straw and no differences among treatments have been found for
straw consumption. Conversely, higher occupancy of the straw feeder was observed in
bulls supplemented with citrus flavonoids when a single-space feeder was used, so it
could be hypothesized that in our previous study (Chapter III) BF bulls would have
redirected their behavior to eat straw when they had not possibility to access to the

concentrate feeder.

Figure 2 and 3. Flehmen and Complete mounts every 15 minutes during the
growing and finishing phase of Holstein bulls fed high-concentrate diets with or without
citrus flavonoids supplementation.
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In previous studiesn vitro andin vivo, an increase in molar proportions of
propionic acid in the rumen was observed when giffavonoids were supplemented
(Balcells et al., 2012; Seradj et al., 2014). Asponic acid has been described as key
regulator of feed intake in ruminants fed high chadiets (Bradford and Allen, 2007), in
Chapter lll, it was hypothesized that propionicdaobuld be involve in the reduction of
large meal sizes observed in bulls when citrusofieids were supplemented to the
concentrate. In this study, ruminal fermentationrapseters analyzed just after
slaughtering did not evidence any difference amibegtments, so propionate, acetate
and total VFA were not affected. Also pH was simdmong treatments. Regardless these
results, differences among sampling method codétafumen fluid VFA concentration
and profile (Lam et al., 2018), sovitro studies, in-farm (cannulated animals) sampling,
or slaughter sampling probably could not be conmghaFeirthermore, accordingly with
previous results (Chapter Ill), in the present gtilek color of the rumen wall was lighter
for BF bulls. That would be related with better emwall health, and this could affect
VFA absorption and, consequently, rumen conceptraif VFA. On the other hand, the
relative gene expression in ruminal epitheliunifaf2 andffar3 are consistent with the
results obtained for VFA in ruminal liquid, as wad no differences were observed among

treatments for these nutrient sensing receptorggbiuet al., 2012; Friedrichs, 2015).

As mentioned previously, another possible modectiba of citrus flavonoids to
regulate eating behavior could be related with etastceptors (chemosensory
transduction). Taste is a large sensory systenonsdpe for food selection, but also in
charge of detection of nutrients, minerals and rtexibeing also vital for nutrient
absorption regulation and energy homeostasis (Tekal,, 2016). Basic tastes include
sweet, bitter, umami, soar and salty, and weréalhjtdescribed in taste buds of the
tongue and different tissues of the mouth, althotegiently a great number of studies
have described the presence of these taste resdptroughout different organs and
systems (Behrens and Meyerhof, 2011). Bitter testeptors TAS2R belong to the G
protein-coupled receptors family (Behrens and Meggr2013; Lu et al 2017), and
possess the important function of detecting heegus chemical molecules that could
be toxic (Favreau et al., 2010; Ginane et al., 20The extra-oralTAS2Rwould
accomplish diverse functions, as innate immuneamsp regulation in the respiratory
system or secretion of different gut hormones engastrointestinal tract (Lu et al., 2017).

Focusing on the digestive tract, these taste receptould regulate gut hormones and
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neurotransmitters release, and also nutrients apbaking involved in hunger and satiety
regulation (Depoortere, 2013). In fact, bitter clheats would activate the release of
different anorexigenic hormones and peptides irgtstrointestinal tract, such as ghrelin
(orexigenic), cholecystokininc€K), neuropeptide Ynpy), and peptide YY dyy) (Chen

et al., 2006; Depoortere, 2013; Takai et al., 2016)

Citrus flavonoids, and especially naringin, arepoessible for the typical bitter
taste of citrus fruits, so being able to activdteseTAS2R(Drewnowski et al., 1997,
Roland et al., 2014). Consequently, in this stuiffeidnt TAS2Rwere analyzed. The
available literature is mainly based on human tpsteeption, so thEAS2Rwere chosen
mainly based on this information. Hum8AS2R7s activated by caffeine (Meyerhof et
al., 2010; Poole and Tordof, 201TAS2R16s activated mainly by similar molecules
than TAS2R39 both by dietary compounds and flavonoids from yndifferent plant
sources (Roland et al., 2014), depending if theyglycosylated or not (Meyerhof et al.,
2010), andTAS2R3&gonists are natural bitter molecules as well @egf et al., 2010;
Ahmed et al., 2016). In the present study, chAS2R16wnere affected by treatment,
increasing the relative gene expression in BF bililkss TAS2R16has been described as
the bitter receptor for the phytonutrighglucopyranosides, which are very ubiquitous in
nature (Bufe et al., 2002; Ji et al., 2014). Irt,fdus higher gene expressionToAS2R16
in BF bulls might be related to naringin content tbke citrus flavonoid extract
supplemented, as naringin is a glycosylated flamar{@ripoli et al., 2007). Furthermore,
our results have also showed higher gene expreksippyrlin bulls supplemented with
flavonoids, which acts aspy and pyy receptor (Larhammar, 1996). As previously
mentionednpyandpyyare peptides released DxS2Rafter a bitter stimuli, and whereas
pyyis considered an anorexigenic hormang;has been reported as a collateral inhibitor
for sweet taste cells when bitter taste cells mneugated in taste buds (Depoortere, 2013;
Takai et al., 2016). Although deeper research eded, that could be related with the
reduction in meal size observed in bulls when siftavonoids were supplemented in the
concentrate and the reduced feed intake observgH bulls in the present study in some
periods. Actually, possible functions of th&s&S2Rin rumen epithelium have not been
studied, but with our results it could be hypotheghat citrus flavonoids would be acting
over someTAS2Rexpressed in the rumen epithelium of bulls, maddythe release
peptides involved in hunger and satiety and, camsetly modulating eating pattern of

these animals.
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Figure 4. Gene expression in rumen epithelium of Holstein bulls fed high-
concentrate diets with or without citrus flavonoids supplementation.
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TAS2RT7: Bitter taste receptor 7; TAS2R16: Bitter taste receptor 16; TAS2R38: Bitter taste receptor 38;
TAS2R39: Bitter taste receptor 39; FEAR2: Free fatty acid receptor 3 (gpr41); FFAR3: Free fatty acid
receptor 2 (gpr43); ADRA2C: Alpha 2-adrenergic receptors subtype C; PPYR1: Pancreatic polypeptide
receptor 1; CCKBR: Cholecystokinin receptor 4; CLDNA: Claudin4, IL-25: Interleukin-25; TLR4: Pattern
recognition receptors, like Toll-like receptor 4; TNFa: Tumor necrosis factor alpha; B-Def: Beta-defensin.
The values presented herein correspond to back-transformed means; however, SEM correspond to the
ANOVA analyses using log-transformed data.

On the other hand, in agreement with our previous results (Chapter III), citrus
flavonoid supplementation modified animal behavior in bulls. Animal welfare is an
important and growing concern in modern societies, affecting consumers’ opinion about
livestock production systems, and consequently also the policies and regulations of
intensive animal production. Moreover, animal well-being is related with a better health
status and productivity, as chronic stressors impairing welfare are also associated with
negative effects over the immune system of the animals (Carroll et al. 2007; Burdick et
al., 2011). Therefore, 1t exists nowadays a great interest of all stakeholders, including
farmers, to improve animal well-being, health and productivity. Animal behavior is
considered as a measurement of animal welfare, and aggressive and oral non-nutritive
behaviors have been described as important indicators of frustration and poor welfare in
bulls (Gonyou et al., 1994; Bergeron et al., 2006). Recently, gut-brain axis has been
suggested to be involved in animal behavior modulation, basically through inflammation
and diet (Haagensen et al., 2014). The gut-brain axis is a communication network
involved in the maintenance of gastrointestinal homeostasis, conveying information

between digestive system and its microbiota with the brain (Haagensen et al., 2014;
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Carabotti et al., 2015; Wiley et al., 2017). In besgttle, some of these gut-brain crosstalk
mechanisms affecting animal behavior have beengsexpto take place in the rumen
(Devant et al., 2016).

In the present study, bulls supplemented with sitlavonoids reduced aggressive
behaviors throughout the fattening period, and @aflg¢ during the finishing phase
sexual and oral non-nutritive behaviors were lepseiormed by BF bulls. These results
would be in agreement with our previous study (G&apl), when bulls supplemented
with the same citrus flavonoids extract also reduceal non-nutritive behaviors, and
aggressive and sexual interactions. Oral non-iwgritehaviors has been described as an
abnormal oral behavior in ungulates, and digestixsfunctions or little time devoted to
chewing or ruminating behavior have been proposeqmbasible causes of this stereotypic
behavior (Bergeron et al., 2006). In the presard\stBF bulls performed less oral non-
nutritive behaviors during the finishing phase, whihey also exhibited greater
ruminating activity than C bulls during the viswsalan. Additionally, rumen wall color
was lighter for bulls supplemented with citrus Bawids, although pH at the
slaughterhouse was not affected by treatment. Thusould be hypothesized that
supplementation with citrus flavonoids reduced omah-nutritive behaviors increasing
ruminating activity and also improving rumen healithe mechanisms whereby citrus
flavonoids modulate ruminating activity during thisishing phase, when BF bulls did
not devoted more time to eat concentrate or steamam unknown, and more research

would be needed to elucidate them.

In agreement with our previous study (Chapter Hhonistic interactions studied
and flehmen were reduced in BF bulls throughoutdtuely, and attempted to mount
behaviors during the finishing phase. Flavonoigg$ementation might modulate animal
behavior through mechanisms involved in the guirbosstalk, and inflammation
might be a key player. In the present study, ciffasgonoid supplementation increased
the relative gene expression of molecules relaiddinflammation in rumen epithelium,
such asITNFa cytokinelL-25 andg-defensin Contrary to expected, inflammation could
be involved in a decrease of serum serotonin cdrat&ns, a neurotransmitter associated
with mood modulation (Evans et al., 2013) and auctdn in aggressive behaviors
(Haagensen et al., 2014). On the other hand, narcoglld act as an antioxidant molecule
(Harborne and Williams, 2000), explaining lightelar of the rumen wall in BF bulls.
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Consequently, these results would be in contraictibeing necessary further
investigations to discern if citrus flavonoids slggpentation might modulate animal
aggressive and sexual behaviors through rumenmnflation mechanisms, or if this
modulation take place beyond the rumen, probablyhen intestine as suggested for

monogastric species.

Otherwise, as proposed in our previous study (Cnalp), eating and animal
(social and sexual) behaviors would be interrelased increasing time devoted to eat
might reduce aggressive and abnormal behavioraimads (Qaisrarni et al., 2012). In
the present study, when bulls were supplementdd aititus flavonoids dedicated more
time to eat concentrate or performed greater rutimgactivity, so that could lead to a
reduction in aggressive and sexual interactionsmiesl during the visual scan procedure.
Thus, we could hypothesized that citrus flavon@dpplementation reduced agonistic
and sexual interactions by increasing time devategherform eating behaviors, as

ruminating or eating concentrate.

5. Conclusions

In conclusion, supplementation with flavonoids egted fromCitrus aurantium
in bulls fed high-concentrate diets in pellet foreduced agonistic interactions and oral
non-nutritive behaviors. Moreover, flavonoid suppéntation modified the expression
of genes in the rumen epithelium that could betedlavith inflammation and nutrient
sensing, but further research would be neededlip dnderstand how flavonoids are

modulating eating and animal behavior in bulls.
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ABSTRACT

One hundred fourty-four bulls (164.8 + 5.91 kg Bwdd 35 + 7.2 d of age) were
randomly allocated to one of 8 pens and assignedritrol (C) or citrus flavonoid (BF)
treatments Citrus aurantium 0.4 kg per ton of concentrate of Bioflavex CAR26%
naringin; BF). Each pen had one drinker, one sépdinze-space straw feeder, and one
separate three-space feeder where mash concexanadening mostly corn, barley, DDG
and wheat was offered. Concentrate intake was dedodaily, whilst BW and animal
behavior were recorded fortnightly. Animals weraugjhtered after 168 d of study (12
periods of 14 d), and HCW and carcass quality wemmrded, and rumen papillae
samples were collected. Data were analyzed usmged-effects model with repeated
measures and categorical data with a Chi-Squaral BW (437.9 = 1.85 kg), HCW
(238.7 £ 2.02 kg), and concentrate intake (7.11:8@g/d) were not affected by treatment.
Concentrate feed conversion ratio (kg of conceatieg of BW) tended (P < 0.10) to be
lesser in BF (5.11 + 0.108 kg/kg) than in C (5.36.208 kg/kg) bulls. Percentage of
animals eating concentrate during visual scan weater (P < 0.01) in BF (10.02 % +
0.512) compared with C (7.97 % * 0.512). Oral natritive behaviors, agonistic
interactions (fighting, butting, and chasing) aeggl behaviors (flehmen, attempted and
complete mounts) were greater (P < 0.01) in C th&¥ bulls. In the rumen epithelium,
gene expression bitter taste receptor, bitter taste receptor 1,®itter taste receptor 38
andbitter taste receptor 3%vas greater (P < 0.05) in C compared with BF bakswell
as was gene expressionfade fatty acid receptor,dancreatic polypeptide receptor 1
cholecystokinin receptor 4, cytokine IL;25oll-like receptor-4and f-defensinl In
conclusion, supplementation with flavonoids exeddromCitrus aurantiumn bulls fed
high-concentrate diets tends to improve efficienapd reduces oral non-nutritive
behaviors, agonistic interactions and sexual behaviMoreover, flavonoid
supplementation modifies the expression of genélseémumen epithelium that could be
related with eating and animal behavior regulation.

Keywords: bulls, flavonoids, performance, behavior, rumdlammation, bitter

taste receptors.
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1. Introduction

Phytochemicals are chemical substances found ietablps and edible fruits.
They play important functions in plants (Martinezad., 2017), acting as protecting
molecules from harmful agents (insects, bacteria) stressful situations (UV,
temperature, lack of water). Otherwise, phytochaisibave showed biological activities
and healthy effects in humans (Middleton et alQ®0and animals (Tipu et al., 2006;
Tripoli et al., 2007; Hong et al., 2012). Flavor®ate polyphenols that have been deeply
studied, ancCitrus fruits are considered the major source of flavdaptontaining a wide
range of these phytochemicals. Recently, the efdécn extract from bitter orange
(Citrus aurantium rich in naringin has been studied in Holsteinlduied high-
concentrate diet during the growing and finishihgge (Chapter IIl). Bulls supplemented
with citrus flavonoid extract modified their eatipgttern, by reducing large meal sizes
(>750 g/ meal) and spending more time eating stead,rumen wall health parameters
analyzed were improved. However, final BW and csscaeight were numerically
reduced in bulls supplemented with citrus flavosoills this study was conducted with
single-space feeders to register eating pattetheobulls, this might modify total daily
feeder access compared with commercial situatidrerevfeeders have multiple spaces
(Verdu et al., 2015). It was hypothesized that sagbact was the result of the use of
single-space feeders, which were limiting the talaily access of the animals to the
concentrate supplemented with citrus flavonoidsjting also the potential maximum
daily concentrate intake, and therefore performarfieal BW and carcass).
Consequently, in the present study citrus flavomoilact supplementation will be tested

in a commercial farm with multiple-space feeders.

Supplementation with citrus flavonoids reduced agtanbehaviors throughout
the fattening period, and sexual interactions duthre finishing phase in past studies
(Chapter 11l and 1V). The mechanisms whereby cifitagonoids may modulate eating
and animal behavior are unknown. Previously, sgidi¢h other extracts containing also
naringin exhibited beneficial effects in regulatingmen pH, modulating ruminal
microflora and ruminal fermentation (Balcells et 2012). This modulation of ruminal
fermentation by citrus flavonoids affected volafiédty acids (VFA) production in the
rumen, increasing molar proportions of propionicigBalcells et al., 2012; Seradj et al.,
2014), which is involved in the regulation of fedtake in ruminants feed high-starch
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diets by stimulating satiety (Oba and Allen, 20BBadford and Allen, 2007). Moreover,
naringin is the flavonoid responsible of the typib#ter taste in some citrus fruits
(Ribeiro et al., 2008). Bitter taste is one of tive basic tastes (sweet, salty, bitter, soar
and umami) perceived by humans and animals (Jajaiil., 2016), and has been often
considered as a negative value (Favreau et alQ)2Recent studies have demonstrated
that taste receptors, including bitter taste remsp(TAS2R, are expressed in the
gastrointestinal tract (Behrens and Meyerhof, 2@rker et al., 2012). Thu3AS2R
could be involved in eating pattern modulation ofi® observed when concentrate was
supplemented with citrus flavonoids. Finally, itshaeen suggested that inflammation,
microbiota, and diet may affect animal behaviordffensen et al., 2014) by the gut-brain
axis crosstalk. Devant et al. (2016) studied theegexpression of receptors involved in
crosstalk mechanisms of the gut-brain axis in Hatsbulls fed different diets and
suggested that some of these gut-brain crosstatthamésms could take place in the

rumen.

The present study was designed to evaluate thetefé citrus flavonoid extract
supplementation on concentrate consumption, grorate, feed conversion ratio,
macroscopic rumen wall health, carcass charadteyisind eating and animal behavior
of Holstein bulls fed high-concentrate diets in coencial conditions with a multi-space
feeder. Furthermore, the present study also aim@avestigate more deeply how citrus
flavonoids supplementation could affect the expogs®f some genes in the rumen
epithelium involved in gut-brain crosstalk mechamss such as taste receptors and
inflammation regulators, that could explain diffeces related to the eating pattern and

animal behavior.

2. Materials and methods
2.1. Animals, feeding, housing, and experimental design

This study was conducted in accordance with theniSpaguidelines for
experimental animal protection (Royal Decree 53&0flFebruary ¥ on the protection
of animals used for experimentation or other sdienpurposes; Boletin Oficial del
Estado, 2013). One hundred fourty-four Holsteind(164.8 + 5.91 kg of BW and 135
+ 7.2 d of age) were fattened under commercial tmmd in a farm (Granja I'Alsina,
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L’Alsina, Lleida). The whole study lasted 168 ddamas divided into growing (0 to 112
d) and finishing (113 to 168 d) phase. Animals warelomly allocated in one of eight 8
pens, and assigned to one of the two treatmenperfd per treatment and 18 animals/
pen), either control (C) or supplemented (BF) Witd4 % of bitter orange extra@ifrus
aurantium of the whole fruit rich in naringin (>20%) (BiefVex CA, Interquim, S.A.,
Barcelona, Spain). Bioflavex was incorporated thconcentrate during the concentrate
manufacturing. Concentrates were manufactured &@®00 kg master-batch, of which
4,500 kg were C, and the other 4,500 kg BF. Eaditrinent concentrate was transported
to the farm with the same truck, and stored into thifferent silos under the same

conditions.

Pens were totally covered (12 m x 6 m) and werg-deelded with straw and
equipped with a three-space feeder (1.50 m le@gdl®, m width, 1.50 m height, and 0.35
m depth). The feeder of each pen weighed the ctratercontinuously as described by
Verdu et al. (2017), and these data were recom@dltulate concentrate consumption
by pen. Pens were also equipped with one drink80(th length, 0.30 m width, 0.18 m
depth). Straw was offeredl libitumin a separated straw five-space feeder (3.60 gilien
1.10 m wide, and 0.32 m depth), and every timead veplaced it was recorded to estimate
the total straw consumption. As straw was also tisetiedding, these data are only an

estimation.

2.2. Feed consumption and performance

Animals were fed a commercial concentrate in meahf formulated to cover
their nutritional requirements (FEDNA, 2008). Tirstf112 d of the study, animals were
fed a grower concentrate formula, and between 1@ tte end of the study, animals
were fed a finisher concentrate. Ingredients andritrmnal composition of the
concentrates are showedTiable 1. Throughout the study, animals hedllibitumaccess
to wheat straw (3.5 % CP, 1.6 % ether extract, 8 RDF, and 6.1 % ash; DM basis)

and fresh water.
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Table 1 Ingredients and nutrient composition of the feedcentrates.

ltem Growind  Finjshin?

Ingredient, g/ kg
Corn grain meal 399.7 450.9
Barley grain meal 179.8 155.5
DDGs 179.8 150.2
Wheat 109.7 110.3
Beet pulp 73.9 80.2
Palm oil 20.0 25.0
Calcium carbonate 15.5 12.8
Urea 8.0 4.0
Sodium bicarbonate 5.0 4.0
Dicalcium phosphate 3.6 3.1
Vitamin premix 3.0 2.0
Salt 2.0 2.0

Nutrient
ME, Mcal/kg DM 3.30 2.97
CP, g/ kg DM 157 123
Ether extract, g/ kg DM 58 54
Ash, g/ kg DM 56 44
NFD, g/ kg DM 178 151
NFC, g/ kg DM 550 628

1from O to 112 days of the study.
2from 113 days to the end of the study.

