UNIVERSIDADE ESTADUAL PAULISTA
“JULIO DE MESQUITA FILHO”
FACULDADE DE CIENCIAS AGRARIAS E VETERINARIAS
CAMPUS DE JABOTICABAL
DEPARTAMENTO DE ZOOTECNIA

CONTRIBUICAO FOSFORICA DO HUMOFOSFATO DE
CALCIO COM A SUPLEMENTACAO DE FITASE NA
ALIMENTACAO DE FRANGOS DE CORTE

Gabriel Oliveira Malta Varella

Médico Veterinario

2024



~

> < xXow oo a0 <

U]

N O N <

~

> < X ow g g <

)

N O N <




UNIVERSIDADE ESTADUAL PAULISTA
“JULIO DE MESQUITA FILHO”
FACULDADE DE CIENCIAS AGRARIAS E VETERINARIAS
CAMPUS DE JABOTICABAL
DEPARTAMENTO DE ZOOTECNIA

CONTRIBUICAO FOSFORICA DO HUMOFOSFATO DE
CALCIO COM A SUPLEMENTACAO DE FITASE NA
ALIMENTACAO DE FRANGOS DE CORTE

Discente: Gabriel Oliveira Malta Varella

Orientadora: Profa. Dra. Nilva Kazue Sakomura

Dissertacdo apresentada a Faculdade de
Ciéncias Agrarias e Veterindrias — Unesp,
Campus de Jaboticabal, como parte das
exigéncias para a obtencédo do titulo de Mestre

Ciéncia Animal.

2024



Varella, Gabriel Oliveira Malta
V293c Contribuico fosforica do humofosfato de célcio com a
suplementacéo de fitase na alimentacéo de frangos de
corte / Gabriel Oliveira Malta Varella. -- Jaboticabal, 2024
61 p. : tabs.

Dissertacdo (mestrado) - Universidade Estadual
Paulista (Unesp), Faculdade de Ciéncias Agrarias e
Veterinarias, Jaboticabal

Orientadora: Nilva Kazue Sakomura

1. Nutrigdo animal. 2. Avicultura. 3. Fosforo. 4.
Biodisponibilidade. 5. Requerimentos nutricionais.

Sistema de geracao automatica de fichas catalograficas da Unesp.
Bibliotecada Faculdade de Ciéncias Agrarias e Veterinarias,
Jaboticabal. Dados fornecidos pelo autor(a).

Essa ficha ndo pode ser modificada.



REGISTRO DO IMPACTO ESPERADO DA DISSERTA(;AO NA
SOCIEDADE
Os resultados demonstraram que o humofosfato de calcio pode ser
utilizado com éxito em dietas comerciais para frangos de corte, promovendo
resultados de desempenho préximos ou superiores ao fosfato monocalcico.
As analises demonstram ainda que o humofosfato pode melhorar
parametros fisiolégicos quando associado a fitases, melhorando a eficiéncia
produtiva, diminuindo custos e garantindo maior sustentabilidade a producédo

animal.

REGISTRATION OF THE EXPECTED IMPACT OF THE DISSERTATION
ON
SOCIETY
The results demonstrated that calcium humophosphate can be
successfully used in commercial diets for broiler chickens, promoting
performance results close to or better than monocalcium phosphate. The
analyzes also demonstrate that humophosphate can improve physiological
parameters when associated with phytases, improving production efficiency,

reducing costs, and ensuring greater sustainability in animal production.
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Vida Boa

Que vida boa

0, 6, 6, que vida boa

Sapo caiu na lagoa

Sou eu ho caminho do meu sertédo

Que vida boa

0, 6, 8, que vida boa

Sapo caiu na lagoa

Sou eu no caminho do meu sertao

Moro num lugar

Numa casinha inocente do sertdo
De fogo baixo aceso no fogao
Fogéo a lenha, ai, ai

Tenho tudo aqui

Umas vaquinha leiteira, um burro bao
Uma baixada ribeira e um violdo

E umas galinha, ai, ai

Tenho no quintal

Uns pés de fruta e de flor

E, no meu peito, por amor
Plantei alguém (plantei alguém)

Que vida boa

0, 6, 8, que vida boa

Sapo caiu na lagoa

Sou eu ho caminho do meu sertédo

Que vida boa

0, 6, 8, que vida boa

Sapo caiu na lagoa

Sou eu no caminho do meu sertdo

Vez e outra vou

Na venda do vilarejo pra comprar

Sal grosso, cravo e outras coisa que faltar
Marvada pinga, ali, ai

Pego o meu burrédo

Faco na estrada poeira levantar
Qualquer tristeza que for ndo vai passar
Do mata-burro, ai, ai

Galopando vou

Depois da curva tem alguém
Que chamo sempre de meu bem
A me esperar (a me esperar)

Que vida boa

0, 6, 8, que vida boa

Sapo caiu na lagoa

Sou eu no caminho do meu sertdo

(Victor e Léo)
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CONTRIBUICAO FOSFORICA DO HUMOFOSFATO DE CALCIO
COM A SUPLEMENTACAO DE FITASE NA ALIMENTACAO DE
FRANGOS DE CORTE

RESUMO - O fésforo € um dos principais componentes para o
crescimento e mantenca adequado dos seres vivos, contudo, em
ingredientes vegetais a maior fatia deste nutriente se encontra na forma de
fitatos indigestiveis pelas aves, o que acarreta na adicdo de fontes
inorganicas. O humofosfato de célcio € um fosfato inovador que visa aliar
alta biodisponibilidade a funcdes de modulacdo do ambiente intestinal. O
objetivo com este estudo foi comparar o desempenho, a digestibilidade
fosférica, o pH intestinal e a porcentagem de cinzas nos ossos de frangos de
corte alimentados com dietas formuladas a base de humofosfato de calcio
ou fosfato monocalcico, e suas interacdes com niveis crescentes de fitase.
Foram utilizados 2800 frangos de corte machos de 1 dia distribuidos
aleatoriamente em 8 tratamentos contendo 10 repeticbes de 35 aves cada,
totalizando 80 parcelas. Os tratamentos consistiram em duas dietas controle
utilizando humofosfato de célcio ou fosfato monocélcico como Unica fonte de
fésforo inorgéanico, suplementadas com niveis crescente de fitase (0, 500
FTU, 1000 FTU e 2000 FTU). As dietas foram formuladas para atender os
requerimentos nutricionais exceto pelo fésforo e célcio, que foram reduzidos
de acordo com a matriz da enzima em sua inclusdo maxima (2000 FTU). As
aves alimentadas com humofosfato de calcio obtiveram estatisticamente
(P<0,05) maior ganho de peso, pH ileal mais acido e melhor mineralizacédo
O0ssea que aquelas alimentadas com fosfato monocélcico. Ndo foram
detectadas diferencas (P>0,05) entre as fontes para a digestibilidade ileal
aparente, consumo de racdo e pH duodenal e jejunal. Os resultados
sugerem que o humofosfato pode atuar junto das fitases comerciais para
uma melhor eficiéncia destas. Como esperado, a fitase proporcionou ganhos
significativos em todas respostas analisadas. Novos estudos séo
importantes para avaliar e quantificar parametros mais especificos do
metabolismo que possam esclarecer lacunas deixadas por esta pesquisa.

Palavras-chave: Avicultura, biodisponibilidade, fésforo, nutricdo animal,
requerimentos.