Animals were weighed individually every 14 d thrbogt the study in 12

experimental periods of 14 d. As already mentioweding the 8 first periods (from 1 d

to 112 d) the animals consumed the growing conaentand during the last 4 periods

(from 113 d to 168 d) and during the days befoeugihter animals consumed the

finishing concentrate (see Table After 168 d of study bulls were transported to the

slaughterhouse (Escorxador del Grup Alimentari s, Guissona, Spain), located 15

km from the farm. Animals were slaughtered in tweeks, 4 pens per week, two pens

from C and two from BF bulls each week. The timatwg before slaughter was less

than 6 h. Animals were weighed before loading. Theye slaughtered by commercial

practices and following the EU Regulation 1099/26639he protection of animals at the

time of killing or slaughtering.
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2.3. Animal behavior

A visual scan procedure at days 15, 30, 43, 5785194, 112, 127, 141, 155, and
170 of the study was performed to study the germetvity (standing, lying, eating,
drinking, and ruminating) and social behavior (rgmastic, agonistic, and sexual
interactions) of the animals in every pen. Soasddvior activities recorded are described
in Table 2 Chapter Ill .

General activities recorded were: consumption (wdreanimal had its head into
the feeder and was engaged in chewing) of condentaad straw, drinking (when an
animal had its mouth in the water bowl), ruminat{mgluding regurgitation, mastication
and swallowing of the bolus). Also, postures such standing or lying (sternal
recumbence with all legs folded under the body Withhead down or up) were recorded.
The visual observation was made for 2 pens atahreegime from 8:00 to 10:30 h am, as
described by Verdu et al. (2015). General actisitiere scored using 3 scan samplings
of 10 s at 5 min intervals, and social behavior wasred during three continuous
sampling periods of 5 min. This scanning procedofrel5 min was repeated twice
consecutively in each pen, starting randomly inff@rént pen every scanning day. This
method describes a behavior exhibited by an ananhal fixed time interval (Colgan,
1978).

2.4. Carcass quality

After slaughtering, HCW was registered for everymal. Dressing percentage
was calculated by dividing HCW by BW recorded befetaughtering. And, following
the (S)EUROP categories described by the EU Ragol&o. 1208/81 and 1026/91,
conformation of carcasses was classified, where ¢&'tesponded to an excellent
conformation, "U" to very good conformation, "R" ¢gmod conformation, "O" to fair
conformation, and "P" to a poor conformation. Taecbover was classified according the
EU Regulation No. 1208/81, which utilizes a classation system by numbers, 1.2.3.4.5,
where 5 explains a very high degree of coveringufek heavy fat deposits in the thoracic

cavity, and 1 is classified as low degree, witHfataover.
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2.5. Rumen and liver macroscopic evaluation and sample collection

Rumen and liver of every animal were macroscopica@Valuated at the
slaughterhouse. Rumens were classified dependirtgeonolor by a visual evaluation,
from 1 to 5, being "5" a black colored rumen antid vhite colored rumen (Gonzalez et
al., 2001). They were also divided into areas atiogrto Lesmeister et al. (2004) to
examine the presence of ulcers, baldness regiadspfaclumped papillae (Nocek et al.,
1984). Liver abscesses were classified accordiigyaavn et al. (1975).

Additionally, a liquid sample from rumen was ob&infrom homogeneous
contents strained with a cheesecloth from 18 amimaidomly selected from two pens
per treatment, immediately following slaughter. I6aing the procedures of Jouany
(1982), 4 mL of ruminal fluid was mixed with 1 mE@solution containing 0.2% (wt/wt)
mercuric chloride, 2% (wt/wt) orthophosphoric acihd 2 mg/mL of 4-methylvaleric
acid (internal standard) in distilled water, andretl at -20°C until subsequent VFA
analysis. Also, a 1-cm2 section of rumen wall (kfte of the cranial ventral sac) was
sampled and papillae were excised before rinsadeéstwith chilled PBS after sampling
and immediately incubated in RNA-later (Invitrogeviadrid, Spain) to preserve the
RNA integrity. After 24 hours of incubation with RNlater at 4 °C, the liquid was
removed and tissue was frozen at -80 °C until &rrRNA extraction and subsequent

gene expression analysis.

2.6. Biological and chemical analyses

During the study, samples of concentrate were c@teat d 0, 42, 84, 126, and
168 d. and analyzed for DM (method 925.04; AOA@RNash (method 642.05; AOAC,
2005), CP by the Kjeldahl method (method 988.05;A80 2005), ADF and NDF
according to Van Soest et al. (1991) using sodiulfites and alpha-amylase, and EE by
Soxhlet with a previous acid hydrolysis (method .820 AOAC, 2005).

Naringin was determined for every sample of come¢et(C and BF) as a
Bioflavex CA marker for BF group, and was used amaker confirming adequate
inclusion of citrus flavonoid extract in the didétg Laboratory of Interquim S.A. Internal
method for naringin quantification using HLPC degd by Interquim S.A. was used
(Chapter 1l1).
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Ruminal VFA concentration was determined with aisapillary column (15 m
x 0.53 mm ID, 0.5 pum film thickness, TRB-FFAP, Tekroma, Barcelona, Spain)
composed of 100% polyethylene glycol (PEG) esttifvith nitroterephtalic acid,
bonded and crosslinked phase (method number; 55BBIA-AWWA-WPCF, 2005),
using a CP-3800-GC (Varian, Inc., Walnut Creek, CA)

For gene expression analyses, total RNA was ertlaétom rumen wall
homogenizing tissues in Trizol (Invitrogen) by Roby Instrument (IKA, Germany).
Isolated mMRNA was reverse transcribed to cDNA usirigrimeScript RT Reagent Kit
(Takara, Frankfurt, Germany) following the manufaet’s instructions. The RNA purity
was assessed by a NanoDrop instrument (ThermoF-iglagirid, Spain) at 260, 280, and
230 nm. The quantification of the expression ofggeat the mRNA level coding for 1)
the tight-junction protein ClaudinlCLDN4) 2) the production, expression, and turnover
of neurotransmitters: free fatty acid receptoff2) and free fatty acid receptor f3r8),
pancreatic polypeptide receptor fgpyrl) actual name neuropeptide Y receptor Y4
[npy41), and a2-adrenergic receptor subtype &d(a29, cholecystokinin receptor 4
(cckbn; 3) pro-inflammatory cytokines TNE-(TNFax) and cytokine IL-25(IL-25),
pattern recognition receptor Toll-like receptor(BLR4) and antimicrobial peptides
released by intestinal cellg-fefensinsandlactoferrin); 4) bitter taste receptors type 2
member 7, 16 ,38 and 39AS2R7, TAS2R16, TAS2R3®I TAS2R39%were performed
by quantitative PCR (gqPCR). The gPCR was performasithg gene codifying for
Ribosomal Protein Subunit RPS9 as a housekeeping gene, which was checked for
stability following Vandesompele et al. (2002) ongparison with genes codifying ¥
actin ACTB), ubiquitously expressed Transcript protdiiX{) and Glyceraldehyde 3-
phosphate dehydrogenasg@APDH). The gPCR conditions for each set of primers were
individually optimized Table 2, Chapter V). The specificity of the amplification was
evaluated by single band identification at the etg@ molecular weight in 0.8% DNA
agarose gels and a single peak in the melting cUive efficiency was calculated by
amplifying serial 1:10 dilutions of each gene ammgti. A standard curve of crossing point
(Cp) versus the logarithm of the concentration plaged to obtain the efficiency, which
was calculated using the formula£9¢ with an acceptable range of 1.8 to 2.2. A total
reaction volume of 2QL was used, containing 50 ng of cDNA, 1D of SYBR Premix
EXTaq (TIiRNAseH) (Takara, Frankfurt, Germany) anbe optimized primer

concentration for each genEkaple 2, Chapter 1V). The gPCR reactions were performed
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as follows: an initial denaturing step of 10 mirB&fC followed by 40 cycles of 10 s at
95°C, 15 s at optimized annealing temperature &hegene, 30 s at 72°C, and a final
extension of 10 min at 72°C. The resulting Cp valwere used to calculate the relative
expression of selected genes by relative quartiicausing a reference gene

(housekeeping gene) and a calibrator of contralg@faffl, 2004, Eq. [3.5]).

2.7. Calculations and statistical analyses

Only pen was considered the experimental unit amchas within pen were

considered sampling units in some parameters.

Concentrate efficiency data were transformed i@ to achieve a normal
distribution. The means presented in the tabledigaces correspond to non-transformed
data and, SEM and P-values correspond to the AN@wvalyses of the transformed data.
The percentage of each general activity was catediland the average by day, pen, and
scan obtained. Then, these data were transforntechatural logarithms to achieve a
normal distribution. The frequency of each socethdwior was calculated by summing
by day, pen, and scan, and transformed into thieafabe sum of each activity plus 1 to
achieve a normal distribution. The ANOVA analysiasaperformed with transformed

data, and the means shown in the tables corredpahéd back transformed data.

Unification of performance, animal behavior and @amtrate consumption data
averaged by pen and period were analyzed usingxadraiffects model (Version 9.2,
SAS Inst., Inc., Cary, NC). The model includediaiBBW as a covariate, treatment,
period (14-d period), and the interaction betweeatment and period, as fixed effects,
and the interaction between treatment and pen hed3tway interaction between
treatment, pen, and period as random effects. éPevas considered a repeated factor,
and for each analyzed variable, animal nested mvitin¢ interaction between treatment
and pen (the error term) was subjected to 3 vasi@owariance structures: compound
symmetry, autoregressive order one, and unstrutturee covariance structure that
yielded the smallest Schwarz’s Bayesian informatioterion was considered the most

desirable analysis.

In the case of rumen gene expression and VFA datawere considered the

experimental unit and animals as sampling unitd,data were analyzed using ANOVA
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where the model included treatment (as there wereepeated measures) as the main
effect. For categorical variables analyses (cardassification, rumen health parameters,

hepatic abscesses) a Chi-square-test was used.

Differences were declared significant at P < 0d1g trends were discussed at
0.05< P<0.10 for all models.

3. Results
3.1. Animal health

Two animals from the C treatment were removed leetbe study end due to
lameness problems. One animal from the BF treatmastalso removed due to chronic

respiratory problems.

Table 2 Performance and concentrate intake for growiragsphn Holstein bulls
fed high-concentrate diets supplemented with ciflaxsonoids.

Treatment P-valué
Item Control BF SEM T Time T xTime
Initial age, d 134.25 135.22 0.215 <0.001
Final age, d 246.16 247.22 0.689 0.32
Initial BW, kg 165.03 164.64 5.906 0.96
Eg']”a' BW (168 dofstudy). 55034 36027 1282 097
CV, % 8.65 9.37 0.773 054 <0001 0.34
ADG, kg/d 1.75 1.75 0.011 0.97 <.0001 0.58
CV, % 19.98 2215 0.934 0.11 0.0011 0.29
Concentrate DM intake
Mean, kg/d 6.83 6.60 0.143 0.26 <.0001 0.46
CV,% 10.53 11.29 0.700 0.45 0.0002 0.95
FCR, kg/kg 4.50 4.34 0.087 0.19 <.0001 0.22

1C = non-supplemented, BF = concentrate supplemanitbctitrus flavonoids.
2T = treatment effect; Time = time effect (periddld d); T x Time = treatment by time interactidfeet.

3.2. Intake, performance and carcass quality

No statistical differences were found in concesetriatake between treatments,
neither during the growing phasgaple 2) nor for the finishing phasd éble 3). Also
for the whole studyTable 4), no differences between treatments were obsenvthis
parameter. In the same way, estimated straw cornsumgdid not show statistical
differences during the growing phase (P = 0.957& 0.046 kg/d and 0.56 £ 0.046 kg/d
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for C and BF, respectively) nor for the finishinggse (P = 0.46) (0. 89 £ 0.074 kg/d and
0.97 £ 0.074 kg/d for C and BF, respectively) (datapresented). Throughout the study
straw consumption estimated were 0. 73 £ 0.080 tay/€ group and 0.77 £ 0.080 kg/d

for BF animals, and no statistical differences waoserved either (P = 0.74) (data not

presented).

Table 3. Performance and concentrate intake for finisipingse in Holstein bulls
fed high-concentrate diets supplemented with cilaxsnoids.

Treatment P-valué
ltem Control BF SEM T Time T xTime
Initial age, d 246.16 247.22 0.689 0.32
Final age, d 302.02 303.22 0.677 0.25
Initial BW, kg 360.34 360.27 1.212 0.97
Eg‘a' BW (168 dofstudy), 43534 43048 1.849 028
CV, % 7.04 8.24 0.308 0.01 0.82 0.76
ADG, kg/d 1.36 1.41 0.019 0.048 <.0001 0.35
CV, % 42.83 36.28 1.831 0.02 0.018 0.95
Concentrate DM intake
Mean, kg/d 7.96 7.91 0.193 0.86 0.022 0.39
CV, % 11.68 11.43 0.767 0.82 0.63 0.70
FCR, kg/kg 7.08 6.66 0.297 0.34 <.0001 <0.05

1C = non-supplemented, BF = concentrate supplemanitbctitrus flavonoids.
2T = treatment effect; Time = time effect (periddld d); T x Time = treatment by time interactidfeet.

During the growing phase the ADG was not affectettéatment. However, ADG
during the finishing phase was greater (P < 0.06BF bulls than for C bulls, and CV of
ADG was lesser (P < 0.05) for BF bulls comparechwdtbulls. Otherwise, CV of final
BW was greater (P = 0.01) for BF bulls than for @4 Concentrate FCR tended (P =
0.10) to be less for BF bulls than for C bullstet &nd of the 168 d of study, although
BW and concentrate intake were not affected bytriveat. Furthermore, CV of water
intake was greater (P < 0.05) for C bulls thanBBrbulls during the finishing phase. An
interaction between treatment and time was foundctimcentrate FCR (P < 0.05)
thorough the study and during the finishing phagbaut any clear pattern.

Carcass quality data are presente@idhle 5. At the slaughterhouse BW, dressing
percentage, carcass conformation and fatness fataisn were not affected by

treatment.
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Table 4. Performance and concentrate intake for the wétolgdy in Holstein bulls
fed high-concentrate diets supplemented with cilaxsnoids.

Treatment P-value¢
ltem Control BF SEM T Time T xTime
Initial age, d 134.25 135.22 0.215 <0.001
Final age, d 302.02 303.22 0.677 0.25
Initial BW, kg 165.03 164.64 5.906 0.96
Final BW (168 d of study), kg 436.34 439.48 1.849 0.28
CV, % 8.10 8.91 0.764 0.46 <.0001 0.34
ADG, kg/d 1.62 1.64 0.011 0.19 <.0001 0.57
CV, % 27.60 26.85 1.564 0.74 <.0001 0.61
Concentrate DM intake
Mean, kg/d 7.21 7.04 0.126 0.37 <.0001 0.51
CV, % 10.93 11.32 0.623 0.66 0.0002 0.97
FCR, kg/kg 5.36 5.11 0.108 0.10 <.0001 0.03

1C = non-supplemented, BF = concentrate supplemanitbctitrus flavonoids.
2T = treatment effect; Time = time effect (periddld d); T x Time = treatment by time interactidfeet.

Table 5. Carcass quality from Holstein bulls fed high-camtcate diets
supplemented with citrus flavonoids.

Treatment P-valué

Item C BF SEM T
Age before slaughter, d 313.38 314.75 0.916 0.29
Days in study, d 179.37 179.53 0.431 0.80
BW before slaughter, kg 450.39 452.62 3.154 0.62
Hot carcass weight, kg 237.60 239.92 2.019 0.42
Dressing percentage, % 52.80 53.07 0.326 0.56
Fatness, % -

1

2

3 100 100
Conformation, % 0.37

P 91.43 84.93

O 8.57 13.70

R 0 1.37

U

1C = non-supplemented, BF = concentrate supplemenitbctitrus flavonoids.
2T = treatment effect.
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3.3. Animal behavior

All data for animal behavior, general activitieglaactive behavior as well, are
showed inTable 6 andTable 7 for growing and finishing phase, respectively.

General activities. No statistical differences were found in the petaga of
animals per pen standing, lying, eating straw amaimating throughout the visual
observation period for the growing phase. The paage of animals eating concentrate
was greater (P < 0.01) for BF compared C bulls, thedoroportion of animals drinking
water tended (P < 0.10) to be greater as well ferbBlls than for C bulls during this
phase.

For the finishing phase, no differences were foumthe proportion of animals
per pen standing, lying, eating straw and drinkiveger during the visual observation
period. In this phase, the proportion of animals pen eating concentrate tended (P <
0.10) to be greater in BF bulls compared with Cdyudnd the proportion of animals
ruminating in BF group was also greater (P < Ot@ah for C bulls.

Active behavior. In the growing phase, during the visual scan otadiEm period,
the only parameter not affected by treatment wasstbcial behavior. Self-grooming
behavior was greater for BF compared with C baltg] C bulls exhibited more (P <0.01)
oral non-nutritive behaviors than BF bulls. BF buixhibited less (P < 0.01) agonistic
interactions than C bulls. Fighting, displacemeatiasing and chasing-up, and butting
behaviors were greater (P < 0.05) in C than in BlisbFlehmen behavior was greater (P
< 0.05) in C compared with BF bulls. Additionallgitempt to mount and complete
mounts tended (P < 0.10) to be greater in C thabuls.

During the finishing phase no differences betweeatinents were observed for
social and oral behaviors. Bulls from the C graemdied (P < 0.10) to perform more self-
grooming behaviors than BF bulls. Otherwise, ddferes among treatments in agonistic
and sexual behaviors became more evident; C xii$bited more agonistic and sexual

behaviors than BF bulls.
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Table 6. General activities (%) and social behavior (tifrfEs min) for growing
phase in Holstein bulls fed high-concentrate dsefgplemented with citrus flavonoids.

Item Treatmerit P-valueg
Control BF SEM®* T Time Tx Time

General Activity, %
Standing 55.64 58.8®M.100 0.60 <0.0001 0.99
Lying 44.36 41.150.115 0.58 <0.001  0.99
Eating concentrate 8.95 11.00.040 <0.0001 <0.0001 0.82
Eating straw 4.87 7.45 0.0590.35 0.188 0.44
Drinking 140 259 0.015 0.09 0.06 0.89
Ruminating 12.24 14.74.128 0.70 <0.01 0.86

Social behavior, /15 min
Selfgrooming 15.22 18.23.091 <0.01 <0.0001 <0.05
Social 461 597 0.181 0.14 <0.0001 0.99
Oral non-nutritive 141 0.88 0.078<0.01 0.177 0.78
Fighting 742 3.20 0.147<0.001 <0.001 0.91
Butting 419 1.61 0.091<0.0001 <0.0001 0.73
Displacement 1.69 1.09 0.03&0.001 <0.001 0.85
Chasing 0.84 0.30 0.063<0.05 0.140 0.70
Chasing up 0.16 0.02 0.027<0.05 0.103 0.22
Flehmen 3.03 2.00 0.148<0.05 <0.05 0.63
Attempt to mount 1.76 0.75 0.1010.09 <0.0001 0.31
Complete mounts 1.33 0.91 0.0980.09 <0.0001 0.31

1. C = non-supplemented, BF = concentrate suppl&denith citrus flavonoids.

2. T = treatment effect; Time = time effect (measnents every 14 d); T x Time = treatment by time

interaction.

3. SEM = standard error of the means of the logstfiarmed data (general activity) or root transfailme

data (social behavior).
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Table 7. General activities (%) and social behavior (tifrfs min) for finishing
phase in Holstein bulls fed high-concentrate dsefgplemented with citrus flavonoids.

Item Treatmerit P-valueg
Control BF SEM T Time T x Time

General Activity, %

Standing 63.46 64.1D.041 0.51 0.739 0.70
Lying 35.44 35.680.122 0.75 0.881 0.86
Eating concentrate 6.00 7.91 0.059.09 0.395 0.65
Eating straw 427 6.25 0.0680.24 0.072 0.69
Drinking 1.87 193 0. 0.87 0.203 0.85
Ruminating 7.33 12.68.049 <0.0001 0.194 0.99
Social behavior, /15 min

Selfgrooming 8.62 7.00 0.1220.08 0.480 0.80
Social 469 353 0.222 0.24 0.451 0.92
Oral non-nutritive 0.94 0.38 0.108 0.20 0.271 0.54
Fighting 10.34 3.53 0.2880.0001 <0.001 0.49
Butting 4.63 2.00 0.224<0.001 0.046 0.50
Displacement 0.78 0.28 0.08%0.001 0.143 0.91
Chasing 1.62 0.19 0.05%0.0001<0.0001 <0.05
Chasing up 0.13 0.03 0.0160.12 0.450 0.17
Flehmen 491 3.78 0.182 0.07 <0.01 0.86
Attempt to mount 8.01 2.32 0.3240.001 <0.0001 <0.05
Complete mounts 6.16 2.52 0.2520.001 <0.0001 0.20

1. C = non-supplemented, BF = concentrate suppledemith citrus flavonoids.

2. T = treatment effect; Time = time effect (mea&snents every 14 d); T x Time = treatment by time
interaction.

3. SEM = standard error of the means of the logsfiamed data (general activity) or root transfadme
data (social behavior).
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3.4. Macroscopic rumen evaluation and liver abscesses

At the slaughterhousd& éble 8), color of rumen wall was lighter (P < 0.05) for
BF bulls (63.01% classified as color < “3”) comphreith C bulls (45.71 classified as
color < “3”). Baldness areas presence in the rumere greater (P < 0.05) in BF bulls
(58.90%) than in C bulls (38.57%). No differencesAeen treatments were observed in
the remaining macroscopic parameters analyzedeaslfughterhouse (liver abscesses,

ulcers and clumped papillae).