PHOSPHORUS CONTRIBUTION OF CALCIUM
HUMOPHOSPHATE WITH PHYTASE SUPPLEMENTATION IN BROILER
CHICKEN FEEDING

ABSTRACT - Phosphorus is one of the main components for the
adequate growth and maintenance of living beings, however, in vegetable
ingredients most of this nutrient is found in the form of phytates that are
indigestible by birds, which leads to the addition of inorganic sources.
Calcium humophosphate is an innovative phosphate that aims to combine
high bioavailability with functions that modulate the intestinal environment.
The objective of this study was to compare the performance, phosphoric
digestibility, gut pH, and bone ash of broiler chickens fed diets formulated
with calcium humophosphate or monocalcium phosphate, and their
interactions with increasing levels of phytase. 2800 1-day-old male broilers
were used, randomly distributed in 8 treatments containing 10 replications of
35 birds each, totaling 80 pens. The treatments consisted of two control diets
using calcium humophosphate or monocalcium phosphate as the sole source
of inorganic phosphorus, supplemented with increasing levels of phytase (O,
500 FTU, 1000 FTU and 2000 FTU). The diets were formulated to meet
nutritional requirements except for phosphorus and calcium, which were
reduced according to the enzyme matrix at its maximum inclusion (2000
FTU). Birds fed with calcium humophosphate had statistically (P<0.05)
greater body weight gain, more acidic ileal pH and better bone mineralization
than those fed with monocalcium phosphate. No differences (P>0.05) were
detected between sources for apparent ileal digestibility, feed intake and
duodenal and jejunal pH. The results suggest that humophosphate can act
together with commercial phytases for better efficiency. As expected, phytase
provided significant gains in all responses analyzed. New studies are
important to evaluate and quantify more specific parameters of metabolism
that can clarify gaps left by this research.

Keywords: Animal nutrition, bioavailability, = phosphorus, poultry,
requirements.
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Consideractes Gerais

1. INTRODUCAO

A avicultura detém uma posicdo proeminente no panorama do
agronegocio brasileiro, desempenhando um papel crucial na geracdo de
mais de 3,5 milhBes de empregos diretos e indiretos em nosso pais (Mélo,
2021). No ano de 2022, o consumo per capita atingiu a marca de 45,2
kg/ano, sendo geradas expressivas 14,52 milhdes de toneladas de carne de
frango. Tais cifras posicionam o Brasil como o principal exportador e o
segundo maior produtor global dessa proteina. No segmento de ovos, a
producdo ultrapassou a marca de 52 bilhdes de unidades em 2022,
correspondendo a um consumo médio de 241 ovos por habitante ao ano
(ABPA, 2023).

Na esfera produtiva, 0os avancos incessantes na nutricdo assumem
posicdo de destaque. Contudo, é imperativo destacar que esta area
representa aproximadamente trés quartos dos custos totais relacionados a
producdo de frangos de corte (Pessba et al., 2012). Diante desse cenario, 0s
profissionais do setor se engajam numa incessante busca por produtos que
ndo apenas impulsionem os indices produtivos, mas que também apresentem
boa viabilidade econémica. Simultaneamente, os produtos devem atender a
padrées de sustentabilidade, visando a reducdo da carga de residuos
poluentes gerados por essa atividade.

O fosforo (P) desempenha um papel crucial no metabolismo
energéetico, na regulagdo enzimatica, na sintese de acidos nucléicos e
membranas celulares, sendo ainda essencial para a manutencdo da
integridade esquelética de frangos de corte (Scholey et al., 2018). A maior
parte do fosforo presente nos ingredientes vegetais das racdes encontra-se
na forma de fitato, tornando-se indisponivel ou inadequadamente utilizado
pelos animais monogastricos devido a baixa atividade da fitase endégena em
seus tratos digestivos. Para enfrentar esse desafio, as dietas de frangos de

corte frequentemente recebem suplementacdo de fésforo inorgéanico, visando



atender aos requerimentos nutricionais. No entanto, essa pratica
reconhecidamente eleva os custos de alimentacdo e contribui para a
poluicdo ambiental, suscitando debates sobre como contornar essa
problemética (Liu et al., 2008).

Mekonnen e Hoekstra (2018) calculam que as atividades
agropecuérias sao responsaveis por 38% do fésforo langado nos corpos
d’agua em todo o mundo, totalizando aproximadamente 616 mil toneladas de
fésforo bruto. Os autores ressaltam que tais quantidades tornam a
eutrofizacdo dos corpos hidricos iminente, podendo causar um impacto
ambiental significativo nos ecossistemas e tornar a 4gua inadequada para
consumo e uso em atividades humanas. Essa situacao torna-se ainda mais
proeminente ao considerarmos o esgotamento gradual das fontes de fosfatos
inorganicos em escala global (Van Vuuren et al., 2010; Kilsinyo e Opala,
2020).

Algumas alternativas na formulacdo das dietas englobam o uso de
fontes que tenham melhor biodisponibilidade fosférica (consequentemente
uma menor excrecao), a adicao de enzimas exdgenas capazes de quebrar o
fésforo fitico dos alimentos (com destaque para a fitase), ou mesmo a
reducdo dos niveis de inclusdo do mineral, sob a perspectiva de que as
antigas exigéncias superestimam as reais necessidades das aves comerciais
(Souza et al., 2020).

O humofosfato de calcio é uma fonte recém descoberta na
alimentacdo das aves e, por se tratar de um ingrediente inédito para este fim,
as respostas quanto a seus efeitos zootécnicos e metabdlicos ainda ndo
estdo completamente elucidadas. Quando estamos diante de compostos
inovadores, um passo-a-passo de testes afim de garantir a confiabilidade dos
resultados é necessério, partindo pela determinagédo exata da composicao, a
padronizagdo e garantia de qualidade do produto, para entdo analisar-se
variaveis de digestibilidade e desempenho dos animais (Sakomura e
Rostagno, 2016).

Neste contexto, objetivou-se com este trabalho determinar a

contribuicdo fosforica do humofosfato de célcio com a suplementacédo de



fitase sobre o desempenho e a digestibilidade ileal de frangos de corte.

2.  REVISAO DE LITERATURA

2.1 Metabolismo do Fosforo

A taxa de crescimento dos frangos de corte aumentou
significativamente nas Ultimas décadas, de acordo com Maharjan et al.
(2021), em pouco menos de um século o0 peso médio destas aves saltou de
aproximadamente 1,13 kg aos 112 dias de idade em 1925, para os
surpreendentes 2,72 kg aos 42 dias em 2021. O rapido crescimento requer
fornecimento nutricional adequado e, no caso do tecido 6sseo, fornecimento
adequado de calcio (Ca) e fosforo. A oferta insuficiente destes minerais (ou
mesmo seu excesso) interfere na homeostase do organismo, levando a
diversas implicagbes metabolicas, como a reducéo da taxa de crescimento e
mineralizacdo 6ssea (Williams et al. 2000). Além disso, as deficiéncias de Ca
e P em linhagens de crescimento rapido podem levar a anormalidades
esqueléticas, como raquitismo e discondroplasia tibial, acarretando prejuizos
advindos da mortalidade e perdas de performance (Fleming, 2008).

O Ca e o P séo essenciais para todos os animais, desempenhando
papéis fundamentais no metabolismo celular, nos mecanismos reguladores
de expresséo génica e na ja referida mineralizacdo 6ssea, sendo 0s minerais
mais abundantes no corpo das aves e demais vertebrados em geral (Suttle,
2022). O Ca e o P dietéticos sé@o absorvidos no intestino delgado através de
fluxos ativos e passivos apOs processos complexos de digestdo, como
solubilizag&o, insolubilizacdo e hidrélise (Duflos et al., 1995). Essa dindmica
ja foi descrita por modelos mecanicistas e equacdes empiricas (Létourneau-
Montminy et al., 2015).

As concentracdes plasmaticas de Ca e P sdo controladas dentro de
uma estreita faixa fisiologica através de mecanismos de feedbacks positivos
e negativos envolvendo paratorménio (PTH), calcitriol [vitamina D3 ativa -
1,25 (OH)2 D3] e calcitonina, além dos respectivos receptores destes,

localizados no intestino delgado, ossos e rins (Vitti e Kebreab, 2010).



Quando Ca?* ou P plasmatico estdo abaixo do ideal, PTH e calcitriol sdo
liberados para aumentar a absor¢do intestinal, a reabsorcéo 0ssea e reduzir
a excrecdo renal dos metabdlitos. Por outro lado, quando Ca?* ou P
plasmatico estdo muito altos, a calcitonina reduz a absorcéo intestinal e a
reabsorcdo d6ssea destes compostos, além de aumentar a excrecdo renal
(Proszkowiec-Weglarz e Angel, 2013). No caso de aves alimentadas com
dietas deficientes em fosforo, ocorre um aumento da absorcéo de calcitriol e
Ca no tecido intestinal, bem como a diminuicdo do P plasmatico e da
mineralizacao 0ssea (Alvarenga et al., 2011).

A absorcéo fosférica se da principalmente via enterdcitos duodenais,
envolvendo vias dependentes e independentes de soédio (Na), onde as
primeiras ndo sdo afetadas pelas mudancas na concentracdo de Ca, ao
passo que as seguintes parecem sofrer influéncia, apesar de ainda nao
estarem totalmente elucidadas (Tenehouse, 2005). Sugere-se que uma
grande concentracdo de fosfato na digesta possa induzir o transporte
paracelular (movimento de ions ao longo do gradiente através dos espacos
intercelulares do lumen ao sangue), o que poderia tornar a via pés-prandial
predominante, todavia a parede epitelial intestinal ndo € facilmente
permedavel ao fosfato (Murer et al., 2004).

Cerca de 99% do Ca e 80% do P estdo armazenados no esqueleto
como hidroxiapatita, de formula Caio(PO4)s(OH)2, com ambos
desempenhando um papel importante no desenvolvimento do sistema
locomotor das aves (Veum, 2010). Logo, os principais constituintes das
cinzas 60sseas sdo Ca, POs4 e minerais diversos (Crenshaw et al., 2000),
onde presume-se que estes outros nao afetam os tecidos moles ou o
crescimento 6sseo (Létourneau-Montminy et al.,, 2015). Os sais de
hidroxiapatita sdo as principais estruturas nas quais o P e o Ca sao
depositados no 0sso, resultando em uma proporcéo fixa de 2:1 (Matuszewski
et al., 2020). Portanto, a cinza 0ssea é calculada como a soma de Ca, P e
demais minerais no 0sso, com a retencdo de Ca no osso impulsionando a
deposicao de todos os minerais e mantendo a proporcédo mineral do tecido

dsseo.
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Nas pesquisas avicolas, varios sdo os parametros passiveis de
utilizacdo para avaliar o metabolismo do fésforo e, dentre as diversas
técnicas destacam-se o desempenho, a resisténcia 0ssea, a concentracao
de P e cinzas nos 0ssos, a composicdo corporal, a atividade enzimatica
(fosfatase alcalina) e as digestibilidades aparente e verdadeira (Moreira et
al., 2004).

2.2 Fontes fosfoéricas

Com a indisponibilidade da maior parte da fatia fosforica nos
vegetais, fontes de P inorganico sdo amplamente utilizadas, como fosfato
monocalcico, fosfato bicalcico, fosfato monossodico, fosfato de calcio e
sédio, entre outros (Liu et al., 2008). Em geral, esses compostos fornecem
entre 18 e 20% de fbsforo total e possuem como vantagem sua baixa
variabilidade quando comparado com fontes organicas, sendo, no entanto, o
terceiro componente mais oneroso para 0S custos finais nas dietas
comerciais (Li et al., 2016).

Na nutricdo de monogastricos, fosfato monocalcico (MCP) e fosfato
bicélcico (DCP) sdo as fontes mais utilizadas para a formulacdo de dietas e
0s niveis minerais fornecidos consistentemente se encontram dentro de uma
faixa padrao ja conhecida (Trairatapiwan et al., 2018). Contudo, pesquisas
gue medem a digestibilidade destas fontes muitas vezes apresentam
resultados contraditorios. Valores para digestibilidade ileal de P do MCP
encontrados ocupam uma ampla faixa, variando a partir de 45%
(Rodehutscord et al.,, 2012), 64,6% (Trairatapiwan et al., 2018), 78,3%
(Bikker et al, 2016), até valores de 88,5% (Van Harn et al., 2017).

Hé& ainda fontes animais como farinhas de peixe e farinhas de carne,
porém estas séo preconizadas nas dietas de aves como fontes proteicas. Ja
a farinha de carne e 0ssos pode ser uma excelente fonte de Ca e P e outros
minerais, sendo comumente utilizada. Entretanto, este componente sofre
variacdes bruscas de acordo com a espécie abatida, nivel tecnolégico do
frigorifico e processo de fabricacdo (Waldroup, 1999).

De maneira geral, fontes fosforicas organicas sédo grupos de



ortofosfatos ligados a substancias orgénicas e possuem absorvibilidade
superior quando comparadas aos fosfatos inorganicos (Andrade et al., 2003).
Visto isto, diversos produtos comerciais visam mesclar moléculas de ambos
os tipos, melhorando a disponibilidade de P do produto ao mesmo tempo em
que mantém a padronizacdo e qualidade necessarias para a utilizacdo em
larga escala (Domingos et al., 2003).

O humofosfato de calcio € um exemplo recente de fonte fosforica que
visa combinar um fosfato inorganico com organomoléculas, neste caso
representadas por substéncias humicas variadas. Segundo Poujol et al.
(2022), este fosfato possui 21,6% de fosforo total e 15% de calcio, valores
inferiores a compostos tradicionais como o MCP, que possui
respectivamente 22,7% e 15-17% de fosforo e calcio totais. Entretanto, a
pesquisadora pontua que o grande diferencial do humofosfato sobre os
compostos tradicionais deve-se a biodisponibilidade relativa proporcionada
por este, sobretudo quando em sinergia com fitases comerciais, podendo
chegar a um nivel de 113%, o que o torna bastante superior ao fosfato
monocalcico (91%), ao fosfato bicélcico anidro (76%) e ao fosfato bicélcico
hidratado (85%).

No que tange os aspectos de padronizacao e qualidade, apesar da
comercializacdo ainda recente, o produto passou por estudos robustos em
centros de pesquisa renomados pelo mundo (Phosphea, 2022). Nestes
estudos preliminares, o humofosfato de calcio vem apresentando a
capacidade ndo apenas de fornecer quantidades satisfatérias de P e Ca
totais nas dietas, mas também a aptiddo para desfazer quelatos de Ca-fitato
através da modulacdo do pH, permitindo assim que mais substrato esteja
disponivel para a acdo enzimatica das fitases exdgenas e enddgenas, acao
traduzida pelos valores de biodisponibilidade maiores que 100% (Poujol et al,
2022). Tal atributo torna o composto uma 6tima possibilidade para reduzir os
niveis de P nas formulacdes, o que contribui para uma menor excrecao e
consequente diminuicdo do impacto ambiental das atividades avicolas.