Table 8 Macroscopical observations of the rumen and lateslaughterhouse of
Holstein bulls fed high-concentrate diets suppleie@mvith citrus flavonoids.

Treatment P-value
ltem C BF
Color of the rumeh <0.05
>3 54.29 36.99
<3 45.71 63.01
Papillae clumping 0.74
Yes 22.86 20.55
No 77.14 79.45
Baldness region <0.05
Yes 38.57 58.90
No 61.43 41.10
Liver abscess 0.51
None 87.14 83.56
A 4.29 2.74
A- 2.86 8.22
A+ 1.43 0
Inflammation 4.29 5.48

1C = non-supplemented, BF = concentrate supplemaenitactitrus flavonoids.
2T = treatment effect.

SAdapted from Gonzalez et al. (2001): Rumen colerwhite; 5 = black.
4Adapted from Nocek et al. (1984).
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3.5. Rumen VFA concentration at aughterhouse

Rumen VFA concentration data are presentedTable 9. Total VFA
concentration in the rumen was not affected bytitneat. The molar proportion of acetate
was greater (P < 0.001) in BF bulls compared withud's, whereas molar proportion of
propionate was greater (P < 0.001) for C bulls tfan BF bulls. Accordingly,
acetate:propionate ratio was greater (P < 0.001)n#® BF bulls than for C bulls. The
remaining of VFA analyzed (butyrate, valerate, igybate and isovalerate) were not

affected by the treatment.

Table 9.Rumen VFA concentration at slaughterhouse of Himldiells fed high-
concentrate diets supplemented with citrus flavds.oi

Treatment P-value
C BF SEM
Rumen
Total VFA,mM 75.6 67.2 4.76 0.22
Individual VFA, mol/100 mol
Acetate 58.8 66.4 1.12 <0.0001
Propionate 28.9 20.7 1.21 <0.0001
Isobutyrate 7.4 7.5 0.34 0.90
n-butyrate 1.2 15 1.13 0.11
IsoValerate 1.5 1.3 0.13 0.26
Valerate 2.1 2.5 0.24 0.22
Acetate:propionate, mol/mol 2.15 3.35 0.171 <0.0001

1C = non-supplemented, BF = concentrate supplemanitbctitrus flavonoids.
2T = treatment effect.

3.6. Expression of genesin the rumen epithelium

The relative expression at mRNA level of genesistlith the rumen epithelium
are presented iRigure 1. The supplementation with flavonoids affected élpression
of all the bitter taste receptor§AS2R analyzed. The relative expressionTAS2R?7,
TAS2R16, TAS2R38ndTAS2R38vere greater (P < 0.01) in the rumen of C compared
with BF bulls. The relative expression of receptoetated with the neurotransmitter
signaling differ among treatment. THar3 (P = 0.10) andfar2 (P < 0.01) were greater
expressed in this C bulls compared with BF bulisaddition, the relative expression for
ppyrlandcckbrwas greater (P < 0.01) as well for C bulls tharB6 bulls. Furthermore,
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the relative expression of the receptors relatetl thie inflammation likdL-25, TLR4

anddefensinwere greater (P < 0.05) for C bulls than for BHsul

4. Discussion

In this study, flavonoid supplementation tendednbprove feed efficiency of
bulls. Previously (Chapter Ill), a reduction in centrate intake explained by a numerical
decrease of meal size was found in bulls supplesdenith flavonoids fed with a single-
space feeder. Consequently, the hypothesis thatinigie-space feeder could have been
limiting the access to the concentrate was constjegspecially during the finishing
phase, when bulls possibly were not able to congienthie decrease of meal size by
increasing the number of visits to the feeder. &foe, in the current study, multiple-
space feeders were used and, during the finishivasgy bulls supplemented with
flavonoids did not exhibit a reduction of the comizate intake. Moreover, during this
phase, concentrate feeder occupancy tended toebeegfor BF animals. This supports
the hypothesis that these animals were able to ensgte meal size reduction by
increasing the number of visits to the feeder. Addally, in the present study BF bulls
showed higher ADG than C bulls during this finighiphase without an increase of
concentrate intake. Consequently, BF bulls wereemelfficient during this phase,
although concentrate efficiency improvement wasy andmerical. Smaller meal sizes
have been related to an improvement of feed effayién steers (Montanholi et al., 2010).
Then, assuming that bulls supplemented with flaidsymay have reduced the large meal
sizes (> 750 g/ meal) (Chapter lll), this could lekp the improvement in concentrate
efficiency during the finishing phase and the ggea&DG of these BF animals. In a
previous in vitro study Seradj et al. (2014) observed that BF deetkamethane
production which could explain the efficiency impement in BF supplemented bulls
observed in the present study. Another possiblehar@sm involved in the feed
efficiency improvement in beef animals describethim literature is based on the rumen
VFA profile. Greater propionate percentage andeleasetate:propionate ratio in rumen
fluid are related with better efficiency in ruminianvhen ionophore antibiotics are added
to the feed (Golder and Lean, 2016). Previouslihéstudy carried out by Balcells et al.
(2012), an increase in molar proportions of promacid in the rumen of cannulated
heifers supplemented with citrus flavonoids waseobsd. Propionic acid has been
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described as an important regulator of feed intakeuminants fed high starch diets
(Bradford and Allen, 2007). According to these t&suthe hypothesis that
supplementation with citrus flavonoids could rediaoge meal sizes in bulls due to an
increase in ruminal propionate production was psepo(Chapter Ill). However, the
results of the current study showed greater rumetampercentage of propionate at
slaughterhouse in C bulls than in animals suppleéetewith flavonoids. Furthermore,
rumen molar percentage of acetate was greater forbBlls and, consequently,
acetate:propionate ratio was lower for C bulls cared with bulls supplemented with
flavonoids. Sampling, in-farm or slaughter can etffeimen fluid VFA concentration and
profile (Lam et al.,, 2018). Rumen epithelium heatibuld affect VFA absorption.
Accordingly with previous results (Chapter 1ll), the present study the color of the
rumen wall was lighter for BF bulls, and this middg indicative of better rumen wall
health. As propionate is rapidly absorbed by sindidfesion in the timeframe of the meal
(Allen et al., 2009; Allen and Bradford, 2012), ghifor acetate absorption an active
transport is needed (Aschenbach et al., 2014) tterdeealth of the rumen epithelium
could explain that BF bulls showed lesser rumencentration of propionate content
compared with C animals. Although BF bulls had tgebaldness area in the rumen, and
this could translated with a reduced capacity cfogftion, this cannot be affirmed as
total absorption surface of the rumen was not nredsa the present study.

On the other handfar2 and ffar3 tended to be lesser expressed in the rumen
epithelium of BF compared with C bulls. These resswould be coherent with the
differences obtained in VFA profiles between BF &dulls, as both nutrient sensing
receptorsffar2 andffar3, are greater stimulated by propionate compared agétate in
bovine (Hudson et al., 2012; Friedrichs, 2015).héiligh their functions are not well
established in bovine, and further research is egetiese nutrient sensing receptors are
involved in the modulation of the release of selvgastrointestinal hormones (Mielenz,
2017), modulating eating pattern as well. Furtheamas discussed later in the behavior
effects of BF supplementation, the expressiofffarf3s could be related with serotonin
release (Evans et al., 2013). Serotonin is a mom@aneurotransmitter that is involved
in the regulation of learning, mood, sleep, anxiaty other psychiatry-related afflictions
and recently it has been studied as a signalinggeat® linking the brain and the gut
(Evans et al., 2013).
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Figure 1. Gene expression in rumen epithelium of Holstein bulls fed high-
concentrate diets with or without citrus flavonoids supplementation.
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TAS2RT7: Bitter taste receptor 7; TAS2R16: Bitter taste receptor 16; TAS2R38: Bitter taste receptor 38;
TAS2R39: Bitter taste receptor 39; FEAR2: Free fatty acid receptor 3 (gpr41); FFAR3: Free fatty acid
receptor 2 (gpr43); ADRA2C: Alpha 2-adrenergic receptors subtype C; PPYR1: Pancreatic polypeptide
receptor 1; CCKBR: Cholecystokinin receptor 4; CLDNA: Claudin4, IL-25: Interleukin-25; TLR4: Pattern
recognition receptors, like Toll-like receptor 4; TNFa: Tumor necrosis factor alpha; B-Def: Beta-defensin.

Moreover, taste receptors were initially discovered in taste buds located in the
tongue and different parts of the oral cavity. Recently, an important number of studies are
describing the presence of taste receptors for the basic tastes (sweet, bitter, umami, soar
and salty) throughout the body, including respiratory system and gastrointestinal tract
(Behrens and Meyerhof, 2011). This peripheral gustatory system would have the function
of tasting the luminal content of the digestive tract, and regulating nutrient transporters
expression, nutrients uptake, and also the release of gut hormones and neurotransmitters
involved in the regulation of the gastrointestinal function, feeding and satiety
(Depoortere, 2013). Bitter molecules trigger the release of mainly anorexigenic hormones
and peptides, such as ghrelin (orexigenic), cholecystokinin (cck), neuropeptide Y (npy),
and peptide YY (pyy) (Chen et al., 2006; Depoortere, 2013; Takai et al., 2016). This would
be a logical response, as bitter taste has been often related to the presence of toxins
(Favreau et al., 2010; Ginane et al., 2011), and 1s considered to have a negative value
(Favreau et al., 2010). Thus, the activation of an anorexigenic response in the digestive
tract would be an adaptive response to this taste. The TAS2R analyzed were chosen mainly
based on human literature. Human 7TAS2R39 agonists are dietary compounds and

flavonoids from many different plant sources (Roland et al., 2014), whereas TAS2R7 is
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activated by caffeine (Meyerhof et al., 2010; Poatel Tordof, 2017)TAS2R16is
activated mainly by similar molecules theAS2R39depending if they are glycosylated
or not (Meyerhof et al., 2010), afdAS2R3&gonists are natural molecules as well, and
this bitter taste receptor has been related tontneune system in humans (Meyerhof et
al., 2010; Ahmed et al., 2016). In the presentysttldvonoids supplementation reduced
the gene expression of dIAS2Ranalyzed in the rumen epitheliuMAS2R7TAS2R16
TAS2R38andTAS2R39)Although naringin has a characteristic bittetgag is rapidly
deglycosylated by enzymes to naringenin (Bustd.e2807), and rumen microflora is
able to degrade naringin to naringenin (Simpsai.ei969; Cheng et al., 1971) as well.
Contrary to naringin, naringenin acts as an impadrbgtter masking molecule (Jacob et
al., 2014). Roland et al. (2014) described how stlavanones act as actual antagonists
for humanTAS2R39reducing the receptor response possibly by athiesmechanism
acting over a single binding pocket of the bitesté receptor. Accordingly, our results
would agree with the function of naringenin as @#ebimasking molecule, acting as
antagonist for alTAS2Ranalyzed. This reduction in the gene expressiarA&2Rcould

be related with the greater time devoted to eativesl in BF bulls. Actually, our results
have also showed a clear decline in the gene esipreof receptors related with
neurotransmitters, axkbr (acts asck andgastrinreceptor; Silvente-Poirot and Wank,
1996)andppyrl(acts anpyandpyyreceptor; Larhammar, 1998) bulls supplemented
with flavonoids, that would be in concordance vitte reduction in the expression of the
TAS2Ranalyzed in the rumen epithelium of these aninf@sause of these taste receptors
are involved in the release of these anorexigeniteaules. Consequently, we can
hypothesize that supplementation with citrus flanide in bulls might modulate eating
pattern acting ovelTAS2R expressed in the rumen epithelium, and consequentl
modifying the release of hormones and bioactiveigep involved in hunger and satiety.
Therefore, some citrus flavonoids or their derigateght act as bitter masking molecules
in the rumen, and bulls supplemented with thes®flaids devoted more time to eat, and

this could be related to a decrease in agonissardal interactions.

Although reducing meal size and increasing occupanfcthe feeder at the same
time could be considered a contradiction, in fataringin supplemented in the
concentrate is a bitter molecule that would begering the release of anorexigenic
hormones and peptides, until is metabolized intonganin. Conversely, naringenin

would be acting as a bitter masking molecule, reduthe release of these anorexigenic

130



Chapter V Flavonoids and rumen gene expression and behavior

hormones and activating eating behavior. Howeveremesearch is needed to deeply
investigate the interrelationships between naringaringenin and how both flavonoids
act over the eating behavior in bulls. Moreoveg, ¢ffects of flavonoids or their derivates
on rumen fermentation may affect other nutrierkis 8imino acids or VFA that may affect

the receptors related with the nutrients sensinghargisms that alter eating pattern.

Flavonoid supplementation affected animal behavibus, it is important to have
in mind that nowadays animal welfare is consideasdimportant issue in animal
production systems, and in developed societiesetl®&ra growing concern about
wellbeing of farm animals. Consequenly, improvimgnaal welfare is a challenge that
intensive animal production systems will have toefan the coming years. Nutritive
strategies (Devant et al., 2016; Celi et al., 2017¢ use of different feed additives
(McGrath et al., 2018), and enriching the environtria the farms (Casal-Plana et al.,
2017) have been proposed as possible alternabvas¢liorate animal welfare. In beef
cattle, some animal behaviors, as aggressive atahon-nutritive behaviors, have been
described as indicators of poor welfare, frustrabnd discomfort (Gonyou et al., 1994;
Devant et al.,, 2016). Gut-brain axis has been mepas a communication network
between digestive system and brain, and may dfédwvior in humans and other animals
(Haagensen et al., 2014; Devant et al., 2016; Wite}., 2017). Beyond the mechanisms
described above related to the nutrient sensinghamsms, Devant et al. (2016)
suggested that the rumen could be involved intbgstalk between digestive system and
brain in beef cattle, indicating that animal aggres and sexual behaviors could be
modulated by this axis.

Previously, in bulls supplemented with the sameusiflavonoids used in this
study, a reduction of oral non-nutritive behavi@nsg aggressive and sexual interactions
were observed (Chapter Il and IV). In agreemerthwihese previous results, in the
present study BF bulls exhibited less oral nontiagr behaviors during the growing
phase. Licking objects with non-nutritional finglihas been described as an abnormal
oral behavior in cattle, and digestive dysfunctioas rumen lesions, low rumination
activity and low pH, have been proposed as poss#uses of this behavior (Bergeron et
al., 2006; Devant et al., 2016). Furthermore, eghesent study, ruminating activity was
greater in BF bulls during the finishing phase, amtien wall color was lighter for BF

bulls. Thus, it could be hypothesized that supplaateon with citrus flavonoids reduced
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oral non-nutritive behaviors modulating eating eattof bulls, and improving rumen
health.

As previously observed (Chapter Il and 1V), in gresent study all agonistic and
sexual interactions studied were reduced in BFsbedimpared with non-supplemented
animals throughout the study. Mechanisms whereyofioids supplementation may
reduce these agonistic and sexual behaviors amowrk Flavonoids supplementation
might modulate animal behavior through mechanismaslved in the gut-brain crosstalk.
Some of those mechanisms could be related withemiitsensing mechanisms (capacity
to sense and respond to nutrients) being here bitsée andfar receptors key players.
On the other hand, molecules regulating gastrdinidsnflammation and neuropeptides

could also have a relevant involvement in animalavér modulation.

In the present study, citrus flavonoids supplemeriahas clearly reduced the
gene expression of the proteins related with tHarimmation in the rumen epithelium of
the bulls such as cytokinke-25, TLR4 ands-defensinInflammation has been suggested
to play an important role in animal welfare (Haaggmet al., 2014; Wiley et al., 2017)
and behavior (Devant et al., 2016), possibly bygiiebrain axis crosstalk. Inflammation
could be involved in a decrease of serum serotomiicentrations, a neurotransmitter that
plays an important role within the gut-brain axasd has been associated with mood
modulation (Evans et al., 2013) and a reductioaggressive behaviors (Haagensen et
al., 2014). Additionally, selective serotonin reaks inhibitors (which increase
extracellular serotonin) have been related to ¢ibidduction and sexual problems in
humans (Balon, 2006). Cytokiné&-25 is produced by a variety of cells, including
immune and non-immune cells (epithelial and end@hend it can potentiate allergic
inflammation (Gu et al., 2013)LR4is involved in the recognition of endotoxin of gram
negative bacteria and LPS (Yunhe et al., 2013) pdags a fundamental role in pathogen
recognition and activation of innate immunity (Lt &., 2008).B-defensinis an
antimicrobial peptide, and have modulatory effeots innate and adaptive immune
processes in mammals (Yang et al., 2001 and 200}k, in our study, citrus flavonoids
supplementation reduced the gene expression of ihBammation-related molecules,
and this could be leading to a reduction in inflagony response and inflammation in
the rumen epithelium. Furthermore, naringenin caddas a potent antioxidant and its
anti-inflammatory effects has been deeply descr{dahchope et al., 2017). According
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to the previous results (Chapter Il and V), i thresent study aggressive and sexual
interactions in bulls supplemented with citrus @iagids were reduced, and rumen gene
expression data would support that the reductioth@frumen inflammation could be a

key player in this response.

Finally, as mentioned before when analyzing eaimgjanimal (social and sexual)
behaviors one should have in mind that they coalthterrelated. Qaisrarni et al. (2012)
described that some nutritional strategies, focumedncreasing time devoted to eat,
reduced aggressive and abnormal behaviors of themadm In this case, bulls
supplemented with flavonoids dedicated more timedb concentrate or ruminating
during the visual scan procedure. Thus, we coutdeject the hypothesis that animals
devoting more time to feeding events had less tim@erform other behaviors, as

aggressive and sexual interactions.

5. Conclusions

In conclusion, concentrate intake regulation (tohegote to eat) together with the
inflammation and other gut-brain crosstalk mechasisn the rumen epithelium might
be involved in the improvement of animal behaviod avelfare along with efficiency of

bulls supplemented with citrus flavonoids fed higincentrate diets.
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CHAPTER VI

Citrus aurantium flavonoid extract in high-fat finishing diets improves
animal behavior, rumen health and modifies the genexpression in

rumen and duodenum epithelium of Holstein bulls

DRAFT

143



Chapter VI Flavonoids and gene expression and high-fat coratent

ABSTRACT

One hundred fourty-six bulls (178.2 + 6.64 kg BWI&%6.0 = 0.60 d of age)
were randomly allocated to one of 8 pens and asdigo control (C) or (BF)Qitrus
aurantium Bioflavex CA, Interquim S.L., Spain, 0.4 kg pemtof concentrate of
Bioflavex CA, 24% naringin). Each pen had one demlone separate five-space straw
feeder, and one separate three-space feeder wiaskeaoancentrate rich in corn, barley,
DDG and wheat was offered. At the finishing phageto 350 kg of BW, fat content of
the concentrate was increased from 58 to 84 g/kgldyNhcreasing palm oil inclusion
rate. Concentrate intake was recorded daily, andaB@animal behavior by visual scan,
fortnightly. Animals were slaughtered after 168 dtody (12 periods of 14 d), HCW and
carcass quality were recorded, and rumen and duodezpithelium samples were
collected. Final BW (440.3 + 9.95 kg), overall centrate intake (6.4 £+ 0.15 kg/d) and
overall concentrate FCR (4.13 + 0.117 kg/kg) westaifected by treatment. However,
in the growing phase concentrate intake were gréBt0.05) for C bulls (6.1 + 0.12
kg/d) compared with BF bulls (5.8 + 0.12 kg/d). Dgr the visual scan procedure,
percentage of animals eating concentrate and rdimgnavere greater (P < 0.05)
throughout the study in BF compared with C bullseveas during the growing phase
percentage of bulls eating straw was also gre&et (0.01) in BF than in C bulls. At
slaughterhouse, ruminal pH was greater (P < 09 BH bulls compared with C bulls,
whilst total VFA content was greater (P < 0.01)Gnthan in BF bulls. The molar
proportion of acetate was greater (P < 0.01) incBfpared with C bulls. In contrast,
molar proportion of propionate was greater (P <lp.for C than for BF bulls, so
acetate:propionate ratio was greater (P < 0.08Frbulls as well. Oral non-nutritive
behaviors, agonistic interactions (fighting, bugtiand chasing) and flehmen were greater
(P < 0.01) exhibited in C than in BF bulls. Attemghtmounts were greater (P = 0.01)
performed by C compared with BF bulls during thevgng phase, whereas sexual
behaviors (attempted and complete mounts) in thghing phase tended (P < 0.10) to be
also greater performed in C than in BF bulls. iithmen epithelium, gene expression of
bitter taste receptor,bitter taste receptor 1,@andbitter taste receptor 3@as greater (P
< 0.05) in BF compared with C bulls, as well asegerpression dfee fatty acid receptor
2, free fatty acid receptor 3;2-adrenergic receptor subtype C, pancreatic polyioep
receptor 1 cholecystokinin receptor 4, cytokine IL;25%oll-like receptor-4and f-

defensin Gene expression dflaudin4 tended (P < 0.10) to be greater in rumen
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epithelium of C compared with BF bulls. Conversely,duodenum epithelium the
majority of these genes were less (P < 0.05) esgprksn BF than in C bulls. In
conclusion, citrus flavonoids supplementation redliconcentrate intake in bulls during
the growing phase. Additionally, citrus flavonoigsiuced oral non-nutritive behaviors,
agonistic interactions and sexual behaviors througthe study. Ruminal pH and rumen
wall parameters macroscopically analyzed at slargbtise suggested better rumen
health in BF than in C bulls. Moreover, flavonoighplementation differently modified
the gene expression in the rumen and duodenumeépith when high-fat concentrate

was fed, and this could be related with eatinggpatand animal behavior regulation.