Do ponto de vista fisiologico, as substancias humicas presentes

atuam na modificagdo do pH do trato gastrointestinal, reduzindo a quelagem



ocasionada pelos ions de Ca, estabilizando a populacdo microbiana no trato
gastrointestinal, melhorando a eficicia de fitases e proteases exdgenas e
reduzindo indiretamente as emissdes de amobnia (Phosphea, 2022). Com
este impacto multifatorial consideravel, indiretamente ocasiona-se uma maior
eficiéncia de aproveitamento de outros nutrientes (como aminoécidos) e de
energia, amplificando o desempenho dos lotes.

Varios estudos relataram respostas com a utilizacdo de substancias
hamicas na racdo de frangos de corte, como para o desempenho (Ozturk et
al., 2012; Nagaruju et al., 2014), desenvolvimento 6sseo (Eren et al, 2000;
Disetlhe et al., 2017; Jaduttova 2019) e modulacdo do ambiente intestinal
(Salah et al., 2015; Teng e Kim, 2018). Além das respostas avaliadas neste
estudo, a literatura também descreve os efeitos dessas moléculas na
morfologia das vilosidades (Taklimi et al., 2012), parametros sanguineos
(Ozturk et al., 2012), imunomodulacéo e estado oxidativo (Kamel et al., 2015;
Mao, 2019), além da qualidade da carne e rendimento de carcaca
(Dominguez-Negrete et al., 2021). E importante levar em conta que a
comparacao direta entre os estudos publicados sobre frangos de corte
suplementados com qualquer tipo de substancia humica ou compostos que
os contenham é dificil de ser feita devido diferencas nos produtos testados,
advindas de variacbes em sua origem, como matéria organica em

decomposicao, solos e composto de minhoca (Pefia-Méndez et al., 2005).

2.3 Valor fosférico nos alimentos

Os requerimentos nutricionais para aves comerciais mudaram muito
ao longo do tempo e continuam sendo atualizados visto a evolugdo das
novas linhagens. Determinar os melhores niveis de cada nutriente envolve
uma analise cuidadosa das necessidades da ave com base em fatores como
idade, peso, sexo, fase de producédo, instalacbes, entre outros (Emmans,
1991). As Tabelas Brasileiras para Aves e Suinos determinam que frangos
de corte de alto desempenho variam suas necessidades de fosforo em
0,446% de P digestivel (1-7 dias) até 0,301% (35-42 dias) (Rostagno et al.,
2017).
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Contudo, a necessidade real de P das aves é alvo de diversas
discussbes e diferentes pesquisadores possuem entendimentos distintos
acerca destes valores. Rodehutscord et al. (2012) levantaram hipétese de
que o inicio da excrecdo de P pela urina € um indicador de que as aves
receberam P préximo as suas necessidades e, portanto, passaram a excretar
as quantidades que foram absorvidas mas ndo necessarias para fins
metabodlicos. Entretanto, 0s pesquisadores pontuam que o estado
metabdlico, a idade, a linhagem e a dieta podem interferir para que essa
excrecado ocorra (ou ndo) mesmo em situagcbes em que 0S requerimentos
nao foram fielmente atendidos.

Conceitualmente, a divisdo do fésforo nos ingredientes inicia-se com
o fésforo total, que representa todas as formas do elemento contidas na
dieta, estejam estas ligadas a outras moléculas ou ndo. J4 o fésforo
disponivel (AvP) trata-se da parcela fosférica ao qual o animal possui meios
fisiolégicos para sua utilizacdo, conceito que posteriormente foi acrescentado
do P disponibilizado de outras maneiras, como pelo uso de enzimas
exogenas. O fosforo digestivel (Pd) seria aquele realmente absorvido pelo
organismo, que passa a ser retido (Pr) ou utlizado nas demandas
metabolicas. Temos ainda os conceitos de fosforo fitico e ndo fitico (nPP),
que respectivamente representam a porcao fosférica ligada ao acido fitico
(fitatos) e a porcédo total ndo relacionada a essas moléculas (Ammerman et
al., 1995; Suttle, 2022; WPSA, 2013; Sakomura e Rostagno, 2016).

Nos ultimos anos, Pd tem sido sugerido como o parametro de eleicédo
para expressar a disponibilidade de P em ingredientes alimentares, sendo
determinado pela digestibilidade ileal (WPSA, 2013). Todavia, na avicultura,
a exigéncia de P ainda é considerada com base no AvP (Aviagen, 2018;
Cobb, 2019). Essa discordancia entre sugerido e utilizado € ainda mais
acentuada quando se somam o0s conceitos de fosforo fitico e nao fitico.
Atualmente, o AvP nos alimentos é geralmente referido como sinénimo de
nPP, logo, as parcelas disponiveis e néo fiticas s&o usadas indistintamente,

embora estudos tenham demonstrado que o nPP ndo estad totalmente



disponivel e o fitato ndo esta totalmente indisponivel para aves (Angel et al.,
2002; Coon et al., 2002; Mutucumarana et al., 2014).

Devido ao efeito inibitério do P sobre a atividade de fitases
enddgenas, niveis mais altos de P inorganico na dieta incidem sobre a
disponibilidade do fosforo fitico, reduzindo seu aproveitamento (Shastak e
Rodehutscord, 2013). Um menor aproveitamento do fitato acarreta
problemas nutricionais que excedem o fosforo, visto que por possuir uma
forte carga negativa essa molécula possui a capacidade de se ligar a
minerais como calcio, magnésio, manganés, zinco, niquel, ferro, cobre e
cobalto, formando complexos estaveis que ndo podem ser absorvidos e
serdo posteriormente excretados (Van der Klis e Versteergh, 1999; Angel et
al., 2006; Rodehutscord et al., 2012). Nao o bastante, também podem ser
afetadas as atividades de algumas enzimas digestivas como pepsina, tripsina
e a-amilase, através da quelacdo de fons Ca?*, diminuindo a digestdo
proteica e amilacea (Bryden et al.,, 2007). Os quelatos Ca-fitato séo
insollveis no meio intestinal e formam ainda complexos ligantes com acidos
graxos, comprometendo a absorcdo dos lipidios e impedindo a hidrdlise do
fitato pela fitase (Ankra-Badu et al., 2004).

E importante mencionar que a disponibilidade do fésforo € um
parametro que inclui apenas as particularidades advindas do alimento ou
dieta e, para lidar com isto foi forjado o termo “biodisponibilidade”, que trata
da digestdo, absorcdo e utilizacdo fosforica, levando em consideracdo a
variavel do animal (Li et al., 2016). Em situacdes praticas, multiplos fatores
impedem que o animal atinja o consumo alimentar calculado ou obtenha
absortivamente o0s nutrientes, como a capacidade do trato intestinal, as
condi¢cdes ambientais, o estado de saude e deficiéncias de alguns nutrientes
como o préprio P (Faridi et al., 2015; Aderibigbe et al., 2022).

Na tentativa de superar as dificuldades associadas as abordagens
atuais para determinagdes de biodisponibilidade de P, o Grupo de Trabalho
de Nutricdo da World's Poultry Science Association (WPSA, 2013)
desenvolveu um protocolo para determinar a digestibilidade ileal de P por

analise de regressédo. Duas a trés dietas sdo formuladas para cada fonte de
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P teste e uma dieta basal com baixo teor de P € usada com um minimo de
dois niveis da fonte teste adicionados. No nivel mais elevado de incluséo, o
fornecimento de P ndo deve exceder o requerimento nutricional. Com tais
condicbes, o AvP da fonte de P sob teste pode ser determinado a partir das
inclinacbes das equacdes de regressao linear. No entanto parece existir
colinearidade entre as varidveis utilizadas na analise de regressdo, o que
pode levar a estimativas instveis dos coeficientes de regressao (Li et al.,
2016).