Keywords: bulls, flavonoids, performance, behavior, rumdtammation, bitter

taste receptors.
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1. Introduction

Citrus fruits contain a wide range of flavonoids. Thedavdnoids are
polyphenols, a category of phytochemicals plentyiofogical activities, such as anti-
inflammatory, antioxidant, and antimicrobial propes (Harborne and Williams, 2000).
In previous research carried out with an extramnfbitter orange(itrus aurantium rich
in naringin (Bioflavex CA, Interquim, S.A., Spaimjitrus flavonoids supplementation
modified the eating pattern of Holstein bulls faghiconcentrate diets throughout the
fattening period, and reduced the large meal geeformed by the animals during the
finishing phase (Chapter Ill). Furthermore, bullgopglemented with citrus flavonoids
devoted more time to eat concentrate, straw antbrpeed more ruminating activity
during the finishing phase (Chapter lIll, IV and \Woreover, when the concentrate was
fed in meal form, although final BW and concentraieake were not affected by
treatment, feed conversion ratio tended to impnovrills supplemented with these citrus
flavonoids (Chapter V). Additionally, flavonoids mplementation reduced the gene
expression of all the bitter taste receptdraR2R studied in ruminal epithelium when
concentrate was fed in meal form (Chapter V) batthe contrary, the gene expression
of some of these genes was increased when conigewiza fed in pellet form (Chapter
IV). The expression of these different genes coodd related to gut-brain axis
mechanisms (Chapter 1V, V). Consequently, nutrgarising and other gut-brain
crosstalk mechanisms in the rumen wall might belved in the modulation of animal
eating pattern and behavior along with the impromeimof efficiency in bulls

supplemented with citrus flavonoids fed high-coricae diets in meal form.

Different nutritional strategies allow to modulagating pattern and intake in
cattle, as increasing fat content in the feed (Hehs et al., 1982; Devant et al., 2013;
Marti et al., 2014). Furthermore, an increase ooblconcentration of cholecystokinin
(cck and pancreatic polypeptided) has been related to the reduction in feed intake
associated with high fat levels in the diet of cq®koi and Palmquist, 1996). Actually,
pp is considered a member of thpy family, composed neuropeptide Mpf), peptide
YY (pyy) andpp, acting all of them upon the same family of recepnpyr (Larhammarr,
1996; Michel et al., 1998). Bulls supplemented Mlélronoids in concentrate fed in meal
form have showed a decline in the gene expressioreagptors related with these
neurotransmitters and hormones,ca&br (acts ascck and gastrin receptor; Silvente-
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Poirot and Wank, 1996) amgpyrl (Chapter V). In commercial conditions, high fagtdi
have been used to modulate feed intake and redheceneal size in cattle after the
prohibition of ionophore antibiotics (monensin)&Eorope, mainly to control bloat and
rumen acidosis problems. Thus, effects observezhitle when high fat diets are used
might be similar than these observed when conderttiess been supplemented with citrus
flavonoids in our studies, also reducing meal aiz@é concentrate intake. Additionally, in
both cases (fat and flavonoids), metabolic pathwayslving cck and npy family are
likely playing a key role. Consequently, the poksixistence of an interaction between
fat level and citrus flavonoid supplementation ighiconcentrate diets should be studied

under commercial conditions in beef cattle.

Finally, oral non-nutritive behaviors, agonistitaractions (fighting, butting, and
chasing) and sexual behaviors (flehmen, attempted complete mounts) were also
reduced in bulls supplemented with flavonoids, petelently of the feeder space and the
concentrate presentation (pellet or meal) (ChajptelV and V). Our previous studies
showed that flavonoid supplementation modulatecettpression of some genes related
to the gut-brain axis in the rumen of bulls, althuhese results have been affected by
presentation form of the concentrate, pellet (Cér@p) or meal (Chapter V). Thus, high-
fat concentrate could be also affecting the exppassf these genes when citrus
flavonoids are supplemented.

Thus, the present study was designed to evaluateftacts of citrus flavonoid
supplementation on concentrate consumption, grorate, concentrate efficiency,
macroscopic rumen wall health, carcass charaateyistnd animal behavior in Holstein
bulls fed high-fat concentrate diets in commerciahditions. Furthermore, the present
study also aimed to investigate deeper how citaxohoid supplementation of high fat
concentrate diets could affect the expression ehes@enes involved in gut-brain
crosstalk mechanisms in the rumen and duodenunmedipitn, such as bitter taste

receptors and inflammation regulators.
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2. Materials and methods
2.1. Animals, feeding, housing, and experimental design

This study was conducted in accordance with theniSpaguidelines for
experimental animal protection (Royal Decree 53&0flFebruary ¥ on the protection
of animals used for experimentation or other sdienpurposes; Boletin Oficial del
Estado, 2013). One hundred fourty-four Holsteind(164.8 + 5.91 kg of BW and 135
+ 7.2 d of age) were fattened under commercial itmmd in a farm (Granja I'Alsina,
L’Alsina, Lleida). The whole study lasted 168 ddamas divided into growing (0 to 112
d) and finishing (113 to 168 d) phase. Animals waralomly allocated in one of eight 8
pens, and assigned to one of the two treatmenperfd per treatment and 18 animals/
pen), either control (C) or supplemented (BF) Witd4 % of bitter orange extra@ifrus
aurantium of the whole fruit rich in naringin (>20%) (BiefVex CA, Interquim, S.A.,
Barcelona, Spain). Bioflavex was incorporated thievconcentrate during the concentrate
manufacturing. Concentrates were manufactured &@®00 kg master-batch, of which
4,500 kg were C, and the other 4,500 kg BF. Eaditiinent concentrate was transported
to the farm with the same truck, and stored into thifferent silos under the same

conditions.

Pens were totally covered (12 m x 6 m) and werg-deelded with straw and
equipped with a three-space feeder (1.50 m lef@gdi®, m width, 1.50 m height, and 0.35
m depth). The feeder of each pen weighed the ctratercontinuously as described by
Verdu et al. (2017), and these data were recom@adltulate concentrate consumption
by pen. Pens were also equipped with one drink80(th length, 0.30 m width, 0.18 m
depth). Straw was offered libitumin a separated straw five-space feeder (3.60 gilien
1.10 m wide, and 0.32 m depth), and every timexd veplaced it was recorded to estimate
the total straw consumption. As straw was also tigetiedding, these data are only an

estimation.

2.2. Feed consumption and performance

Animals were fed a commercial concentrate in meahf formulated to cover
their nutritional requirements (FEDNA, 2008). Tirstf112 d of the study, animals were
fed a grower concentrate formula, and between 1@ te end of the study, animals
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were fed a finisher concentrate. Ingredients andritrmnal composition of the
concentrates are showedTiable 1. Throughout the study, animals hedllibitumaccess

to wheat straw (3.5 % CP, 1.6 % ether extract, 8 RDF, and 6.1 % ash; DM basis)
and fresh water.

Table 1 Ingredients and nutrient composition of the feedcentrates.

ltem Growing Finishing?

Ingredient, g/ kg
Corn grain meal 399.7 436.9
Barley grain meal 179.8 150.2
DDGs 179.8 150.2
Wheat 109.7 109.8
Beet pulp 73.9 80.0
Palm oll 20.0 45.0
Calcium carbonate 15.5 12.8
Urea 8.0 4.0
Sodium bicarbonate 5.0 4.0
Dicalcium phosphate 3.6 3.1
Vitamin premix 3.0 2.0
Salt 2.0 2.0

Nutrient
ME, Mcal/kg DM 3.21 3.29
CP, g/ kg DM 157 136
Ether extractg/ kg DM 58 84
Ash, g/ kg DM 56 46
NFD, g/ kg DM 178 169
NFC, g/ kg DM 551 565

Lfrom O to 112 days of the study.
2from 113 days to the end of the study.

Animals were weighed individually every 14 d thrbogt the study in 12
experimental periods of 14 d. As already mentioweding the 8 first periods (from 1 d
to 112 d) the animals consumed the growing conantind during the last 4 periods
(from 113 d to 168 d) and during the days befoeugihter animals consumed the
finishing concentrate (sekable 1). After 168 d of study bulls were transported to the
slaughterhouse (Escorxador del Grup Alimentari &ns, Guissona, Spain), located 15

km from the farm. Animals were slaughtered in tweeks, 4 pens per week, two pens
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from C and two from BF bulls each week. The timatwg before slaughter was less
than 6 h. Animals were weighed before loading. Tiveye slaughtered by commercial
practices and following the EU Regulation 1099/26@9he protection of animals at the

time of killing or slaughtering.

2.3. Animal behavior

A visual scan procedure at days 7, 23, 39, 4978490, 106, 122, 137, and 147
of the study was performed to study the generaliic{standing, lying, eating, drinking,
and ruminating) and social behavior (nonagonisigmnistic, and sexual interactions) of
the animals in every pen. Social behavior actisitiecorded are describedTable 2,
Chapter Il .

General activities recorded were: consumption (wdreanimal had its head into
the feeder and was engaged in chewing) of condentaad straw, drinking (when an
animal had its mouth in the water bowl), ruminat{mgluding regurgitation, mastication
and swallowing of the bolus). Also, postures such standing or lying (sternal
recumbence with all legs folded under the body withhead down or up) were recorded.
The visual observation was made for 2 pens atahreegime from 8:00 to 10:30 h am, as
described by Verdu et al. (2015). General actisitieere scored using 3 scan samplings
of 10 s at 5 min intervals, and social behavior wwasred during three continuous
sampling periods of 5 min. This scanning procedofrel5 min was repeated twice
consecutively in each pen, starting randomly inff@ént pen every scanning day. This
method describes a behavior exhibited by an ananal fixed time interval (Colgan,
1978).

2.4. Carcass quality

After slaughtering, HCW was registered for everyraal. Dressing percentage
was calculated by dividing HCW by BW recorded befetaughtering. And, following
the (S)EUROP categories described by the EU Ragnl&o. 1208/81 and 1026/91,
conformation of carcasses was classified, where ¢&'tesponded to an excellent
conformation, "U" to very good conformation, "R" ¢gmod conformation, "O" to fair

conformation, and "P" to a poor conformation. Taecbover was classified according the
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EU Regulation No. 1208/81, which utilizes a clasaiion system by numbers, 1.2.3.4.5,
where 5 explains a very high degree of coveringuia heavy fat deposits in the thoracic
cavity, and 1 is classified as low degree, witifatacover.

2.5. Rumen and liver macroscopic evaluation and sample collection

Rumen and liver of every animal were macroscopica@Valuated at the
slaughterhouse. Rumens were classified dependirtgeonolor by a visual evaluation,
from 1 to 5, being "5" a black colored rumen antid vhite colored rumen (Gonzalez et
al., 2001). They were also divided into areas atingrto Lesmeister et al. (2004) to
examine the presence of ulcers, baldness regiadspfaclumped papillae (Nocek et al.,
1984). Liver abscesses were classified accordiigyaavn et al. (1975).

Additionally, a liquid sample frontumen was obtained from homogeneous
contents strained with a cheeseclfstthim 18 animals randomly selected from two pens
per treatment, immediately following slaughter. I6aing the procedures of Jouany
(1982), 4 mL of ruminal fluid was mixed with 1 mE@solution containing 0.2% (wt/wt)
mercuric chloride, 2% (wt/wt) orthophosphoric acihd 2 mg/mL of 4-methylvaleric
acid (internal standard) in distilled water, andretl at -20°C until subsequent VFA
analysis. Also, a 1-cm2 section of rumen wall (kfte of the cranial ventral sac) and
duodenum epithelium were sampled. Ruminal papitba@ the rumen wall section was
excised, and both ruminal papillae and duodenuthejpim samples were rinsed 2 times
with chilled PBS after sampling and immediatelyubated in RNA-later (Invitrogen,
Madrid, Spain) to preserve the RNA integrity. Afst hours of incubation with RNA
later at 4 °C, the liquid was removed and tissus fn@en at -80 °C until further RNA

extraction and subsequent gene expression analysis.

2.6. Biological and chemical analyses

During the study, samples of concentrate were ci@teat d 0, 42, 84, 126, and
168 d. and analyzed for DM (method 925.04; AOA@RNash (method 642.05; AOAC,
2005), CP by the Kjeldahl method (method 988.05;A80 2005), ADF and NDF
according to Van Soest et al. (1991) using sodiulfites and alpha-amylase, and EE by
Soxhlet with a previous acid hydrolysis (method .820 AOAC, 2005).
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Naringin was determined for every sample of coneg¢at(C and BF) as a
Bioflavex CA marker for BF group, and was used amaker confirming adequate
inclusion of citrus flavonoid extract in the didétg Laboratory of Interquim S.A. Internal
method for naringin quantification using HLPC degd by Interquim S.A. was used
(Paniagua et al., 2018).

Ruminal VFA concentration was determined with aisapillary column (15 m
x 0.53 mm ID, 0.5 pum film thickness, TRB-FFAP, Tekroma, Barcelona, Spain)
composed of 100% polyethylene glycol (PEG) estatifivith nitroterephtalic acid,
bonded and crosslinked phase (method number; 55BBIA-AWWA-WPCF, 2005),
using a CP-3800-GC (Varian, Inc., Walnut Creek, CA)

For gene expression analyses, total RNA was egglaftom ruminal and
duodenum epithelium homogenizing tissues in Tr{kolitrogen) by Polytron Instrument
(IKA, Germany). Isolated mMRNA was reverse transamlibto cDNA using a PrimeScript
RT Reagent Kit (Takara, Frankfurt, Germany) follogithe manufacturer’s instructions.
The RNA purity was assessed by a NanoDrop instrufiérermoFisher, Madrid, Spain)
at 260, 280, and 230 nm. The quantification ofetkgression of genes at the mRNA level
coding for 1) the tight-junction protein Claudi(@LDN4) 2) the production, expression,
and turnover of neurotransmitters: free fatty a@deptor 2 ffr2) and free fatty acid
receptor 31fr3), pancreatic polypeptide receptordpyrl) actual name neuropeptide Y
receptor Y4 hpy4d), and a2-adrenergic receptor subtype &l(a2qg, cholecystokinin
receptor 4¢ckbr); 3) pro-inflammatory cytokines TN&{TNFa) and cytokine IL-25IL-
25), pattern recognition receptor Toll-like receptofT4R4)and antimicrobial peptides
released by intestinal cellg-fefensinsandlactoferrin); 4) bitter taste receptors type 2
member 7, 16 ,38 and 3UAS2R7, TAS2R16, TAS2R3®I TAS2R39were performed
by quantitative PCR (gPCR). The gPCR was performasihg gene codifying for
Ribosomal Protein Subunit RPS9 as a housekeeping gene, which was checked for
stability following Vandesompele et al. (2002) ongparison with genes codifying ¥
actin ACTB), ubiquitously expressed Transcript protdiiX{) and Glyceraldehyde 3-
phosphate dehydrogenasg@APDH). The gPCR conditions for each set of primers were
individually optimized Table 2, Chapter V). The specificity of the amplification was
evaluated by single band identification at the etge molecular weight in 0.8% DNA

agarose gels and a single peak in the melting cUiwe efficiency was calculated by
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amplifying serial 1:10 dilutions of each gene ammgt. A standard curve of crossing point
(Cp) versus the logarithm of the concentration platted to obtain the efficiency, which
was calculated using the formula£9¢ with an acceptable range of 1.8 to 2.2. A total
reaction volume of 2QL was used, containing 50 ng of cDNA, 1D of SYBR Premix
EXTaq (TIiRNAseH) (Takara, Frankfurt, Germany) arlde optimized primer
concentration for each genEgaple 2, Chapter 1V). The gPCR reactions were performed
as follows: an initial denaturing step of 10 mirB&fC followed by 40 cycles of 10 s at
95°C, 15 s at optimized annealing temperature d@hegene, 30 s at 72°C, and a final
extension of 10 min at 72°C. The resulting Cp valwere used to calculate the relative
expression of selected genes by relative quarniicausing a reference gene
(housekeeping gene) and a calibrator of contrag®faffl, 2004, Eq. [3.5]).

2.7. Calculations and statistical analyses

Only pen was considered the experimental unit amchas within pen were

considered sampling units in some parameters.

Concentrate efficiencyata were transformed into log to achieve a normal
distribution. The means presented in the tabledignces correspond to non-transformed
data and, SEM and P-values correspond to the AN@walyses of the transformed data.
The percentage of each general activity was cakil@nd the average by day, pen, and
scan obtained. Then, these data were transforntechatural logarithms to achieve a
normal distribution. The frequency of each socethdvior was calculated by summing
by day, pen, and scan, and transformed into thieafadbe sum of each activity plus 1 to
achieve a normal distribution. The ANOVA analysiasaperformed with transformed

data, and the means shown in the tables corredpahé back transformed data.

Unification of performance, animal behavior and aamtrate consumption data
averaged by pen and period were analyzed usingkedraiffects model (Version 9.2,
SAS Inst., Inc., Cary, NC). The model includediaiBW as a covariate, treatment,
period (14-d period), and the interaction betweaeatment and period, as fixed effects,
and the interaction between treatment and pen hed3tway interaction between
treatment, pen, and period as random effects. éPevas considered a repeated factor,

and for each analyzed variable, animal nested wiie interaction between treatment
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and pen (the error term) was subjected to 3 vasi@mowariance structures: compound
symmetry, autoregressive order one, and unstrutturee covariance structure that
yielded the smallest Schwarz’s Bayesian informatioterion was considered the most

desirable analysis.

In the case of rumen gene expression data wersforamed into log to achieve a
normal distribution. The means presented in theréig correspond to non-transformed
data and, SEM and P-values correspond to the AN@Vvalyses of the transformed data.
Pen were considered the experimental unit and dsiasasampling units, and data were
analyzed using ANOVA where the model included tresatt (as there were no repeated
measures) as the main effect. For VFA data, alsonsre considered the experimental
unit and animals as sampling units, and data weatyaed using ANOVA where the
model included treatment (as there were no repeatabures) as the main effect. For
categorical variables analyses (carcass classdficatumen health parameters, hepatic

abscesses) a Chi-square-test was used.

Differences were declared significant at P < 0&4] trends were discussed at
0.05< P<0.10 for all models.

3. Results
3.1. Animal health

Two animals did not finish the study, one from €tment due to enterotoxaemia

and one form BF treatment due to chronic respiygtooblems.

3.2. Intake, performance and carcass quality

During the growing phasd éble 2) concentrate intake was greater (P < 0.05) for
C bulls than for BF bulls, whilst this differencdsappeared for the finishing phase
(Table 3). Furthermore, no statistical differences betweeatments were found for this
parameter when analyzing the whole stubigiile 3). Moreover, the estimation for straw
consumption did not show statistical differencesveen treatments during the growing
phase (P = 0.48), being 0.54 + 0.021 kg/d for Asbahd 0.52 + 0.021 kg/d for BF
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animals, and neither for the finishing phase (P.21)) when straw intake was 1.02 +
0.132 kg/d and 0.76 + 0.132 kg/d for C and BF hu#spectively.

Table 2 Performance and concentrate intake for growiragsphn Holstein bulls
fed high-concentrate diets supplemented with cilaxsonoids.

Treatment P-value?
ltem Control BF SEM T Time TxTime
Initial age, d 14487 147.17 0.601 <0.05
Final age, d 256.87 259.23 0.667 <0.05
Initial BW, kg 178.17 178.13 6.638 0.99
Final BW (112 d of 349.24 349.86 9.270 0.96
study), kg
CV, % 7.96 8.14 0.753 0.87
ADG, kg/d
Mean, kg/d 1.53 1.53 0.017 0.84 <.0001 0.11
CV, % 23.88 2566 0.834 0.14 0.36 0.66
Concentrate DM intake
Mean, kg/d 6.09 576 0.116 <0.05 <.0001 0.70
CV, % 14.49 15.23 0.935 0.58 <0.001 0.80
FCR, kg/kg 3.98 3.77 0.096 0.13 <.0001 0.26

1C = non-supplemented, BF = concentrate supplemaritbctitrus flavonoids at 0.04%.
2T = treatment effect; Time = time effect (periddld d); T x Time = treatment by time interactidfeet.

Table 3. Performance and concentrate intake for finisipingse in Holstein bulls
fed high-concentrate diets supplemented with ciflaxsonoids.

Treatment P-value?
Item Control BF SEM T Time T X
Time
Initial age, d 256.87 259.23 0.667 <0.05
Final age, d 312.87 315.07 0.620 0.05
Initial BW, kg 349.24 349.86 9.270 0.96
Eé”a' BW (168 dof study) 439 65 44095 0.953 0.93
CV, % 8.01 8.13 0.558 0.89
ADG, kg/d
Mean, kg/d 1.62 1.63 0.034 0.81 0.35 0.27
CV, % 32.45 28.74 2.012 0.21 0.35 0.95
Concentrate DM intake
Mean, kg/d 7.46 7.32 0.194 0.62 <.0001 0.50
CV, % 13.05 17.04 1.668 0.11 0.01 0.99
FCR, kg/kg 4.68 4.60 0.196 0.80 0.17 0.34

1C = non-supplemented, BF = concentrate supplemaeritbctitrus flavonoids at 0.04%.
2T = treatment effect; Time = time effect (periddld d); T x Time = treatment by time interactidfeet.
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On the other hand, ADG, final BW and FCR, were affécted by treatment
neither during the growing phaséaple 2) nor during the finishing phas@dble 3).
Accordingly, these performance parameters alsondidshow statistical differences

throughout the study between treatmemtb(e 4).

Table 4. Performance and concentrate intake for the wétoldy in Holstein bulls
fed high-concentrate diets supplemented with cileaxsnoids.

Treatment P-value

ltem Control BF SEM T Time TxTime
Initial age, d 144.87 147.17 0.601 <0.05
Final age, d 312.87 315.07 0.620 <0.05
Initial BW, kg 178.17 178.13 6.638 0.99
Final BW (168 d 0 43965 44095 9953 093
study), kg

CV, % 8.01 8.13 0.558 0.89
ADG, kg/d

Mean, kg/d 1.56 1.56 0.018 0.98 <.0001 0.21

CV, % 26.75 26.69 0.850 0.96 <0.01 0.62
Concentrate DM intak

Mean, kg/d 6.55 6.28 0.147 0.20 <.0001 0.63

CV, % 14.01 15.83 1.097 0.24 <.0001 0.71
FCR, kg/kg 4.21 4.05 0.117 0.32 <.0001 0.42

1C = non-supplemented, BF = concentrate supplemaritbctitrus flavonoids at 0.04%.
2T = treatment effect; Time = time effect (periddld d); T x Time = treatment by time interaction
effect.

Table 5. Carcass quality from Holstein bulls fed high-coricate diets
supplemented with citrus flavonoids.

Treatment P-valué

Item C BF SEM T
Age before slaughter, d 331.4 333.5 0.74 <0.05
Days in study, d 186.5 186.4 0.43 0.95
BW before slaughter, kg 460.7 460.7 3.44 0.99
Hot carcass weight, kg 243.8 244.2 2.07 0.91
Dressing percentage, % 52.9 53.0 0.26 0.81
Fatness, % 0.15

1

2 30.1 41.7

3 69.9 58.3
Conformation, % 0.76

P 65.8 68.1

O 32.9 29.2

R 1.4 2.8

U

1C = non-supplemented, BF = concentrate supplemaeritbctitrus flavonoids at 0.04%.
2T = treatment effect.
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At the slaughterhouse BW, dressing percentageassuaonformation and fatness

classification were not affected by treatmeérslfle 5).

3.3. Animal behavior

All data for animal behavior, including both gerexetivities and active behavior,

are showed ifable 6for growing phase ant@iable 7for finishing phase.

General activities. No statistical differences were found in the petaga of
animals per pen standing, lying, and drinking wal@ing the visual observation period
for the growing phase. Otherwise, the percentagenohals eating concentrate, eating
straw and ruminating were greater (P < 0.05) forcBfmpared with C bulls.

During the finishing phase, again no differencesnduthe visual observation
period were found in the proportion of animals pen standing, lying, and drinking
water, but neither for animals eating straw. Ongairg in this phase the proportion of
animals eating concentrate and ruminating weregré@ < .0001) in BF bulls compared
with C bulls.

Active behavior. In the growing phase, during the visual scan otadEm period,
self-grooming and social behavior were not affettgtreatment. On the other hand, oral
non-nutritive behaviors were greater (P <.000tgomed by C compared with BF bulls,
as well as all agonistic behaviors (fighting, agti chasing and chasing-up) except
displacement were also greater (P < 0.05) exhilmyedC bulls than BF bulls. Regarding
sexual behaviors, flehmen and attempt to mount we¥ater (P = 0.01) in C compared

with BF bulls, although complete mounts were né&céed by treatment.

During the finishing phase no differences betweeatinents were observed for
social behavior, whilst bulls from the BF groupfpemed (P < 0.05) more self-grooming
than C bulls. Additionally, C bulls continued pearfong greater (P < .0001) oral non-
nutritive behaviors than BF bulls during this phasgain, differences among treatments
in agonistic behaviors were found for this phasghting, butting, and displacement were
greater (P < .0001) exhibited by C bulls comparét ®F bulls, and also C bulls tended
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(P < 0.10) to show more chasing and chasing upvi@isathan BF animals. In regard to
sexual behaviors, C bulls performed greater (PO®1). flehmen behaviors, and tended
(P < 0.10) to perform greater attempted and corapteiunts compared with BF bulls.

Table 6. General activities (%) and social behavior (tifrfEs min) for growing
phase in Holstein bulls fed high-concentrate dsefgplemented with citrus flavonoids.

Item Treatmerit P-valueg
Control BF SEM? T Time T x Time

General Activity, %

Standing 75.02 74.64 0.031 0.84 <.0001 0.35
Lying 24.98 25.36 0.099 0.64 <.0001 0.31
Eating concentrate 8.80 11.99 0.058 <.0001 <.0001 0.45
Eating straw 9.96 14.30 0.062 <0.01 <0.05 0.95
Drinking 1.81 1.89 0.003 0.80 0.95 0.68
Ruminating 8.62 1348 0.092 005 <005 0.38
Social behavior, /15 min

Selfgrooming 21.81 24.14 1.075 0.13  <.0001 0.97
Social 283 261 0667 064 <0.05 0.87
Oral non-nutritive 255 059 0.210 <.0001 <0.05 0.49
Fighting 8.02 3.83 0917 <.0001<0.001 0.86
Butting 319 086 0.110 <.00010.0001 0.12
Displacement 1.17 0.66 0.411 012 <0.001 <0.10
Chasing 0.95 0.06 0.267 <0.001 0.98 0.89
Chasing up 0.22 0.05 0.111 <0.05 0.44 0.62
Flehmen 1.89 1.30 0.146 0.01  <.0001 0.49
Attempt to mount 1.97 0.36 0.622 0.01 0.35 0.58

Complete mounts 316 188 0935 0.14 <0.05 0.71

1C = non-supplemented, BF = concentrate supplemaeritbctitrus flavonoids at 0.04%.

2T = treatment effect; Time = time effect (measuretaeevery 14 d); T x Time = treatment by time
interaction.

3 SEM = standard error of the means of the log-faansed data (general activity) or root transforndeda
(social behavior).
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Table 7. General activities (%) and social behavior (tifrfs min) for finishing
phase in Holstein bulls fed high-concentrate dsefgplemented with citrus flavonoids.

ltem Treatmerit P-values

Control BF SEM? T Time T x Time
General Activity, %
Standing 62.66 60.90 0.075 0.68  <.0001 0.78
Lying 37.34 39.10 0.106 0.71 <0.001 0.84
Eating concentrate 556 9.81 0.035 <.0001 0.77 0.96
Eating straw 587 9.89  0.152 0.13 0.48 0.76
Drinking 145 1.68  0.006 0.46 0.41 0.85
Ruminating 9.72 1597 0.126 <0001 <0001 0.17
Social behavior, /15 min
Selfgrooming 11.75 1525 1.127  <0.05 0.01 0.68
Social 4.04 5.63 0.848 0.32  <.0001 <0.10
Oral non-nutritive 329 092 0282 <0001 0.79 0.92
Fighting 10.46 453 0.803 <.0001 <.0001 0.49
Butting 550 0.92 0.664 <.0001 <0.05 0.15
Displacement 1.71 0.17 0315 <.0001 0.96 0.84
Chasing 061 0.00 0.294 0.10 0.13 0.13
Chasing up 0.08 0.00 0.046 <0.10 0.11 0.11
Flehmen 442 208 0.464 <0.001 <0.10 0.85
Attempt to mount 224 058 0.756  <0.10 0.13 0.53
Complete mounts 292 1.25 0.130 <0.10 <0.01 0.50

1C = non-supplemented, BF = concentrate supplemaritbctitrus flavonoids at 0.04%.

2T = treatment effect; Time = time effect (measuretaeevery 14 d); T x Time = treatment by time
interaction.

3 SEM = standard error of the means of the log-fanged data (general activity) or root transforndeda
(social behavior).

3.4. Macroscopic rumen evaluation and liver abscesses

Results of the macroscopic evaluation at the skangbuse of rumen and liver
are showed imable 8. The color of rumen wall was lighter (P < 0.01) ®F bulls
(72.22% classified as color < “3”) compared withb@lls (46.58 classified as color <
“3"). Papillae clumping in the rumen also tended<{M®.10) to be greater in C bulls
(16.44%) compared with BF bulls (6.94%). No diffezes among treatments were found
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for the remaining macroscopic parameters analyztiteaslaughterhouse (liver abscesses

and baldness areas).

Table 8 Macroscopical observations of the rumen and lateslaughterhouse of
Holstein bulls fed high-concentrate diets suppleie@mvith citrus flavonoids.

Treatment P-value
ltem C BF
Color of the rumeh <0.01
1 9.59 22.22
2 36.99 50.00
3 53.42 26.39
4 - 1.39
Papillae clumping <0.10
Yes 16.44 6.94
No 83.56 93.06
Baldness region 0.28
Yes 39.73 48.61
No 60.27 51.39
Liver abscess 0.40
None 79.45 79.17
A 6.85 8.33
A- 8.22 4.17
A+ 1.37 -
Inflammation 2.74 8.33

1C = non-supplemented, BF = concentrate supplemenitbctitrus flavonoids at 0.04%.
2T = treatment effect.

SAdapted from Gonzalez et al. (2001): Rumen colerwhite; 5 = black.

4Adapted from Nocek et al. (1984).

3.5. Rumen pH and VFA concentration at slaughterhouse

The data of ruminal liquid parameters analyzedpsresented irmmable 9. Total
VFA concentration and pH in the rumen were bote@#d by treatment. Thus, pH was
greater (P < 0.01) in BF than in C bulls, and cosely total VFA concentration was
greater (P < 0.01) for C bulls compared with BHsulrhe molar proportion of acetate
was also affected by treatment, being greater (P0%) in BF bulls compared with C

bulls, whereas molar proportion of propionate wasater (P < 0.01) for C bulls than for
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BF bulls. Furthermore, butyrate molar proportiorsvaéso greater (P = 0.05) in BF than
in C bulls. The remaining of VFA analyzed (valerasobutyrate and isovalerate) were
not affected by the treatment. Accordingly to atetnd propionate molar proportions,

acetate:propionate ratio was greater (P < 0.05h®BF bulls than for C bulls.

Table 9.Rumen VFA concentration at slaughterhouse of Himldiells fed high-
concentrate diets supplemented with citrus flavds.0i

Treatment P-value
C BF SEM
Rumen
pH 6.06 6.57 0.122 <0.01
Total VFA,mM 131.3 96.1 7.62 <0.01
Individual VFA, mol/100 mol
Acetate 53.6 58.9 1.34 <0.01
Propionate 35.9 29.8 1.56 <0.01
Isobutyrate 0.8 0.9 0.09 0.72
n-butyrate 6.6 7.2 0.24 0.05
IsoValerate 1.7 1.7 0.24 0.90
Valerate 15 1.6 0.09 0.33
Acetate:propionate, mol/mol 1.6 2.1 0.12 <0.05

1C = non-supplemented, BF = concentrate supplemenitbctitrus flavonoids at 0.04%.
2T = treatment effect.

3.6. Expression of genesin the rumen and duodenum epithelium

The data of the relative gene expression at mRNAIl e the rumen epithelium
are presented iRigure 1. The supplementation with flavonoids affected eékpression
of all the TAS2Ranalyzed exceptAS2R38The relative gene expression PAS2R7,
TAS2R16and TAS2R39vas greater (P < 0.01) in the rumen of BF compavigd C
bulls. The relative gene expression of all recept@lated with the neurotransmitter
signaling studiedffar3 andffar2, adrac2¢ ppyrlandcckbr) was greater (P < 0.05) in BF
bulls compared with C bulls. Furthermore, the retaggene expression of some receptors
related with the inflammation like cytokinle-25, TLR4 andg-defensinwas also greater
(P < 0.05) for BF bulls than for C bulls.

Regarding the relative expression at mRNA levelgehes studied in the
duodenum epithelium, data are presenteBigure 2. Again, the supplementation with

flavonoids affected the gene expression of all TA&S2Ranalyzed exceptAS2R38
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Contrary to the results in rumen epithelium, indeloum the relative gene expression of
TAS2R7, TAS2R16ndTAS2R39vas greater (P < 0.001) in C bulls compared with B
bulls. The relative gene expression of some recgptated with the neurotransmitter
signaling also differ among treatments. The retagene expression féfar2, ppyrland
cckbr was greater (P < 0.01) for C than for BF bulls.diidnally, the relative gene
expression of the receptors related with the inffeation such a#l -25, TLR4 andp-
defensinwas again greater (P < 0.05) for C bulls than fBriills, contrary to rumen

epithelium results.

4. Discussion

Citrus flavonoid supplementation has clearly reducencentrate intake in bulls
during the growing phase, although the remain perémce parameters analyzed have
not been affected throughout the study. Moreovéembulls were supplemented with
citrus flavonoids they spent more time eating cotrege than C bulls, but also devoted
more time to eat straw and to perform ruminatingvaies during the scan visual
procedure for the growing phase. In all our presistudies (Chapter IlI, IV and V), bulls
supplemented with citrus flavonoids have devotedentione to eat concentrate during
the growing phase but, with the exception of on&gt(Chapter IV), a decrease in
concentrate intake has been mainly observed. Mé&rharwhereby this eating regulation
occur have been discussed previously (ChaptdWIAnd V): i) increasing propionic acid
production, and reducing acetate:propionate ratioghe ruminal liquid, affecting the
eating pattern of bulls (Chapter Il and V); ii) difying the gene expression of bitter
taste receptorsTAS2R and anorexigenic peptides and hormones in rumpéheiium
(Chapter 1V, V).

In the present study, the fat content was incredsedg the finishing phase. As
previously mentioned, supplementing fat is commasigd to increase energy density in
finishing diets of fattening bulls (Krehbiel et,£2006; Hess et al., 2008). However, high-
fat diets modify eating pattern in cattle, and dapenting fat above 6% to 7% may
reduce feed intake (Krehbiel et al., 2006; Devaral.e 2013). Furthermore, the type of
fat and the degree of saturation of this fat cdecafthe extent of reduction in the feed
intake of supplemented diets (Relling and Reynol2807). Additionally, satiety
hormones such as cholecystokineck) and pancreatic polypeptidgn) have been
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associated with the reduction in feed intake relatehigh fat levels in cows (Choi and
Palmquist, 1996; Relling and Reynolds, 2007). Rnesly, citrus flavonoid
supplementation decreased the gene expressicekbfandppyrlin rumen epithelium
when concentrate was fed in meal form (ChapterTig release of these anorexigenic
hormones, such axk neuropeptide Ynpy), and peptide YY(yy), are triggered by the
activation ofTAS2R(Chen et al., 2006; Depoortere, 2013; Takai et2811,6). Thus, it
was expected that citrus flavonoid would decrehsegene expression ®AS2Rwhen
added to high-fat finishing concentrate in the prestudy, triggering the decreasetia
gene expression afckbr and ppyrl in rumen epithelium (as observed in Chapter V).
However, completely contraty to expected, wherusiffavonoids were supplemented to
high-fat (palm oil) concentrate the relative gerpression of almost allAS2Ranalyzed

in the rumen epithelium of bulls sharply increased.

These results raises different questions, bein§rdteone why high-fat (palm oil)
concentrate resulted in the opposite effect inetkgression of the genes analyzed in the
rumen epithelium when citrus flavonoid were supmated. One explanation could be
that fats, and especially oils (in this study palinwas used), exert negative effects on
ruminal microflora growth, particularly affectingrqiozoa and fibrolytic bacteria
(Enjalbert et al., 2017). Naringin, a bitter tagtiglycosylated flavanone, is rapidly
deglycosylated to naringenin by rumen microfloran@on et al., 1969; Cheng et al.,
1971), and naringenin acts as an important biteskimg molecule (Jacob et al., 2014).
Cheng et al. (1969), found that strains of rumiBailtyrvibrio spp hydrolyzed the
glycosidic bond, metabolizing naringin to naringemn rumen. Interestingly, recent
research has showed tl&aityrbibrio spp growth is clearly inhibited by the presence of
oils and fats at low concentrations (Enjalbert let 2017). Consequently, it might be
hypothesized that high-fat diets might interferglgeosylation of naringin to naringenin
by rumen bacteria @utyrvibrio spp. Thus, that would help to explain the highemey
expression oT AS2Rin ruminal epithelium of bulls supplemented wittries flavonoids.

Probably due to this increase in the gene expnessid AS2R the production,
expression, and turnover of the anorexigenic neamsmitters’ receptors studied were
also greater expressed in bulls supplemented withscflavonoids. The differences in
the expression of different genes would supporeaeahse feed intake. First of all, as
previously mentioned, activation ®AS2Rriggers the release of anorexigenic molecules
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ascckandpyy(Damak, 2016; La Sala et al., 2013; Takay eRall6), and also fatty acids
are been related with an increasetk andpp in ruminants (Choi and Palmquist, 1996;
Relling and Reynolds, 2007). Secondly, in this gtude gene expression afirac2rin
rumen epithelium of BF bulls was greatly increased] this receptor induces a reduction
in forestomach contractions (Meylan et al., 20048t tcould lead to a reduction in
concentrate intake reducing the passage of rungoatent to the abomasum and
intestines. Finally, specific nutrient-sensing r@oes for fats, theffar, have been
described throughout the digestive tract of diffie@nimal species (Mielenz, 201&garl
(GPRA40, activated by long and medium chain fatty acfte;2 (GPR43, activated by
short chain fatty aciddfar3 (GPR41), also activated by short chain fatty acids; and,
finally, ffar4 (GPR120, activated specifically by long chain fatty aciddl theseffar are
found in enteroendocrine cells, and are respondibtethe secretion of different
anorexigenic molecules such glscagon-like peptide-{GLP-1), ppy andcck (Damak,
2016; Mielenz, 2016). Our results showed an ina@afar2 andffar3 gene expression
in bulls supplemented with citrus flavonoids, whi\FA analyzed at slaughterhouse
clearly exhibited a reduction in total VFA concetion in BF bulls, and a reduction in
molar proportions of propionate as well. Receneaesh has demonstrated interactions
between bitter and lipid sensing (La Sala et &13), so it could be hypothesized that
citrus flavonoids supplementation to bulls fed highdiets might increase the gene
expression offar 2 andffar3 due to an interaction among bitter and fat nutrg@msing

pathways.

Actually, bitter taste and fat seems to be botkemeinant pathways playing a key
role in satiety mechanisms in the animals, butdifferent reasons. In fact, bitter taste
could be considered as one of the main sensorysief@echanisms in animals to avoid
the ingestion of toxic substances, so it make setragehe activation oFAS2Rhroughout
the digestive tract triggers the activation of @xagenic molecules and pathways sending
signals to the brain to stop eating. On the othedhfats are the nutrients with the highest
energy value, triggering also important cues tobtvates satiety. Indeed, both bitter taste
and fats reduce meal size in bulls (Krehbiel et28l06; Devant et al., 2013; Chapter IlI).
Consequently, supplementing citrus flavonoids tdisbied high-fat diets could have
exacerbated the release of anorexigenic hormomeaptides, explaining the results
observed in the gene expression in the rumen dijpitne
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Figure 1. Gene expression in rumen epithelium of Holstein bulls fed high-
concentrate diets with or without citrus flavonoids supplementation.
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TAS2RT7: Bitter taste receptor 7; TAS2R16: Bitter taste receptor 16; TAS2R38: Bitter taste receptor 38;
TAS2R309: Bitter taste receptor 39; FFAR2: Free fatty acid receptor 3 (gpr41); FFAR3: Free fatty acid
receptor 2 (gpr43); ADRA2C: Alpha 2-adrenergic receptors subtype C; PPYRL1: Pancreatic polypeptide
receptor 1; CCKBR: Cholecystokinin receptor 4; CLDN4.: Claudin4, IL-25: Interleukin-25; TLR4: Pattern
recognition receptors, like Toll-like receptor 4; TNFa: Tumor necrosis factor alpha; B-Def: Beta-defensin.
The values presented herein correspond to back-transformed means; however, SEM correspond to the
ANOVA analyses using log-transformed data.