Podemos notar que a baixa digestibilidade do P em fontes vegetais
motivou diversos movimentos sobre qual parcela utilizada nas formulagbes
refletiria melhor a disponibilidade de P das fontes alimentares. No entanto,
nao houve nenhum movimento expressivo em dire¢cdo a um sistema de Ca
digestivel (dCa) (Walk et al., 2021). Isto é terminantemente relevante devido
ao uso extensivo de fitases nas dietas comerciais, somado ao efeito negativo
do Ca na digestibilidade do fitato e sua acdo prejudicial na eficacia de
atuacdo da enzima, o que culminou em uma reducdo gradual também nos
niveis calciticos (David et al., 2021). Como ha poucos dados sobre a
disponibilidade ou digestibilidade real em oposi¢do a disponibilidade relativa
de Ca nas fontes de ingredientes alimentares, assumimos uma
digestibilidade de 100% em geral, 0 que evidentemente ndo esta correto,
visto a alta variacdo encontrada nos estudos realizados (Anwar et al., 2017;
Kim et al., 2019).

A reducdo dos niveis de foésforo nas formulacdes é uma possibilidade
muito debatida nos trabalhos recentes envolvendo este mineral, sob o
pretexto que quando fornecido em niveis dietéticos baixos, ocorre aumento
na eficiéncia de absorcdo e aproveitamento do mineral pelo organismo
(Souza et al., 2020). Souza et al. (2020) afirmam ainda que essa inclinacao
rumo a reducdo dos niveis dietéticos visa corrigir uma superestimacdo dos
antigos requerimentos estabelecidos. Isto pode ser feito desde que o calcio
seja simultaneamente diminuido, levando a uma menor formacdo dos
complexos Ca-Fitato que possuem capacidade de quelar minerais devido a
sua alta carga negativa (Valable et al., 2020). Essa estratégia é

11



particularmente de maior interesse na fase de terminacéo do ciclo produtivo,
onde o pico do desenvolvimento 0sseo ja foi superado e o consumo de ragao
(e consequentemente excrecao de fosforo) € superior que nas demais fases
(Rousseau et al., 2016).

2.4 Fitase

Suzuki et al. (1908) foram os responsaveis por descobrir a enzima
que possuia a capacidade de disponibilizar o fésforo ligado aos fitatos,
porém somente a partir da década de 1960 estudos comecaram a ser
realizados no campo da producdo animal envolvendo a fitase.
Comercialmente, o primeiro langcamento ocorreu em 1991, pela multinacional
alema BASF, sob a marca Natuphos® de origem fungica (Aspergillus niger),
que rapidamente se tornou um marco na nutricdo animal (Engelen et al.,
1994; Selle e Ravindran, 2006).

Quimicamente as fitases sdo uma forma de mioinositol-hexafosfato
fosfohidrolase, sendo classificadas como monoésteres fosfatases especificas
(IUPAC/IUB, 1973). De acordo com a posicéo inicial de desfosforilacdo do
fitato, ou seja, em qual carbono ligam-se primeiramente, podem ser divididas
em 3-fitase e 6-fitase, e apesar de algumas sementes vegetais as
produzirem, geralmente essas se referem, respectivamente, aquelas de
origem fungica e bacteriana (Pandey et al., 2001). As fitases possuem sua
prépria unidade de medida, o FTU, que é definido pela quantidade de enzima
capaz de liberar 1 micromol de fosforo inorganico em 1 minuto em substrato
de sdodio-fitato a 37°C e pH 5,5. A enzima age hidrolisando o fitato em uma
série de ésteres de mio-inositol fosfato (IP) inferiores, em uma sucessédo de
reac6es (IP6 > IP5 > IP4 > IP3 > IP2 > IP1) que facilita a metabolizacédo dos
compostos, produzindo seis moléculas de P e um inositol, liberando ainda
outros minerais complexados a esta rede, como calcio, ferro e zinco (Faridi et
al., 2015).

Atualmente seu uso na formulagdo de dietas para aves ja esta
consolidado, sendo um ingrediente por vezes obrigatério nas racoes

comerciais, sendo a principal arma a qual os nutricionistas tém recorrido para
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tratar a problematica do fosforo (Morgan et al., 2015). A nova geracédo de
fitases melhoradas tém o potencial de liberar fosforo suficiente do fitato para
suprir as necessidades da ave, reduzindo ainda mais, ou mesmo eliminando,
a necessidade de P inorganico suplementar (Moura et al. 2023). H& no
entanto grande variabilidade nas respostas a fitase devido a fatores como
concentracdo de substrato, nivel de fitase e as propriedades intrinsecas da
enzima, bem como a formacédo de complexos Ca-fitato ndo susceptiveis a
degradacéao da fitase (Amerah et al., 2014).

Na alimentacdo de frangos de corte, a utilizacdo de 500 a 1000
FTU/kg na racdo ja ocorre comumente em dietas comerciais (Sena et al.
2020), todavia, patamares ainda mais altos (superdosing) ja foram
exaustivamente estudados, apresentando resultados satisfatérios. Constata-
se que niveis de 1500 FTU/kg (Lima et al., 2021), 3000 FTU/kg (Shirley e
Edwards Jr., 2003) e 4500 FTU/kg (Meneghetti et al., 2011) podem trazer
consigo ganhos ainda maiores na conversao alimentar e ganho de peso,
sendo importante avaliar a viabilidade do ponto de vista econémico. As
superdosagens requerem uma atencao especial durante a definicdo dos
niveis nutricionais da formulacéo, ja que possuem beneficios extrafosforicos,
melhorando dieteticamente as eficiéncias energética e aminoacidica, que
devem ser levadas em conta na matriz da fitase para fechamento dos
calculos (Broch et al., 2020).

Ademais, apesar da alta confiabilidade e qualidade das enzimas
exdgenas atualmente, as margens de seguranca para 0s requerimentos de P
nas dietas de frangos de corte modernas séo reduzidas, o que significa que
h& pouco espaco para variagdo no teor de fosforo, na biodisponibilidade via
acido fitico e no calculo do P digestivel (Swigtkiewicz et al., 2014). Visto este
panorama restrito, confiar na fitase como unica fonte de P expbde a
formulag&o a riscos, como a deficiéncia em atender as necessidades diarias

das aves, 0 que nao € desejavel.
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CAPITULO 2 - Calcium Humophosphate
supplemented with phytase on
phosphorus  digestibility and
performance in broiler chickens?