The second main question would be why if relative expression in the rumen
epithelium of genes related with eating pattern was so different among treatments (Figure
1) during the finishing phase no differences in feed intake (amount) among treatments
were observed. May be the answer could be related with the gene expression in duodenum
that was reduced for almost all nutrient-sensing receptors studied in bulls supplemented
with citrus flavonoids compared with C bulls, including 7AS2R and anorexigenic
receptors (such as ffar2, cckbr, adra2c¢ and ppyrl) (Figure 2). Surprisingly, these results
would be in agreement with the results observed in rumen epithelium of our previous
study (Chapter V), when the concentrate was not supplemented with large quantity of fat
(palm o1l). But these results would imply that naringin should have been deglycosylated
to naringenin just before arriving or at arriving to the duodenum, acting in this part of the
intestine as a bitter masking molecule and blocking the TAS2R, along with the
anorexigenic molecules released by these receptors. Certainly, these changes in gene

expression observed in duodenum epithelium might be also affecting feeding behavior of
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these bulls, along with differences observed inenrepithelium. In fact, during the

finishing phase, when high-fat concentrate was &gdjn BF bulls devoted more time to
eat concentrate and also to perform greater rummaictivities during the visual scan

procedure. Actually, all these mechanisms have besaribed as important part of the
gut-brain axis network regulating eating patterramimals, but much more research is
needed to properly describe the importance of ihestive tract site (rumen, intestine),
if these effects are additive across the diffepants of the digestive tract, and how they
might be modulating feeding behavior, hunger antgan bulls.

As previously mentioned, citrus flavonoid suppletaéon clearly decreased total
VFA in ruminal liquid at slaughterhouse, and ine@& ruminal pH. Also acetate molar
proportion was increased reducing propionate, stage propionate ratio was higher for
BF bulls. Conversely, the gene expressioffaR andffar3 was higher for BF bulls, as
formerly discussed. Previous research carried @it ¢itrus flavonoids also showed an
improvement in ruminal pH due to a ruminal microlomodulation, but the
concentration of ruminal propionate was higher wheitrus flavonoids were
supplemented (Balcells et al., 2012). These diffees could be explained because of: i)
the extract of citrus flavonoids and dose suppldstemwere different; ii) sampling the
ruminal liquid in-farm or at the slaughterhouse a#fect ruminal VFA concentration and
profile (Lam et al., 2018); and iii) also the hitdt-concentrate fed in this study could
have affected VFA production in the rumen. Thisagee ruminal pH along with lower
VFA concentration could explain that macroscopimen wall parameters studied at the
slaughterhouse were greater in BF bulls. Rumenewddir was lighter and baldness area
were reduced in bulls supplemented with citrusdtands, and that might be indicative

of better ruminal health.

In agreement with our previous research (ChapteiMland V), citrus flavonoids
supplementation modulated animal behavior, redu@re non-nutritive behaviors,
aggressive and sexual interactions. In beef cattta] non-nutritive behavior and
aggressive interactions are indicators of poor avelfand stress (Gonyou et al., 1994;
Bergeron et al., 2006). Thus, oral non-nutritivédagor has been related with digestive
dysfunctions, as low pH, ruminal lesions or evethwhe impossibility of performing
natural eating behaviors as rumination in beele@Bergeron et al., 2006). Our results
have showed an improvement in macroscopical rumwvadll parameters as lighter color
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and lower presence of baldness areas, along with an increase in ruminal pH when bulls
were supplemented with citrus flavonoids. Additionally, BF bulls also performed greater
ruminating activity during the visual scan procedure. Therefore, in this study citrus
flavonoids might have reduced oral non-nutritive behaviors by improving ruminal health,

increasing ruminal pH and rumination activities.

Figure 2. Gene expression in duodenum of Holstein bulls fed high-concentrate
diets with or without citrus flavonoids supplementation.
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TAS2RT7: Bitter taste receptor 7; TAS2R16: Bitter taste receptor 16; TAS2R38: Bitter taste receptor 38;
TAS2R39: Bitter taste receptor 39; FFAR2: Free fatty acid receptor 3 (gpr41); FFAR3: Free fatty acid
receptor 2 (gpr43); ADRA2C: Alpha 2-adrenergic receptors subtype C; PPYR1: Pancreatic polypeptide
receptor 1; CCKBR: Cholecystokinin receptor 4; CLDNA: Claudin4, IL-25: Interleukin-25; TLRA: Pattern
recognition receptors, like Toll-like receptor 4; TNFa: Tumor necrosis factor alpha; B-Def: Beta-defensin.
The values presented herein correspond to back-transformed means; however, SEM correspond to the
ANOVA analyses using log-transformed data.

In the present study citrus flavonoids supplementation reduced all agonistic and
sexual interactions. Inflammation, neuropeptides but also nutrient sensing mechanisms
such as TAS2R and ffar have been proposed for this animal behavior modulation by citrus
flavonoids supplementation through the gut-brain axis cross-talk mechanisms (Chapter
IV and V). In our previous study carried out with concentrate in meal form (Chapter V),
citrus flavonoids supplementation clearly reduced the gene expression of some
proinflammatory molecules in the rumen epithelium (/L-25, TLR4, and f-defensin),
whilst some of them increased when concentrate was fed in pellet form (Chapter IV).

Surprisingly, the gene expression of these proinflammatory molecules (/L-25, TLR4, and
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p-defensii in the rumen epithelium were clearly greater esped in BF bulls in the
present study. Fatty acid excess has been relatiethilammation through the activation
of TLR-4 which is also involved in innate immune respoiasel triggers the secretion of
proinflammatory cytokines (Yunhe et al., 2013; Yaimta et al., 2018). Additionally, the
gene expression in the rumen of IheS2Ranalyzed was also higher in BF bulls, and
these receptors also play important roles in themume response (Ahmed et al., 2016).
Consequently, this increase in proinflammatory rogles in the rumen epithelium when
citrus flavonoids were supplemented in bulls feghHiat diets would be result 3/AS2R
gene expression increase, but also high-fat lelv#Heoconcentrate would be triggering
this proinflammatory response. On the other hah& g¢gene expression of these
proinflammatory molecules in the duodenum epitheliaf BF bulls was reduced, as
observed in the rumen epithelium of our previouslgt(Chapter V). These results were
also in agreement with the reduction of the nutrigensing receptors studied in the
duodenum epithelium of BF bulls, suchTasS2Rffar2, adra2¢g ppyrl, andcckbr. Thus,

as previously discussed, maybe naringin is degiyjated to naringenin just before or at
arriving to the duodenum, exerting its effects iebmasking molecule and as a potent
antioxidant. Consequently, with the present resoftgene expression in rumen and
duodenum epithelium, and also considering our pressresults (Chapter IV and V), itis
difficult to conclude the gut-brain axis mechaniswitsereby citrus flavonoids might be

modulating animal behavior.

As in our previous studies (Chapter Ill, IV and ¥pgting pattern modulation
observed in bulls when supplemented with citrusdifeids could be leading to a
reduction of aggressive and abnormal behaviorsmbseasing time devoted to feeding

events, as eating concentrate, straw and rumination

In summary, animal and eating behavior results wkyeer to previous studies
(Chapter 1ll, IV and V). However, when bulls weredf high-fat (palm oil) diets
supplemented with citrus flavonoid, the gene expoeswas the opposite in the rumen
epithelium than observed in mash diets without iaghevels (Chapter V). Additionally,
the gene expression of duodenum epithelium waslain® observed in ruminal
epithelium when mash diets without high-fat lewekse fed to Holstein bulls (Chapter
V).
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5. Conclusions

In conclusion, during the growing phase citrus dlawids reduced concentrate
intake in bulls fed high-concentrate in meal foitoreover, citrus flavonoids reduced
oral non-nutritive behaviors, agonistic interacioand sexual behaviors in bulls,
potentially improving animal welfare. The macrosicap study of the rumen wall
suggested that rumen health was better when citavenoids were added to the
concentrate, also improving ruminal pH. Moreovelavénoid supplementation
differently modified the expression of genes intlimen and duodenum epithelium that

could be related with eating pattern and animabken regulation.
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Chapter VII General discussion

The discussion of the present work has been stedtin four parts. The first part
is focused on the practical implications of suppeatmg citrus flavonoids in fattening
bulls under commercial conditions to improve pdfitity, based on the results of the
four studies performed (Chapter Ill, IV, V, and VBecondly, some hypothesis of
possible nutrient-sensing mechanisms involved@mntiodulation of the eating pattern in
bulls supplemented with citrus flavonoids are dssadl. In the third part, the elaboration
of different hypothesis of how citrus flavonoidsutbbe modulating animal behavior are
discussed, analyzing jointly the results of allrfetudies. Finally, brief comments and
personal thoughts about future research on guibeaiis, nutrient sensing and

chemosensory transduction in cattle are suggested.

1. PRACTICAL IMPLICATIONS OF THE RESULTS

1.1. Practical overview of the results

From the beginning, one of the most important dbjes of this thesis was to
evaluate the practical application of citrus flavmis extracted fronCitrus aurantiumin
beef cattle raised in typical commercial conditiam®ur intensive production system.
That's the main reason why studies were carriedvatit Holstein bulls in adapted
commercial farms that allowed the record of anigraivth and concentrate intake. In the
Mediterranean countries, due to weather conditibmgge availability is scarce and
expensive as well, so our intensive beef produdigsiems are mainly based on the use
of high-concentrate feedstuffs rich in cerealspgsnostly straw from different cereals
as a fiber source. Thus, feeding concentrate @agsicial role in the productive cost,
and reducing concentrate intake without impairirgdpictivity is an interesting challenge
to improve efficiency and also economic profits.

To facilitate this discussioifable 1shows a summary of the performance results
to analyze the practical implications. As the iti@m is to perform an analysis from a
practical point of view, this table contains nuroaliresults, and not all of them have
been statistically different compared with the cohtit is always quite difficult to obtain
statistical differences in performance paramegasically, Holstein bulls are considered
a by-product of dairy cattle production, and ansrele collected from different origins,
from different farms and even from different cougdr So the high degree of genetic
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variability existing within bulls fattened underetlsame conditions, which affects their
genetic traits for performance and productivity kesquite difficult to obtain statistical
differences when working with these animals. In pgastric species or dairy cattle the
animal variability is not so great. Numerical difaces can give us some interesting data
from the economical point of view although they slddoe interpreted with caution.

In this Table 1, results have been divided in three main blocksdafa:
performance, animal behavior and carcass resultshérmore, productive phases have
been considered as well: growing, finishing, and faltening period. Green color
indicates considered as positive results of theplsmpentation with citrus flavonoids
compared with non-supplemented bulls within theesénmal, whereas red color indicates
completely the opposite (considered as negativecestfin bulls when citrus flavonoids
are supplemented). Orange color indicates thatnbt clearly interpreted as positive or
negative effect.

Regarding performance parameters, in general tis¢ coasistent effect observed
with citrus flavonoids supplementation is the rddwcin concentrate intake in three of
the four trials performed (excepting for the tj@rformed with pellet in a multi-space
feeder) mainly during the growing period. In fadhe only negative effect of
supplementing citrus flavonoids in bulls was obsdrwhen the single-space feeder was
used to study the eating pattern (Chapter Ill)uogtg the final BW of the animals and,
as discussed in Chapter IV, this could be dueddithitation of feeder occupancy. In the
studies performed using the concentrate in meah f@Chapter V and VI), animals
reduced their concentrate intake without impaitimgr performance, so these bulls were
more efficient when supplemented with citrus flasois although FCR was not
statiscally different. Additionally, citrus flavoras supplementation did not affect HCW
at the slaughterhouse in any study. Although fassification of the carcass in the study
carried out using concentrate in pellet form wasistically affected, it is quite difficult
to assess if this result is positive or negativkiiog at the numbers.
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Table 1. Summary of a practical overview of the results of the different studies.

Single- Pellets Meal Meal High-
Phase Parameter feeder Chabter IV Chabter V fat
Chapter Il P P Chapter VI
Performance!
BW = — = -
Growing | Intake 12.3% = | 3.4% 154%
phase ADG = = = =
FCR = = 13.5% 1 53%
BW — = -
Finishing [ Intake 1 2.6% = = =
phase ADG = = = =
FCR = = 159% =
BW = = =
All fattening | Intake 125 - 12.4% 1 4.1%
period ADG = = = =
FCR = = | 4.4% | 3.8%
Behavior?
General behavior, percentage
. Eating concentrate 1 1 1
Growing Eating straw =
phase .g - 1 — — 1
Ruminating = 1 = 1
Eating concentrate
Finishing - & 1 1 I I
Eating straw 1 = = =
phase —=—
Ruminating = 1 i 1
Eating concentrate
All fattening X g 1 1 1 1
. Eating straw 1 = = 0
period ——
Ruminating = 1 i 1
Active behavior, number of events in 15 min
Oral non-nutritive =
Growing A - L L L
phase ggressive 1 1 1 !
Sexual = = l l
Oral non-nutritive =
Finishing A - L L L
phase ggressive | l l l
Sexual l 1 l l
Oral non-nutritive
All fattening A - L L L L
period ggressive 1 1 1 !
Sexual l 1 l l
Carcass
HCW = = = -
Fat classification = 29 = =

! highlighted in bold: statistical differences between treatments within the same study.Highlighted in bold and italics:
statistical tendency. between treatments within the same study. Percentages considered when numerical differences
were > 2% (unless for statistical differences).

2 Only statistical differences are considered.
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Probably the most consistent and unfluctuatingltesumong studies is observed
in the animal behavior, in activities related te #mating pattern and also in the active
behavior studied. In regard to eating pattern, osistudies performed and during the
different productive phases, bulls supplementet flatvonoids devoted more time to eat
concentrate. On the other hand, eating straw am¢hating activities varied between the
different studies, basically between the singlecepl@eder study (Chapter 1ll) and the
rest (Chapter IV, V and VI). When the single-spBmaler was used, bulls supplemented
with flavonoids devoted more time to eat straw tmam-supplemented bulls. In the
remaining studies (performed with a multi-spacedé&¥® bulls supplemented with
flavonoids dedicated more time to rumination ateg compared with control bulls, but
time devoted to eat straw was not different betwgrenps. In the case of the multi-space
feeders bulls supplemented with flavonoids devateale time to eat concentrate,
although their concentrate intake was lesser coaapaith non-supplemented bulls and
the percentage of animals eating straw did noeditf between treatments. The single-
feeder may have been limiting the access to coratenteed and animals would have

redirected their activity to eat straw as discuseedhapter V.

Citrus flavonoids supplementation in bulls reduceal non-nutritive behavior,
aggressive and sexual interactions. This respoasendependent of the study, the feeder
space or the concentrate presentation (pellet aal)nm composition, indicating a

consistent improvement in well-being of bulls sgmpénted with citrus flavonoids.

On the other hand, when talking about feed additivieis always required to
evaluate the economic return of their addition dose it supposes an extra cost. Thus, a
brief and simple evaluation of supplementing ciftagonoids in the concentrate of bulls
is showed inrable 2 Animal behavior has not been taken into accautttis evaluation.

As feed concentrate and citrus flavonoids prices \ariable, this table shows kg of
concentrate save per bull when citrus flavonoideevgepplemented. Thus, depending on
economical circumstances citrus flavonoids supplgat®n would be more or less

economically interesting.

These numbers are been calculated per bull, anthéofour studies performed.
Based in these results, the supplementation withscilavonoids would be economically
viable when feeding the concentrate in meal forepethding on market prices for
concentrate and, obviously, for the citrus flavaisoi Conversely, only based on
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performance parameters and economic profits, adding citrus flavonoids to the concentrate
in pellet form would suppose an extra cost, using both the single-space feeder or multi-

space feeder.

Table 2. Study of the economic viability of using citrus flavonoids in commercial

farms.
Single Meal
Parameter feecg!er iy Meal High-fat
Chapter Il Chapter IV | Chapter V Chapter VI
. Days 112 112 112 112
G’z"‘""g Intake/ day (g) 3150 J 40 3223 4330
phase Concentrate, kg J16.8 J4.5 J 25 437
| pays 56 56 56 56
F'":h'“g Intake/ day (g) 3200 3 130 3 50 3 140
== Concentrate, kg J11.2 J7.3 J2.8 J7.8
sTt‘:t:; Concentrate, kg J28 4118 J27.8 | Jaas

1.2. Practical recommendations for the use of citrus flavonoids in fattening bulls fed

high-concentrate diets

As previously mentioned, at the beginning of this work one important objective
was to develop a commercial application for citrus flavonoids extracted from Citrus
aurantium 1n beef cattle produced under intensive production conditions, so basically fed
high-concentrate diets rich in cereals and straw as fiber source. Thus, based on previous
research carried out with citrus flavonoids (Balcells et al., 2012; Serad; et al., 2014), the
first study performed (Chapter III) had the aim of studying the possible effects of
supplementing citrus flavonoids over eating pattern, productive parameters and animal
behavior in bulls. To accomplish this objective, the study was conducted in a commercial
farm adapted with a single-space feeder per pen designed to register individually the
eating pattern of every bull. After that, the second study (Chapter IV) was carried out in
a commercial farm using multi-space feeders, and concentrate was fed in pellet form like
in the first study. So here the aim was to evaluate if the space feeder would have been
limiting the performance in bulls supplemented with citrus flavonoids when a single-
space feeder was used. Following this, the third study (Chapter V) was designed exactly
like the previous one, the same farm and feeders, but concentrate was fed in meal form.

Basically, the objective was to analyze if the presentation form of the concentrate was
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affecting the eating pattern of bulls supplementét citrus flavonoids. Finally, the last

study was again carried out in the same commédmania, also the same multiple-feeders
were used, but in this case a high-fat finishingoamtrate in meal form was fed to the
bulls. So, a possible interaction between citravdhoids and fat content of the feed

formula was investigated.

Obviously, the study of all the possible combinasi@nd variations that could be
found in commercial conditions were impossibledplicate, but the space of the feeder,
the concentrate presentation and the fat contehedbrmula would offer interesting and

useful information for practical application ofrcis flavonoids in commercial farms.

1.2.1. Feeder space

In Chapter lll, the use of the single-space feadlerved us to find an important
difference in the eating pattern when bulls werpptemented with citrus flavonoids,
reducing the percentage of large meal sizes (>3gy80ring the finishing phase. Although
Verdu et al. (2015) found that using this singleepfeeder animals reduced concentrate
intake without impairing performance, when citriess/bnoids were supplemented bulls
decreased their concentrate intake, but also tred BW was reduced. Normally, an
increase in the number of visits to the feeder H@ean found in bulls when meal size is
reduced, to compensate the intake (Devant and R&dI7), and probably due to the use
of the single space feeder bulls were not abladeease enough the number of meals. In
Chapter IV, concentrate in pellet form was fed gsinthree space feeder, and bulls
supplemented with citrus flavonoids increased tme tdevoted to eat concentrate, and
they would have compensated the concentrate irgaélefinal BW, and no differences

were found with non-supplemented bulls.

Through all the studies performed, the most codat#i effect over the eating
pattern observed in bulls supplemented with ciftagonoids was that these animals
occupied during more time the concentrate feedelependently if it was the single or
multiple-space feeder (unless in the finishing pha$ Chapter 1V). Furthermore,
performance parameters studied were not impairegitiuys flavonoids supplementation
when multiple-space feeder was used. In fact, il scan procedure showed that bulls

supplemented with citrus flavonoids when a singlacg feeder was used clearly devoted
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more time to eat straw, and this effect was noteokesd in the rest of our studies
performed with multiple space feeders (Chapter\\gnd VI), except for the growing
phase of the Chapter VI. So, probably these baligected their eating behavior to eat

straw when they were not able to access to theerdrate feeder.

Therefore, when citrus flavonoids are added tocthecentrate the feeder space
per bull would be crucial, as these animals woedotie more time to eat and reduce the
large meal sizes, so the number of visits to tkdde will increase. Although our studies
do not allow to make a recommendation of the id&t#b of bulls per feeder space, when
the three-space feeder was used (6 bulls per fepdee) no differences in final BW and
HCW were found compared with control group, so tfago could be considered as

sufficient not to impair performance.

1.2.2. Concentrate presentation

Based on the results of our studies, when bullg et with concentrate in meal
form (Chapter V and VI) supplementation with citflas’onoids showed a positive effect
in bulls, reducing concentrate intake but achievimg same final BW and HCW than
non-supplemented animals. Actually, in Chapter Mlsbsupplemented with citrus
flavonoids tended to be more efficient (lesser F@R)ughout the study. Conversely, in
Chapter VI this difference in FCR was only numdratathe end of the study, probably
due to the high-fat concentrate fed during thesfimg phase, because during the growing
phase results in FCR of both studies were verylainfiwhen the same formula and
presentation of the concentrate were used). Oteerwihen concentrate was fed in pellet
form (Chapter Il and IV) no differences of suppkaming citrus flavonoids were
observed in performance parameters. How the coratenpresentation would be
affecting citrus flavonoids effects will be discadslater with the eating pattern

modulation by citrus flavonoids.

Consequently, from the point of view of performameel based in our studies,
supplementing citrus flavonoids when concentratéed in meal form would have
positive effects on concentrate efficiency, redga@oncentrate intake without impairing

performance parameters (final BW and HCW).
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1.2.3. Formula composition

Increasing the percentage of fat in the concenteateluring the finishing phase
of fattening bulls in intensive production systeimsommonly used to modulate feed
intake but also to increase energy density of #eel fformula ((Heinrichs et al., 1982;
Hess et al., 2008; Devant et al., 2013; Marti et28114) or to add feed additives that are
heat sensitive like some vitamins or yeast. As Bippnting fat above 6% to 7% may
reduce feed intake reducing the meal size in cfifitehbiel et al., 2006; Devant et al.,
2013), as observed in Chapter Il when bulls weigpemented with citrus flavonoids,

an interaction between fat level and citrus suppletation was expected.

In Chapter VI, this possible interaction was stddi@nd no effect was observed
in high-fat concentrate intake due to the suppldgatem with citrus flavonoids.
Furthermore, performance parameters analyzed wke ot affected by citrus
flavonoids in this study. Consequently, the sup@etation of high-fat concentrates with
citrus flavonoids would not reduce concentratekata bulls beyond effects of fat level,
and would not improve performance either. Thuspfrmenting both fat and citrus
flavonoids are not incompatible, but deciding udiaig citrus flavonoids or both would
depend on the objective at farm. It would make s¢osise both when trying to improve
animal welfare, but not when looking for reducingsts or improving concentrate

efficiency.

1.3. Citrusflavonoids supplementation to improve animal welfare

Supplementing citrus flavonoids to fattening buksl high-concentrate diets
consistently modulated animal behavior throughbatdifferent studies carried out. In
spite of the limitations of the visual scan proaegdwhich was performed during a limited
period in the morning, abnormal oral behaviorsraggive and sexual interactions were

reduced in a different extend in the different stad

Throughout the different studies, citrus flavonoisigpplementation reduced
aggressive interactions during the growing phasegothis effect more evident during
the finishing phase. Also for sexual interactiomsduction observed when citrus
flavonoids were supplemented become more evidamglthis finishing phase. In beef

cattle, and especially in Holstein bulls, aggressind sexual behaviors are an important
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welfare problem especially in this finishing phaséien bulls achieve their sexual
maturity (age around 7 months old). These intepastsuppose a risk of physical damage
(limps due to the mounts and different injuriesdase of beating behaviors), but also
may impair performance of the bulls, basically doethe energy waste and stress.
Castration has been proposed as a solution foe thelsaviors, but it supposes animal
welfare implications and a reduction in bulls’ eféincy. Consequently, citrus flavonoids
would be a very useful alternative to reduce tHaeseaviors without impairing animal
performance and well-being. Furthermore, indepetigleon the feeder system, and
concentrate presentation or composition, citrugoft@ids have reduced aggressive and
sexual interactions, even more improving bullscggficy in some cases (Chapter V and
VI1). In these studies citrus flavonoids have beentiauously supplemented during
growing and finishing phase. Consequently, suppieimg citrus flavonoids exclusively
during the finishing phase to reduce sexual andesgg/e interactions in bulls should be

studied considering the positive effects observed.

On the other hand, oral non-nutritive behaviorsehé#een reduced in bulls
supplemented with citrus flavonoids as well. Liakior biting fixtures with non-nutritive
finality has been described as an stereotypic behaw cattle, and digestive
dysfunctions, ruminal acidosis and frustration hiagen proposed as possible causes for
this type of behavior (Bergeron et al., 2006). i®ducing the performance of these oral
behaviors might be related with an improvementnimal welfare and digestive health.
Therefore, supplementing citrus flavonoids in faitbg bulls would also improve bulls’
welfare by reducing this kind of stereotypic bele&yvbeing probably a result of animal
digestive health improvement.

Based in our results, supplementing citrus flavdadhroughout all the fattening
period in Holstein bulls would improve animal we#aand, in some cases, animal
performance as well. Consequently, citrus flavosoubuld have a positive economic
impact, also helping to face a society importamhded, as animal welfare. More studies
would be required to know if the same improvemeatid be obtained supplementing

citrus flavonoids for a shorter period of time.
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1.4. Summary of practical recommendations of citrus flavonoids supplementation:

2. To improve performance:

v' Adequate feeder space. Could be limiting the acmessncentrate of
the bulls, especially during the growing phase, nvaaimals eating
behavior is more gregarious.

v/ Concentrate presentation in meal form.

v' During the growing phase, concentrate intake reédactvithout
impairing bulls performance is greater than forfiheshing phase.

v No negative interaction is expected increasing l@atel when

supplementing citrus flavonoids.

3. To improve animal behavior:
v' Supplementing citrus flavonoids during the fattgnirperiod,
independently of the feeder design, concentratseptation, and
concentrate fat level, will reduce non-oral behesji@nd aggressive

and sexual interactions in Holstein bulls.

1. EATING PATTERN MODUALTION IN BULLS BY CITRUS FLAVON OIDS

Throughout the four studies performed in this thesin eating pattern modulation
has been observed when citrus flavonoids were supgited to the Holstein bulls,
independently of the feeder design, the concenpnagentation or fat level inclusion in
the concentrate formula. In some studies (Chaptér and VI), a modulation in the time
devoted to eat, concentrate or straw, have beeomgmanied with a numerical but
consistent reduction in concentrate intake, espedaring the growing phase. On the
other hand, in Chapter IV when concentrate wagteeéllet form in a multi-space feeder,
again bulls supplemented with flavonoids spent ntione eating concentrate, although
no effect was observed in the concentrate intakbesfe animals.

Different hypothesis have been proposed and sty the different chapters
of this thesis, and these hypothesis have alsoenfled the different studies performed
in order to deeper understand how these citrusfians could be affecting bulls’ eating

behavior.
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In our first study, carried out with the single-spdeeder (Chapter I1l), among
other effects, a reduction in large meal sizesrduthe finishing phase were observed.
Furthermore, although no differences in the mead,aneal duration, eating rate or visits
to the feeder were observed during the growing @laghis study, the time between
meals was numerically increased in 4 minutes insbalpplemented with citrus
flavonoids, explaining the numerical reduction imncentrate intake observed.
Consequently, three hypothesis were proposed itribdulation of the eating behavior

observed (less large meal size, more time devotedttconcentrate):

v’ Bitter taste of citrus flavonoids.
v Higher propionic acid production in rumen when wtrflavonoids were
supplemented.

v" Meal size reduction limited concentrate intake ttuthe single-space feeder.

As ruminants possess a high threshold for bittstetéGlendinning, 1994), the
possibility that taste was limiting the intake aduth level was quickly rejected, but the
possible action of bitter molecules as flavonoi@#éiro et al., 2008) in the digestive
tract was considered, due to the recent reseath&m mammals describing the presence
of bitter taste receptors (TAS2R) throughout thgediive tract (Behrens and Meyerhof,
2011). The second hypothesis, higher propionic p@duction in the rumen when citrus
flavonoids were supplemented, was also consideBattells et al. (2012) found in
cannulated heifers fed high-concentrate diets ialnfimm that VFA production was
affected by citrus flavonoids supplementation, éasing propionate percentage and also
reducing actetate:propionate ratio in the rumirgalitl. As propionate produced in the
rumen has been described as a feed intake regutatominants (Bradford and Allen,
2007), this was an important mechanism of actiobeaonsidered. Finally, the result
observed was a reduction in concentrate intake batld supplemented clearly devoted
more time to eat straw in this study, so it was aglgite important to study the possibility
of the concentrate intake reduction due to thetéitiun of access to the concentrate

because of the single-space feeder used to stedyating behavior.

In Chapter IV a multiple-space feeder were useth thie same feed formula also
in pellet form than in Chapter Ill. The main objeetwas to study if bulls would be able
to compensate meal size reduction increasing feesies. Also ruminal liquid was taken
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at the slaughterhouse for the study of VFA, andmasnof ruminal epithelium to study
the expression of some genes related to nutriesirsg and bitter taste. Simultaneously,
the study of the Chapter V was performed. Withghme multiple-space feeder, but the
concentrate was fed in meal form, to study theiptessnpact of concentrate presentation
in citrus flavonoids effects. Ruminal liquid for YAFand ruminal epithelium for gene
expression study were taken at the slaughterhamsela Finally, in the Chapter VI, and
based on some of the results of these previoudeisaphe possible interaction with fat
level in concentrate was studied. In addition tminal liquid sample for VFA and
ruminal epithelium for gene expression, sampletuoidenum epithelium were also taken

for the gene expression study.

Contrary to expected, in our studies ruminal propte percentage were not
higher in bulls supplemented with citrus flavonoidts the samples taken at the
slaughterhousér@ble 3). In fact, when concentrate was fed in meal fo@hdpter V and
VI), propionate were statistically higher in conthlls, also total VFA content was
higher in non-supplemented bulls, and acetate:praté ratio was lower in these
animals. Indeed, our results when concentrate aasfmeal form were completely the
opposite of the obtained by Balcells et al. (204B&n also high-concentrate diets in meal
form were fed to heifers. In any case, our resariésnot enough to reject this hypothesis
of the effect of ruminal propionate as a key factmdulating concentrate intake when
citrus flavonoids are supplemented, because diféa® could be found in VFA content
and percentage depending on farm-sampling or takieguminal liquid sample at the
slaughterhouse (Lam et al., 2018). Actually, in ¢ihedy carried out by Balcells et al.
(2012) samples of ruminal liquid were taken afteighting the cannulated animals at 8
am, so probably these heifers had just eaten ctratenin our studies, animals were
picked up at the farm around 12 pm, and slaughtarednd two hours later, so it would
be coherent that the fermentation parameters warittlite different between the studies
due to methodology. Furthermore, macroscopic staflyumen wall when citrus
flavonoids were supplemented showed an improvenrerthe color of the rumen
epithelium (lighter color). Thus, this could beateld to a better rumen health and
consequently to a better VFA absorption through inanepithelium, reducing the
content of total VFA but even more affecting VFAportion, because propionic acid is
quickly absorbed by simple diffusion (Allen et &009; Allen and Bradford, 2012).

Therefore, based on this research, our studie®tdallow to completely confirm neither
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reject propionic acid key role in the eating pattern modulation when citrus flavonoids are
supplemented to high-concentrate fed bulls, and more research should be carried out to

properly describe this possible mode of action.

Table 3. Ruminal VFA concentration and pH at slaughterhouse of Holstein bulls
fed high-concentrate diets supplemented with citrus flavonoids.

Pellet - Chapter IV Meal - Chapter V Fat - Chapter VI
Control BF Control BF Control BF
pH 5.91 5.90 6.06 6.57
Total VFA, mM 111.10 121.70 75.60 67.20 131.30 96.10
Individual VFA,
mol/100 mol
Acetate 53.10 53.10 58.80 66.40 53.60 58.90
Propionate 35.90 36.20 28.90 20.70 35.90 29.80
Isobutyrate 0.70 0.60 7.40 7.50 0.80 0.90
n-butyrate 7.00 7.10 1.20 1.50 6.60 7.20
IsoValerate 1.50 0.90 1.50 1.30 1.7 1.70
Valerate 1.90 2.00 2.10 2.50 1.50 1.60
Acetate:propionate,
mol/mol 1.60 1.60 2.15 3.35 1.60 2.10

- Highlighted in bold: statistical differences between treatments within the same study.
- Highlighted in bold and italics: statistical tendency, between treatments within the same study.

On the other hand, also the importance of the ruminal fermentation on naringin
metabolism has been discussed in our studies. As explained, naringin is the main citrus
flavonoid in the pure extract of Citrus aurantium used in our studies. This glycosylated
flavanone 1s the responsible of the bitter taste in so many citrus fruits, but this flavonoid
is deglycosylated by ruminal flora, as Butyrvibrio spp, in naringenin (Simpson et al.,
1969; Cheng et al., 1971). Thus, naringenin 1s completely the opposite of naringin from
the taste point of view, acting as a potent bitter masking molecule. That could be the key
point of these citrus flavonoids, because changes in ruminal fermentation could determine
the effects observed when these flavonoids are supplemented. Thus, concentrate
presentation (pellet vs. meal), concentrate composition (as fat level), or even the space
feeder, that modulate the eating pattern of the animals and also ruminal fermentation,
might affect naringin ruminal metabolism and its effects in bulls as well. All these factors
could help us to explain the differences observed in the gene expression results in ruminal

epithelium between bulls supplemented or not with citrus flavonoids, but also between
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bulls that were supplemented with citrus flavonaidieen the concentrate was fed in meal

form, in pellet form or high fat content was added.

As far as we know, this is the first time tHAS2Rhave been studied in ruminal
and duodenum epithelium of cattle. The possibditthe existence of theF&AS2Rn the
digestive tract of cattle, and their possible rnal¢he eating pattern modulation that had
been observed in our first study was elucidatedt Idecades, the study of the taste
receptors located out of the oral cavity has besy important, and the importance of
nutrient sensing throughout the digestive tract im@ossible role in the gut-brain axis
are being widely studied in humans and other manspaties. Numerous studies in
different species are highlighting the implicatiohTAS2Rin gastric emptying, satiety
and gut motility (Glendinning et al., 2008; Jansseal., 2011; Depoortere, 2014; Roura
and Foster, 2018). In facfAS2Ractivation has been related with the release of
anorexigenic hormones and peptides in the digestaet, as cholecystokininc¢k),
neuropeptide Yr(py), and peptide YYyy) (Chen et al., 2006; Depoortere, 2013; Takai
et al., 2016). This anorexigenic response wouleéxp@ained as an adaptive response to
possible harmful and toxic molecules, and mighti@xpthe relationship between citrus
flavonoids supplementation and the reduction oleskim concentrate intake and meal

size in bulls.

The gene expression of the differé@S2Rstudied TAS2R7TAS2R16TAS2R38
and TAS2R3Y in the rumen epithelium were clearly affected ditrus flavonoids
supplementation when concentrate was fed in meal {€hapter V and VI), and this
effect was lower when feeding the concentrate itep&rm (Chapter V) Table 4).
Actually, this observation would be in agreemerthvpierformance parameters obtained,
as the results of the study performed with coneg¢ain pellet form (Chapter IVV) showed
no differences between treatments in concentréa&enwhilst a numerical reduction was

obtained when concentrate was fed in meal form j&na/ and VI).

Regarding anorexigenic hormones and peptides @se@tkbrandppyr), their
gene expression were in concordance WAS2Rgene expression, either in rumen or in
duodenum, independently of the study. WR&E2Rwere greater expresseamtkbrand
ppyr were greater expressed as well (rumen epithel@iapter VI), and accordingly,
when TAS2Rwere lesser expressed these anorexigenic recepters also lesser
expressed (rumen epithelium in Chapter V, and duacheepithelium in Chapter VI)
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(Table 4). Thus, these results would be in agreement with the fact that TAS2R receptors
might be triggering an anorexigenic response when activated. Furthermore, factors
affecting the eating rate (as concentrate presentation), and ruminal fermentation (as fat
level and also pelleting the concentrate) would also affect the gene expression results of
TAS2R m ruminal epithelium, and may be naringin and the ruminal metabolism of

naringin could be modified by those dietary factors affecting the responses observed.

Table 4. Gene expression in ruminal and duodenum epithelium of the different
studies.

s s Rumen Duodenum
Rumen epithelium | Rumen epithelium o e e
Pellet - Chapter IV | Meal - Chapter V epithelium epithelium Fat -
Fat - Chapter VI Chapter VI

CONTROL BF CONTROL BF CONTROL BF |CONTROL BF
TAS2R7 0.43 0.71 0.94 0.13 0.98 8.52 1.23 0.11
TAS2R16 0.46 0.74 0.94 0.46 0.91 8.97 0.98 0.08
TAS2R38 0.93 0.43 1.06 0.38 1.02 35.60 1.29 1.03
TAS2R39 0.53 0.81 0.88 0.37 1.03 11.51 1.10 0.10
ffar3 0.74 0.68 0.98 0.64 1.07 13.89 0.79 0.62
ffar2 0.40 0.64 0.96 0.38 1.06 14.03 0.98 0.21
adra2c 0.60 0.95 1.30 0.92 1.11 41.13 0.72 0.24
PPYR1 0.55 0.80 1.02 0.55 0.91 10.14 1.37 0.28
cckbr 0.55 0.69 1.04 0.62 1.09 23.21 1.01 0.22
Claudin 0.99 0.91 1.00 1.06 1.00 0.86 0.75 0.39
IL-25 0.44 0.69 0.98 0.50 1.01 14.38 1.00 0.13
TNFa 1.00 1.67 0.92 0.93 1.01 1.23 1.06 1.19
TLR4 0.88 0.92 0.97 0.64 1.00 5.23 0.94 0.14
Defensin- f3 0.52 0.81 1.00 0.48 1.01 16.89 1.00 0.23
Lactoferrin 1.00 1.02 0.97 1.00 1.02 2.63 1.05 1.00

- Highlighted in bold: statistical differences between treatments within the same study.
- Highlighted in bold and italics: statistical tendency, between treatments within the same study.

In general, in Chapter IV, when concentrate was fed in pellet form in multi-space
feeder, all the results obtained by supplementing citrus flavonoids were less pronounced.
Actually, ruminal VFA and pH were practically not affected (Table 3), and the expression
of genes at rumen epithelium was slightly affected as well (Table 4) when compared with
the results of Chapter V and VI. Furthermore, in agreement with these results, also
performance parameters studied did not showed any effect, not even a numerical

reduction of the concentrate intake, as in the rest of studies (Chapter III, V and VI).
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Pelleting the concentrate increases starch gedation and reduces particle size, but the
hardness of the pellet also affect accessibilityrwhinal bacteria to the nutrients
(Bertipaglia et al.,, 2010). Therefore, when conedst supplemented with citrus
flavonoids was fed in pellet form, it would probgbhave been affecting ruminal
deglycosylation of naringin to naringenin by redugithe accessibility of the ruminal
bacteria to the naringin contained into the pelleinsequently, this process would have
taken more time compared with concentrate fed ial fieem, and probably slowing down
naringenin synthesis. On the other hand, if thengatte is higher for pellet compared
with concentrate in meal form (Verdu et al., 20BI3p greater quantity of concentrate in
a shorter time would arrive to the rumen for fertaéion. So, these factors might have
limited the transformation in the rumen of naringgnnaringenin. Finally, the question
would be why in the Chapter lll, using the singbaxse feeder and concentrate in pellet
form, concentrate intake was numerically reducednduthe growing phase and meal
size was reduced during the finishing phase as We#l answer might be related with the
physical limitation of the access to the concentfaeder, reducing the number of meals
per day of the animals and probably increasingtitne between meals of the bulls.
Furthermore, bulls supplemented with citrus flavidsalevoted more time to eat straw.
Consequently, it could be hypothesized that thgleispace feeder might be promoting
ruminal fermentation and metabolism of naringinnaringenin compared with multi-
space feeder. Unfortunately, in this first studyples for gene expression analysis were
not analyzed, that would have been very usefuleibeb understand these differences

between both studies (Chapter Ill and IV).

Otherwise, ruminal gene expressionf&S2Rwhen high-fat concentrate was fed
(Chapter VI) showed a clear an important increasbulls supplemented with citrus
flavonoids compared with non-supplemented anin@tmversely, the gene expression
of these TAS2R observed in duodenum epithelium in the same asinsélowed
completely the opposite results, being quite simathe results obtained fGrAS2Rin
ruminal epithelium when concentrate was fed in nieah (Chapter V) Table 4). This
fact is truly interesting, as it could be hypotlzesi that fat was protecting naringin from
ruminal metabolism (as discussed in Chapter Vi) based on the results observed in the
duodenum of these bulls, naringin would have hateqreviously metabolized just
before arriving to the duodenum. The gene exprassioTAS2Robserved in the
duodenum of this bulls showed that naringenin gihd acting there, aBAS2Rwere
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lesser expressed that in non-supplemented bulle mMietabolism of naringin to
naringenin can only be performed by bacteria ensynad then this metabolic
transformation would have been done before arrieingt the duodenum, based on gene
expression results. One possibility is that thepstould have had to be accomplished in
rumen and, then, the response observed in the repigrelium regarding AS2Rcould

be related with the high-fat content of the conet In fact, in Chapter VI the possible
interaction between bitter and fat was mentionedig(8t al., 2013), and that could explain
the response in the gene expression observed iartien epithelium when high-fat (palm
oil) concentrate was fed to bulls supplemented withus flavonoids. The second
possibility is that naringin to naringenin deglyglagion would have been performed after
ruminal fermentation, acting the fat of the concatet as a coating agent in rumen. In
fact, among other bacteria, geristyrvibrio has mainly been found in the mucosa and
digesta of rumen and reticulum, but also in omasalbomasum and duodenum (Mao et
al., 2015). Thus, this deglycosylation of naringgimaringenin after ruminal fermentation
and before arriving to duodenum or directly in thewdenum is completely possible.