1Este capitulo corresponde ao artigo cientifico submetido a revista Journal of Applied
Poultry Research e encontra-se em avaliacdo para publicacao.
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Calcium Humophosphate supplemented with phytase on phosphorus
digestibility and performance in broiler chickens

ABSTRACT - Phosphorus (P) is an essential nutrient for the growth
and maintenance of animals. Calcium humophosphate stands as an
innovative phosphate aiming to combine bioavailability with intestinal
environment modulation functions. The objective of this study was to compare
the performances, phosphorus digestibility, intestinal pH, and bone ash in
broilers fed diets formulated with calcium humophosphate or monocalcium
phosphate, along with their interactions with increasing levels of phytase. A
total of 2800 one-day-old male broilers were randomly allocated to eight
treatments with 10 replicates of 35 birds each, totaling 80 pens. Treatments
consisted of two control diets using calcium humophosphate or monocalcium
phosphate as the source of inorganic phosphorus, supplemented with
increasing levels of phytase (0, 500 FTU, 1000 FTU, and 2000 FTU). Diets
were formulated to meet nutritional requirements, except for phosphorus
(0.53%) and calcium (0.75%), which were reduced according to the enzyme
matrix in order not to exceed the animal needs in the 2000 FTU treatments.
Birds fed with calcium humophosphate achieved statistically significant
(P<0.05) higher body weight gain, more acidic ileal pH, and better bone
mineralization than those fed with monocalcium phosphate. No differences
(P>0.05) were detected between sources for P apparent ileal digestibility,
feed intake, and duodenal and jejunal pH. Results suggest that
humophosphate may synergize with commercial phytases to improve P
efficiency. Further studies are essential to evaluate and quantify specific
metabolism parameters that may address the gaps left by this research.

Keywords: Animal nutrition, bioavailability, phosphorus metabolism,
poultry, requirements.
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INTRODUCTION

Phosphorus (P) and calcium (Ca) are essential minerals for the proper
skeletal development of growing chickens, in addition to being part of several
metabolic pathways and cellular components. Dietary P sources are
predominately the plant ingredients, such as grains and cereals, as well as
from the inorganic phosphates. However, it is known that plant sources
contain an important fraction of P in the form of phytates, which are
unavailable to monogastric animals (Scholey et al., 2018). Consequently,
mineral phosphates are often incorporated as the main sources of available P
(avP) in broiler diets due to their high digestibility (Li et al., 2016).
Nevertheless, the use of these sources can increase the costs for commercial
diets and can rely on non-renewable resources. This operation is associated
with environmental impacts from the exploitation of natural phosphate
reserves, which include water contamination and soil erosion (Mekonnen and
Hoekstra, 2018). Moreover, when used excessively or inappropriately in the
manufacture of feed, P can be excreted in animal bedding, contributing to
negative events such as eutrophication (Pagliari et al., 2020). These
concerns are increasingly pertinent in the context of a growing global
emphasis on the sustainability of food production (Kilsinyo and Opala, 2020).

On this way, the inclusion of exogenous phytase is a common practice
among nutritionists to increase dietary phosphorus availability, thereby
reducing the need for mineral P supplementation and aiding in the reduction
of P excretion. The efficacy of phytase extends beyond simply increasing avP
in feed. It also mitigates the antinutritional effect of phytates and improves the
absorption of other essential nutrients (Beeson et al., 2017; Moura et al.,
2023). However, the effectiveness of phytase can be affected by alterations in
the gut environment, such as the pH that is essential for enzyme activation,
and by chemical interactions like Ca-phytate chelates in the intestinal lumen
(Selle et al., 2009). Phytate and Ca-Phytate chelates can also leads to the
formation of binding complexes with fatty acids, amino acids, and other

minerals, thus impairing their digestibility (Ankra-Badu et al., 2004).
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Calcium humophosphate (CHP) is a novel P source, that synergically
combines the high bioavailability of phosphates with the metabolic attributes
of humic substances. These substances may have properties that promote
the modulation of the intestinal microbiome, consequently improving gut
health and better use of nutrients (Salah et al., 2015). Furthermore, these
organic molecules can bind to antinutritional elements, such as Ca, thanks to
their chelating properties against positive cations (Rath et al., 2006). Given
this context, CHP could provide a favorable environment for phytase
activation and promote synergistic interactions with the enzyme. This
potential synergy between phytase and CHP, however, remains to be fully
elucidated and was the focal point of this study.

In terms of mineral composition, CHP exhibits of 21.6% P and 15%
Ca, comparable to those found in dicalcium and monocalcium phosphates
(MCP). Furthermore, when compared with MCP, CHP evidenced a higher
relative bioavailability of approximately 113%, thereby providing increased P
for growth and bone tissue formation (Poujol et al., 2022). In this context, we
hypothesized that CHP combined with phytase supplementation have a
synergistic interaction, and act in complementary ways. Due to the existence
of few studies in the literature that evaluate CHP as a source of P and Ca, the
effect of this addition on the responses of broiler chickens was also
evaluated.

The objective of this study was to evaluate the interaction between
calcium humophosphate and increasing levels of phytase on mineral
digestibility, intestinal pH, and bone mineralization and their impact on the

performance of growing chickens.

MATERIALS AND METHODS

Ethical implications

All experiments procedure were approved by the Institutional Animal
Care and Use Committee of the Sdo Paulo State University (CEUA) under
protocol n. 33/23.
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Animals and Housing

A total of 2,800 one-day-old male Ross 308 AP chicks were obtained
from a local hatchery (Pluma Agroavicola, Sao Carlos, Brazil). Upon arrival,
the birds were placed in an environmentally controlled poultry house and
allocated into experimental units (wood shaved litter pens with dimensions of
1.5 x 3.0 m). The environmental conditions, including temperature and
humidity, were automatically adjusted in accordance with the genetic
guidelines (Aviagen, 2018). Fresh water and feed were available ad libitum,
through nipple drinkers and tube feeders, respectively. The light program was
initially set to continuous light (24 h) for the first week and, after, adjusted to

provide 18L:6D during all experimental periods.
Experimental Design and Feed Program

The birds were allocated to eight treatments, each with ten
replicates, and 35 birds per experimental unit. The treatments were randomly
distributed among 80 experimental units, following a factorial arrangement of
two phosphate sources (CHP and MCP) and four levels of phytase
supplementation (0, 500, 1000, and 2000 FTU/kg of feed).

The experimental diets, mainly based on corn and soybean meal,
were formulated to meet the nutritional requirements of growing chickens as
recommended by Rostagno et al. (2017), with the exception of Ca and avP
requirements. Two basal diets were formulated, one for each phosphate
source. Those feeds contained a reduction on Ca and P (0.213 and 0.207
percentage points, respectively) according to phytase supplier
recommendations (AxtraPHY®, Barueri, Brazil), so that 2000FTU/kg of
phytase treatments did not exceed the nutritional requirements. Phytase was
incorporated into the basal feed at levels of 0.05, 0.1, and 0.02 g/Kg of feed,
resulting in concentration of 500, 1000, and 2000 FTU/kg, respectively.
Additionally, titanium dioxide (TiO2) was added into the experimental diets at
5 g/kg of feed, serving as an indigestible marker for the digestibility trial. The
feed was provided in a mash form, and the feeding program was maintained

in a single phase (1 to 21 days) (Tablel).
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After the preparation of the experimental diets, a sample from each
batch was collected, identified, and stored at -4°C for further analysis. These
samples were analysed for chemical composition. The dry matter (DM)
content was determined by drying the samples for 16 hours in a conventional
oven at 105°C (AOAC Method 920.39). Subsequently, the dried sample were
incinerated at 600°C for 6 hours (AOAC Method 924.05) to determine ash
content. Ca and P was quantified using spectrophotometry (AOAC Method
965.17). The phytase activity was determined by a modified version of the
AOAC 2000.12 (CBO Laboratory, Valinhos, Brazil). In this method, 1 FTU is
defined as the amount of enzyme that releasing 1 pmol of inorganic
orthophosphate from a substrate of 0.0051 mol/L sodium phytate at pH 5.5

and 37 °C. Table 2 shows further analysis of the diet ingredients.
Performance responses collection

At 21-day-old, body weight (BW) and feed intake (FI) were recorded
to calculate daily body weight gain (BWG) and feed conversion rate (FCR).
Additionally, the mortality was daily recorded to correct the Fl and FCR.

Gut pH and lleal Digestibility trial

At 21-day-old, eight birds per experimental unit were euthanized in
accordance with recommended procedures by CEUA. Two hours before the
euthanasia, the birds were continuously stimulated to feed, aiming to
guarantee adequate gut content for subsequent sampling and analyses. The
birds were necropsied to expose the gut tract. The small intestine was
isolated to delimit the duodenum, jejunum, and ileum sections for samples
collection. Duodenum was collected 5 cm after the gizzard up to 5 cm before
the pancreatic loop. Jejunum was located 10 cm after the pancreatic loop, up
to 5 cm from Meckel's diverticulum. lleum was defined as the segment that
goes from Meckel's diverticulum to the ileocecal loops.

Subsequently, the pH of the content in each section was measured in
situ (one reading per segment) using an Eco Titrator pH meter (Metrohm AG,
Herisau, Switzerland) previously calibrated with buffer solutions (pH 4 and 7).

The equipment was rinsed with distilled water after each measurement.

26



Concurrently, upon identifying the ileal segment, it was separated on
the Meckel’s diverticulum and ileocecal junction. The digesta was rinsed,
using distilled water, and stored in labeled plastic containers. Post-collection,
the samples were frozen at -80°C and later lyophilized under negative
pressure for drying.

Ca and P in the digesta were analyzed using the same laboratory
procedures as for diet analysis (DM, Ash, Ca, and P).

The apparent ileal digestibility coefficient (AIDC) was determined
through titanium recovery analysis by the analytical procedure standardized
by Myers et al. (2004). The minerals concentrations (Ca and P) were
determined through atomic absorption using a Du-640 spectrophotometer
(Beckman Coulter Diagnostics, Brea, USA). The equipment was calibrated
with 410 nm working standards. The apparent ileal digestibility coefficient
(AIDC%) was calculated using the formula:

dietary TiO2 x digesta M
digesta TiO2 x dietary M

AIDC (%) = (1 )x 100

Where dietary and digesta TiO2 (g/kg DM) are the concentration of the
indigestible marker in the diet and digest, and dietary and digest M (g/kg DM)
are the concentration of the analyzed mineral in the diet and digest (Ca or P).

Tibia Bone Ash

At 21-day-old, from the same group of eight birds per experimental
unit used for the digestibility, four birds were randomly selected for tibia bone
sample collection. Both tibial bones were carefully disarticulated, ensuring no
breakage, and soft and connective tissues were removed. The bones were
identified and stored at -20°C for further analyses.

The bones underwent a defatted process by being immersed in an
ether organic solvent for 24 h, followed by drying at 105°C for another 24 h.
Subsequently, the bones were weighted to determine the defatted and dry
weight. The bones were then subject to complete incineration in a muffle at
600°C for four hours to ascertain the ash content. The percentage of ash in

the bone was calculated using the simple ratio between the dried and
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defatted weight and the incinerated weight.
Statistical analyses

The data of performance, digestibility, pH, and bone ash were
subject to a two-way analysis of variance (ANOVA) using the PROC GLM in
SAS software (SAS On Demand for Academics, Version 9.4, SAS Institute
Inc., Cary, USA). Means were compared by Tukey test, with P<0.05
considered statistically significant and P<0.10 as indicative of a tendency.
The analyses were according to model:

Yijk =pu+ai+ fj+ ai X Bj + €ijk
Where, Yijk is the response parameters, y is the overall mean, ai is the
phosphate sources (i=MCP and CHP), Bj is the levels of phytase inclusion
(j=0, 500, 1000 and 2000), ai*Bj is the interaction between the phosphate
sources and the level of phytase, €ijk is the standard error.
Aiming to determine the bioequivalence of the phytase in reference
to the phosphate sources, a non-linear regression analysis was performed

using the PROC NLIN procedure of SAS software for the AICD of P for each

phosphorus source. The model fit was the following:
Y=a—-b*xEXP(—c*X)

Where Y is the response variable, X is the level of phytase inclusion for each
phosphate source, a represents the asymptotic value of the curve (maximum
response), b is the difference between the maximum and minimum response,

and c is the relative rate of phytase inclusion.

RESULTS

Performance

The performance responses are shown in Table 3. The results
revealed no interaction between the phosphate sources and the levels of
phytase inclusion for any of the response variables. Broilers consuming a
feed with CHP had better BWG in comparison with broilers on MCP feeds
(P<0.05). Additionally, the levels of phytase significantly affected all
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performance responses (P<0.05), indicating an increase in BW, BWG, and FI
starting from the level of 500 FTU, and remaining similar at the other levels.
These results significantly impacted (P<0.05) the improvement of FCR when
phytase was included from 500 FTU/kg up to 2000 FTU/Kkg.

Digestibility of Phosphorus and Calcium

Phosphorus digestibility values ranged from 82.9% (without phytase)
to 90.6% (2000 FTU/KQ) for CHP and from 84% to 90.7% for MCP (Table 4).
No significant differences were found in the interaction between source and
phytase. However, as expected, phytase levels influenced phosphorus
digestibility, and birds fed diets without enzyme supplementation exhibited
substantially lower digestibility.

Calcium digestibility ranged from 67.6% to 73.9% for CHP and from
67% to 73.2% for MCP. Again, no significant interactions were found
between phosphates and phytase levels. However, a scenario opposite to
what occurred with phosphorus was quantified, where the increasing enzyme
supplementation led to a gradual reduction in apparent Ca ileal digestibility.

The non-linear regressions for phosphorus digestibility and their
respective adjusted exponential models are presented in Figure 1. Both
phosphoric sources demonstrated similar capabilities in this analysis, and we

also noted the gradual action of phytase on apparent ileal digestibility.

Gut pH and Tibia Bone Ash

The results of pH measurements in the duodenum, jejunum and
ileum, and the percentage of bone ash, are presented in Table 5. In the
duodenum and jejunum, no statistical differences were observed for the
interaction between phosphate and phytase. However, in the duodenum, a
behavior similar to a quadratic response has been highlighted, presenting
more acidic levels for 0 and 2000 FTU, while in the jejunum there is a
tendency towards alkalinization (P<0.05) as higher doses of enzymes are
added. In the ileal segment it was found that the interaction between CHP
and enzyme could promote lower pH values when compared to MCP. This

was best demonstrated by the individual responses of phosphates, where
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animals fed with calcium humophosphate had a more acidic pH, while
phytase acted in an alkalinizing manner on this variable as it was increased.
In the evaluation of tibia bone ash, our investigation showed relevant
differences, and although no significant relationships were identified for the
interaction of phytase with phosphates, the addition of phytase linearly
promoted superior bone mineralization (Figure 2). Furthermore, CHP

guaranteed a higher percentage of ash compared to MCP.

DISCUSSION

In this study, exogenous phytase was supplemented in a diet with
reduced levels of phosphorus and calcium, following the recommendations of
the phytase producer. Thus, it is expected that exogenous phytase
supplementation will enhance phosphorus utilization in corn and soybean
meal-based diets, consequently leading to improved batch performance, as
observed in our study where phytase levels directly impacted BW, BWG, Fl,
and FCR. This effect arises because approximately 70% of the phosphorus
in feed ingredients is bound to phytic acid. Phytase can hydrolyze the myo-
inositol hexaphosphate linkage, resulting in the release of free phosphates
and inositol phosphate (Adeola & Cowieson, 2011). Under optimal
conditions, additional doses of phytase can further hydrolyze inositol groups,
potentially impacting the digestibility of energy and other nutrients, as the
removal of phosphorus from inositol phosphates also releases other
compounds, including calcium (Hamdi et al., 2015).