The specific nutrient-sensing receptors for fatsthe free fatty acid receptors
(ffar). There are different and specific receptors atég by different fatty acids
depending on the chain length (Mielenz, 2016). THas2 andffar3 are both activated
by short chain fatty acids (Wang et al., 2009 a@#l22 Hudson et al., 2012; Friedrichs,
2015), so VFA. Contrary to other species, thatasbohydrates as the most important
energy source, VFAs are the main energy sourceuiminants (Siciliano-Jones and
Murphy, 1989). Therefore, VFAs would play an impmit role as cues for energy
homeostasis and food intake modulation in cattieind normal that their mRNA
expression have been found in many tissues oecattld especially in the digestive tract
(Wang et al., 2009 and 2012; Friedrichs, 2015; beegaal., 2016; Mielenz, 2017). These
ffar, asTAS2R are been related with the secretion of diffemrexigenic molecules
such agylucagon-like peptide-{GLP-1), ppy andcck (Damak, 2016; Mielenz, 2016).
That would reinforce the hypothesis that it woultvé been generated some kind of
interaction between bitter and fat response inrtlheen epithelium, but much more
research is needed to find a response, even mesetain the eating pattern modulation
resulting from this interaction. Bitter and fat @ty trigger satiety and anorexigenic
responses, so probably both would share metabalioways, and a hierarchy in the

response between them might exist.
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Lastly and most importantly, when analyzing theulissobtained in the rumen
epithelium gene expression of the different studi@sapter IV, V and VI) and the
expression of the same genes in the duodenum kpith€Chapter VI) different
questions appear. First of all, the eating patiechconcentrate intake results obtained in
Chapter V and VI are quite similar, whilst the gesgression at rumen level was
completely the opposite. Secondly, gene expressithe duodenum epithelium (Chapter
VI) was closer to the gene expression results nbtain rumen epithelium in Chapter V.
Although it would be very interesting and usefulhi@ve the gene expression results in
duodenum epithelium of bulls of the Chapter V, auld be assumed that this gene
expression should be very similar of that obtaime@hapter VI, as the metabolism of
naringin into naringenin is irreversible. So, prblyathe questions that should be
answered is which mechanisms are modulating thiegegattern of these bulls: i)
nutrient-sensing mechanisms located in the rumeduadenum epithelium, ii) both
rumen and duodenum are interrelated, and finalyifiiit exists any relationship of

hierarchy between rumen and duodenum nutrient4sgmsechanisms.

Actually, the results of these studies show thardhare nutrient-sensing
mechanisms in the digestive tract of bulls beyamdinal fermentation byproducts (as
VFA and propionic acid), acidosis (pH) and rumercnmorganisms that would be
affecting the eating pattern, and consequentlyopernce. Furthermore, probably all
these mechanisms are interrelated, and nutriesirggreceptors located in the digestive
tract are detecting these VFA, nutrients, pH anchinal microflora byproducts, to
properly maintain the required energy homeostasid,regulating hunger and satiety in
bulls.

Traditionally, the study of nutritional additiveadhalso natural products, such as
essential oils, tannins, saponins, and differentrabextracts, have been focused on their
effects on ruminal microflora, ruminal acidosis amahninal fermentation modulation.
Actually, an important part of their possible moagsaction should be considered, as
probably most of them and their ruminal metabolitéght be able to interact directly
with different nutrient-sensing receptors distrdmliilong the digestive tract. Thus, future
research probably should consider also nutriendiasgmrmechanisms as an important part

for developing and studying new feed additivesuratalternatives to improve cattle
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efficiency and health, but even to properly adajtition and diet to the digestive system

of these animals.

2. ANIMAL BEHAVIOR MODUALTION IN BULLS BY CITRUSF LAVONOIDS

Animal welfare is an important pillar for our intwe animal production systems
future, basically due to its value for consumerd public opinion, but also to its positive
consequences on animal health and efficiency.

As discussed in the different chapters of thisithda beef cattle, aggressive
behaviors and stereotypes are been related tadtiast and discomfort, and would
indicate poor welfare status (Gonyou, 1994; Dewntl., 2016). Citrus flavonoids
supplementation have reduced oral non-nutritivealseins, aggressive and sexual
interactions in bulls fed high-concentrate dietd asared under intensive commercial
conditions (Chapter IlI, 1V, V and V1), independbndf the feeder space, the concentrate
presentation (pellet vs. meal) or composition Igael).

Along the different chapters, various hypothesigehlaeen postulated to explain
the possible mechanisms whereby these citrus fl@dsenwould be modulating the animal
behavior in these bulls, such as the gut-brainrmeishanisms, rumen health, and also the
eating pattern modulation, as the possible relalignwith time to perform feeding

events.

3.1. Gut-brain axis mechanisms

As previously explained, the gut-brain axis is enomunication network between
the digestive system and the brain. Furthermorbast been proposed as an important
cross-talk mechanism involved in mood modulatiod Behavior in humans and other
animals (Evans et al., 2013; Haagensen et al.,;201ldy et al., 2017). In fact, gut-brain
axis would be probably one of the most complexesyst involving nutrient sensing
mechanisms, and also the immune and nervous systeroonnect digestive tract,
microflora and brain. Thus, inflammation has beeoppsed as a key player into this
network, basically by reducing serum serotonin eom@tion, an important

neurotransmitter associated with mood modulatiowels(Evans et al., 2013).
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Devant et al. (2016) after analyzing the expressi@ome genes related with gut-
brain axis in ruminal epithelium of beef cattle fleigh-concentrate diets suggested that
in cattle some of the mechanisms of this biologass-talk network could take place in
rumen. Thus, after the modulation of bulls’ behawbserved in our first study (Chapter
[l), and considering the well-known anti-inflamroag properties of citrus flavonoids,
the hypothesis that citrus flavonoids supplememtathight modulate animal behavior
through mechanisms involved in the gut-brain cadkstias considered. Nutrient sensing
mechanisms (a3AS2Rand ffar), molecules regulating gastrointestinal inflammati
(such adL-25, TNFa, TLR-4 3-defensinandlactoferrin) and neuropeptides could play
a relevant role in this animal behavior modulatimmugh the gut-brain axis cross-talk.

Along the different chapters, the study of the gexjression in rumen (Chapter
IV, V and VI) and duodenum epithelium (Chapter W#s showed important differences
when citrus flavonoids were supplemented. Additiignaruminal gene expression
differed among the studies, so the gene expresdigenes involved in the modulation
of behavior when bulls supplemented with citrusdlaoids were different depending on
the concentrate presentation (pellet or meal; Grapt and V), and composition (fat
level inclusion; Chapter VI)Tiable 4). Whereas the gene expression of proteins related
with the inflammation in the rumen epithelium in&pier V (meal) were reduced with
citrus flavonoids supplementation, in Chapter I€ligt) and VI (fat) the gene expression
of pro-inflammatory molecules were increased (Caap¥t) or, even more, markedly
increased in the case of high-fat diets. The gemeession of these proteins related to
inflammation, as observed for anorexigenic peptideeptors ¢ckbr and ppyr), were
again in concordance wilPAS2Ryene expression throughout the different studiablé
4).

In our studies, the gene expression has analyzaédAmiRthe epithelium of rumen
and duodenum of the animals, however where thé&2Rare located in the epithelium
has not been studied. Tuft cells are solitary chemmsory cells that has been described
in different parts of the gastrointestinal (stomautd intestine) and respiratory tract
(Breer et al., 2012). These tuft cells have beep@sed to act as immune sentinels in the
intestinal lumen (Ting and Moltke, 2019), actingkay link to different infections (such
as viruses, protozoa, and helminthes) and alsmatias in the gut microflora (Moltke et
al., 2016; Lou et al., 2019). Recently, Lou et(2019) have demonstrated that tuft cells
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in different parts of the intestine in rats areiated by differenfTAS2R and directly
inducing the release dif-25. These results would suppose a direct link betWeed2R
and immune response, and would be in agreement thvthresults obtained in gene
expression studies carried out in rumen and duadespithelium, asL-25 is greater or
lesser expressed in concordance with gene expnesEIAAS2Ras other proteins related

to inflammation analyzed, such 8sR-4 anddefensii.

On the other hand, the possible link between geqeession results of the
different studies and the improvement in animalavedr observed, reducing oral non-
nutritive behaviors, and also aggressive and sartexfctions, is not so clear. The gene
expression results obtained in rumen epitheliurarttediffers between Chapters IV, V
and VI, so probably nutrient sensing and inflamoratn rumen are closely related with
ruminal fermentation and metabolism of citrus flagwls (especially deglycosylation of

naringin to naringenin) and fat level, being clgafifected by diet.

Actually, with the available data is not possibteconclude how these genes
analyzed in ruminal and duodenal epithelium arenotr determinant in the animal
behavior regulation observed in our studies. Ting®thesis could be contemplated: i)
these genes are not determinant in the responsgvebsin our studies; ii) as in other
mammals, maybe these mechanisms are important kevgli but rumen is not involved;
or iii) deeper research is needed, as the studyené expression performed is limited,
because only mRNA of epithelium is analyzed. Calumianifestations, molecular
differences may be exhibited across multiple lay&Ergene regulation like genomic
variations, gene expression, protein translatiom$ post-translational modifications.
This needs the integrative analyses to understaedirterplay of the individual
components of the biological system; in the preskasis only a small part (MRNA

transcript of some genes) of the whole moleculachmeisms has been described.

3.2. Oral non-nutritive behaviors and rumen health

Oral non-nutritive behaviors, as licking objectshwmon-nutritional finality, is an
abnormal behavior frequently performed by beeleattared under intensive production
systems (Bergeron et al., 2006). In beef cattle, msninant, performing eating behaviors

such as foraging or ruminating are fundamental, rastchlways properly satisfied under
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intensive conditions. Consequently, digestive dysfions such as rumen lesions, low
ruminal pH, or low rumination activity have beefated with the occurrence of this non-
nutritive behaviors (Bergeron et al., 2006; Deetrdal., 2016).

Supplementing concentrate with citrus flavonoidsehalearly and constantly
reduced the performance of this oral behaviorsuits ithroughout the different studies,
independently of the conditions (feeder designceatrate presentation or composition)
(Table 1). In the different studies, bulls supplementedhwaitrus flavonoids devoted
more time to ruminating activitie é&ble 1), with statistical differences (Chapter IV, V
and VI) or only numerical (Chapter III; but in thesudy using the single-space feeder
these bulls devoted more time to eat straw). Furtbee, in all cases, the macroscopical
study of the rumen wall performed at the slaugltese showed lighter color for bulls
supplemented with these citrus flavonoidlialgle 5). Actually, darker color of the rumen
wall have been related to inflammation due to meposition in some studies carried out
in our research group (data not published). Sunuiig, regarding baldness areas in the
rumen wall, results varied between the differentdigs: were reduced when citrus
flavonoids were supplemented in Chapter Ill, bat@ased in Chapter V, whilst no effect
was observed for the remain studies (Chapter IMAhdn fact, although we do not have
an explanation for this result, that might be eflawith the different ruminal fermentation
and eating pattern of the bulls depending on tine@otrate presentation (pellet vs. meal),

the feeder design and concentrate compositon.

On the other hand, citrus flavonoids, and espgcradringenin, possess potent
antioxidant and anti-inflammatory properties (Maoé et al., 2017), so could be also
improving rumen wall of the bulls supplemented.tRermore, in the Chapter VI, bulls
supplemented with citrus flavonoids also had lesggtinal pH, and VFA content was

lesser as wellTable 3).

Thus, it could be hypothesized that citrus flavasomight reduce oral non-
nutritive behaviors increasing ruminating activitiybulls, and improving rumen health

as well.
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Table 5. Rumen health parameters macroscopically studied of the different

studies.
Smfg::c-iiliace Pellet Meal Fat
Chapter III Chapter IV Chapter V Chapter VI
Control BF | Control BF Control BF Control BF
Color of the rumen
1 9.59 259494
2 2.67 2.86 4571 63.01 36.99 50.00
3 42.68 4430 | 48.00 70.00 53.42 26.39
4 4756 5444 | 48.00 24.29 5429 3699 - 139
5 9.76 127 1.33 2.86
Papillae clumping
Yes 4390 4051 | 40.00 4429 2286  20.55 16.44 6.94
No 56.16 5949  60.00 55.71 77.14 7945 83.56 93.06
Baldness region
Yes 67.07 48.10 | 40.00 4933 3857 5890 ( 39.73 48.61
No 3293 5190 | 60.00 50.67 6143 4110 | 60.27 51.39

- Highlighted in bold: statistical differences between treatments within the same study.
- Highlighted in bold and italics: statistical tendency, between treatments within the same study.

3.3. Time devoted to eat and animal behavior

Generally speaking, when bulls were supplemented with citrus flavonoids
dedicated more time to eat concentrate and performed greater ruminating activity. That
could lead to a reduction in aggressive and sexual interactions observed during the visual

scan pI‘OCCdllI'C.

Some nutritional strategies intended to increase time devoted to perform eating
behaviors (as reducing energy content of the diet by increasing fiber content), reduced
aggressive and abnormal behaviors in broilers (Qaisrarni et al., 2012). Basically, that
could be explained because animals devoting more time to eat devoted less time to

perform other behaviors, as aggressive and sexual interactions in these bulls.

On the other hand, Lindstrom et al. (2000) found that eating events and feed oral
manipulation in cows were linked to greater oxytocin levels in blood independently of
the rumen feed content. Furthermore, this was related with lower cortisol levels in blood
plasma, and lower stereotypes were observed in the animals. Consequently, this study
would demonstrate the importance of feeding events, eating or ruminating, in cattle, and
their direct link with animal behavior. In agreement with this study, citrus flavonoids

supplementation might improve animal behavior and welfare by increasing time devoted
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to eat concentrate, straw or ruminating activityalfuture research would be also very
useful to analyze oxytocin or cortisol levels imdd of bulls supplemented with citrus

flavonoids.

2. FUTURE RESEARCH

The last 20 years there have been an important eummibreports published
describing the presence of taste and odorant sept non-oral and non-olfactory
tissues of different vertebrate species. Regarngisig receptors, they have been found in
a wide range of tissues and organs out of the mdikéngastrointestinal and respiratory
tract, brain, skeletal muscle, and testis in ddferspecies (Kiuchi et al., 2006; Behrens
and Meyerhof, 2011; Beer et al., 2012; Colombad.e2812; Foster et al., 2014; Roura
and Foster, 2018). The functions of these tasteptecs are being deeply studied at the
present and, within the digestive tract, they seebe involved in important and complex
functions in the communication pathways betweengh&rointestinal system and the
brain. Consequently, they might be involved in dgla¢-brain axis acting as a sensors for
food-derived components, being key players in thaghy and satiety mechanisms
through the release of hormones which could acallpgin a paracrine way) or
systematically (by circulatory or lymphatic systgrfBreer et al., 2012; Roura and Foster,
2018).

In regards to cattle, there is scarce literatureused on nutrient sensing or
describing the presence of these taste recepitey & the digestive tract or in other
tissues. AlthoughTAS2Rfunctions in gastrointestinal tract of cattle havet been
profoundly explored, the modulation of the eatirdt@rn along with the modification in
gene expression GIAS2Rn rumen and duodenum epithelium found in ourissichight

be consistent with the effects observed in othecigs.

Nowadays, secondary plant metabolites as polypkeredsential oils, and
different natural extracts are being proposed &zrexl to as natural alternatives to
improve animal health, performance and animal bieha¥uthtermore, when talking
about natural porducts in ruminants, it is alsaeuelevant to take into account their
possible metabolites after ruminal fementation. SEhenetabolites could be playing
important roles in the mode of action, in some sagey could be even more important
than the original molecule used.
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The mechanisms whereby these non-nutrient compaamdiphytochemicals are
actually acting are not well-known and describedfdct, many of these non-nutrient
compounds are considered to trigger biter tastpralmablyTAS2Rare playing a key role
in the effects we observed when these type of mt#scare used. As discussed
throughout this thesisS/AS2Rseem to be involved in so many important functiass
hunger and satiety regulation (through anorexigemotecules regulation), and immune
response modulation (by inflammation and innate imenresponse). Consequently, if
these natural molecules aim to be real alternafimethe future in cattleTAS2Rshould
be deeper investigated, so a deeper knowledge #imutnetabolic functions, how they

are activated or blocked, or where they are located

Actually, a better knowledge about all the mechasisnvolved in the gut-brain
axis will be essential to understand and develogfulshatural products that could

improve animal health, efficiency and welfare.
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FINAL CONCLUSIONS

The different studies performed in this thesisttnlg the effects of supplementing
citrus flavonoids extracted fro@itrus aurantiumon Holstein bulls fed high-concentrate

diets under commercial conditions, have alloweddaieve the following conclusions:

1. Citrus flavonoids supplementation modified eatigtgrn of bulls, reducing the
percentage of large meal sizes in single-spaceefeeghd increasing the time
devoted to feeding behaviors independently of #medér space, concentrate

presentation (pellet and meal) and compositionléfal inclusion).

2. When the single-space feeder was used in bulls lsmgmted with citrus
flavonoids concentrate intake was reduced impaiiimeg) body weight, although
these differences disappeared in the hot carcagghtw€onsequently, feeder
space shoud be considered when adding citrus ftagsrbecause it coud limit

the access to the concentrate feeder.

3. The effects of citrus flavonoids on concentratakitwere affected by concentrate
presentation form, pellet or meal. When concent@isentation was meal,
concentrate intake (especially during the growitgge) was reduced when
supplementing citrus flavonoids without impairingrfiprmance. Consequently,
these bulls tended to be more efficient comparett won-supplemented bulls
under our farm conditions. On the other hand, wd@1tentrate presentation form

was pellet, citrus flavonoids supplementation ditaffect intake or performance.

4. During the finishing phase, in bulls fed high-faialm oil) concentrate citrus
flavonoids supplementation did not have any symezffect reducing concentrate
intake, however time devote to eat concentrateramdnating activities during

the visual scan procedure was increased.
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5. Rumen wall color macroscopically studied at theighderhouse was lighter for
bulls supplemented with citrus flavonoids companredh control animals
throughout the different studies, independentlyhef feeder space, presentation
(pellet and meal) or fat level of the concentratd fThis could be related to better
ruminal health, probably due to eating pattern ntattbn (lesser ruminal pH
fluctuations), along with antioxidant and anti-arfimatory properties of the

citrus flavonoids.

6. Animal behavior was positively affected by citrlsvbnoids supplementation in
the four studies performed: oral non-nutritive babg aggressive and sexual
interactions of bulls were reduced. The modulabbthese behaviours could be
explained by the eating pattern modulation (moreetito perform feeding
behaviors), together with the improvement in runveall health parameters

observed when citrus flavoids were supplemented.

7. Citrus flavonoids supplementation modified the eggron of genes in the rumen
epithelium related to the gut-brain axis cross-t@lktrient sensing receptors,
peptides and hormones receptors, and some praonimigdory molecules). The
effect was different among the studies, so theesgion of these genes involved
in nutrient sensing and behavior in bulls supplet@&mvith citrus flavonoids was
different depending on the concentrate presentaffwellet or meal), and
composition (fat level inclusion). Thus, suggestngossible important effect of
ruminal fermentation on flavonoid metabolism anolhsequenly, on its effects.
In bulls fed high-fat diets, in the duodenum egitira the expression of these

genes was also modified when supplementing citavehoids.

8. The expression offTAS2Rgenes was clearly modified by citrus flavonoids
supplementation in rumen and duodenum epitheliuernvdoncentrate was fed in
meal form, athough these effects were lighter wéanrcentrate was fed in pellet
form. Moreover, the gene expression of receptmrahorexigenic peptides and
hormones studiedppyrl, cckbr and adra29 was also affected by citrus
flavonoids supplementation. This modulation wasancordance with the gene
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expression results ofAS2Rin the different tissues (rumen and duodenum),
probably suggesting th@tAS2Rwould be linked to anorexigenic molecules and

response.

9. The gene expression of pro-inflamatory moleculedyaed, such ak.-25, TLR-
4, andp-defensinwas greater or lesser expressed also in concardaitl the
gene expression oFAS2Rin ruminal and duodenal epithelium. These results

would suggest a direct link betwe€AS2Rand immune response as well.
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