Regarding  phosphorus  sources, calcium  humophosphate
demonstrated the ability to provide superior body weight gain (BWG)
compared to monocalcium phosphate, especially in treatments with little or
no phytase addition. This can be explained by the capacity of humic
substances to modulate the pH of the upper gastrointestinal tract, through
binding with antinutritional elements, decreasing the formation of Ca-phytate
chelates, improving phytase action, and enhancing nutrient absorption
(Akaichi et al., 2022). This effect extends beyond phosphorus, as phytate and

Ca-phytate chelates can bind fatty acids and amino acids, leading to their

30



loss (Selle et al.,, 2009). CHP showed a statistical interaction with phytase
(P<0.10) for BWG, demonstrated by a more acute response at the 500
FTU/kg level. This suggests that the CHP is favorable for enzyme action until
that phytate hydrolyzation equilibrium is reached, higher levels reaching the
same plateau, as shown in the adjusted model (Figure 1). Particularly
noteworthy is the observed efficiency of humophosphate, appears to be more
pronounced under less favorable conditions (treatments with O and 500
FTU), where its positive impact is more evident than in situations with greater
feed comfort (1000 and 2000 FTU).

In a general sense, broiler chickens increase feed intake when the
limiting nutrient in the diet is reduced, aiming to obtain more of that nutrient,
unless the dietary concentration leads to such restricted performance that
feed consumption decreases (Gous, 2018). However, several studies
indicate the opposite for dietary phosphorus, feed intake is reduced in
formulations where phosphorus deficient (Rousseau et al., 2016; Li et al.,
2020; Xu et al., 2021). This observation was confirmed in our study, birds fed
diets reduced in phosphorus and without phytase supplementation exhibited
significantly lower feed consumption. This phenomenon is attributed to the
appetite-regulating properties of phosphorus, which modulate the intestinal
and hypothalamic expression of anorexigenic genes in birds (Aderibigbe et
al., 2022).

In our study, phytase addition significantly influenced the pH of all
analyzed intestinal segments, leading to an alkalization correlated with the
supplemented enzyme level, except for a behavior in the duodenum, where
the 2000 FTU/kg level resembled control treatments. The phytase-pH
relationship is known to be crucial for the enzyme's efficacy, as it
demonstrates higher activity at more acidic substrate levels (<5.0) (Naves et
al., 2012). Specifically in the ileum, significant interactions for pH were found
between the phosphorus source and the phytase level. These findings differ
from Smulikowska et al. (2010), Akyurek et al. (2011), and Ptak et al. (2015);
they did not find a statistically significant effect of phytase on ileal pH in
broiler chickens but align with Aydin et al. (2010) and Walk et al. (2012), who
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detected this same response in their studies. The alkalization of intestinal pH
associated with high phytase levels may be directly related to breaking down
the phytate molecule. By chelating, reducing digestibility, and increasing
mineral excretion, phytate can indeed reduce the electrolytic balance of the
diet, creating a more acidogenic environment in the gastrointestinal tract
(Cowieson et al., 2004). Thus, by demonstrating its acidifying ability without
compromising digestibility, calcium humophosphate seems to have a
potential positive effect in nutrient absorption and microbiome modulation. It
is noteworthy that the intestinal microbiome is strongly affected by pH and
plays a crucial role in the endogenous degradation of inositol phosphate
(Rodehutscord et al., 2022). Therefore, these potential effects underscore the
relevance of CHP not only as a phosphorus source but also as a promising
modulator of the intestinal environment in production birds, with a probable
determining role of humic substances in this process. On the other hand,
monocalcium phosphate appears to have little or no ability to effect intestinal
pH, this result was corroborated by Smulikowska et al. (2010), who also
found no evidence of this ability in their study. Finally, it is essential to bear in
mind that significant variations in the pH of the digestive organs of broiler
chickens may confound or mask pH differences associated with dietary
treatments, especially when comparing different strains and feed ingredients
(Woyengo et al., 2009).

Regarding the apparent digestibility coefficient of phosphorus, it is
not surprising that it increased gradually with the inclusion of phytase, as
extensively demonstrated in the literature (Ingelmann et al., 2019; Adejumo
et al., 2021; Kunzel et al., 2021). Both CHP and MCP showed quite similar
digestibility coefficients when not supplemented by phytase (83% and 84%,
respectively). However, in our subsequent analyses, we detected that the
calcium humophosphate presented lower levels than those considered in the
formulation (20.45% instead of 21.90%). This difference may have limited the
real results from this source, knowing that calcium humophosphate had a
lower starting point in digestibility in the adjusted model (Figure 1). However,

possibly due to its interaction with phytase it was able to equalize MCP
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levels. Phosphorus digestibility values for monocalcium phosphate vary
widely in the literature, with the common range being between 65-85%
(Sauvant et al., 2004; Bikker et al., 2016; Van Harn et al., 2017;
Trairatapiwan et al., 2018; Pavlovi¢ et al., 2018; Lamp et al., 2020). Several
explanations can be provided for the variation in P digestibility among
studies, including differences in origin, production process, composition (Ca
and P), Ca:P ratio, and research methodology. Mutucumarana et al. (2015)
compared two methodologies, differing in basal ingredients and the Ca:P
ratio in experimental diets, to determine the true ileal digestibility of P in corn
and soybean meal, finding significant differences related to test
methodologies. The complex factors associated with P digestibility
measurement were demonstrated in a test involving 17 international research
stations (Rodehutscord et al.,, 2017), conducted to determine the ileal
digestibility of P in broiler chickens using the standard linear regression
protocol of WPSA (2013). Despite eliminating errors associated with origin,
blending, and analytical differences, extreme variations were observed in this
collaborative test, with P digestibility estimates ranging from 45% to 82%,
highlighting the considerable difficulty in extrapolating values for an
innovative source like calcium humophosphate.

Regarding calcium digestibility, the results showed an antagonistic
response compared to phosphorus, with phytase supplementation gradually
reducing its digestibility, a surprising result considering that, in theory, more
mineral would be available without the chelating action of phytates. However,
understanding this response is challenging, as bone ash exhibited a linear
increase with enzymatic supplementation. This finding indirectly contradicts
calcitic digestibility, as calcium, along with phosphorus, are the basis of bone
formation. Although intriguing, these results resemble those reported by
Kunzel et al. (2021), who also found decreasing values (70% without
phytase, 65% for 500 FTU, and 63% for 5000 FTU) for digestibility and
increasing values for bone mineralization (36%, 37%, and 41%, respectively).
Our results were nearly values for both sources without phytase (70%) fall

within the range commonly found in other studies using MCP (Pavlovic et al.,
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2018; Lamp et al., 2020; Zanu et al., 2023). At a certain dietary Ca level,
phytase may or may not increase ileal Ca digestibility (Ravindran et al., 2006;
Babatunde et al.,, 2020). However, as the kidney is involved in Ca
homeostasis, responses to phytase supplementation may differ between pre-
cecal and total excretion levels in birds (Olukosi et al., 2013). Calcium
retention in the skeleton is closely linked to phosphorus retention, and thus,
the effects of phytase addition on phosphorus release in the digestive tract
may correlate with the observed effects (or lack thereof) on calcium retention.
It is crucial to evaluate the Ca:P ratio as a predominant factor, which in our
study was 1.41:1. Calcium sources in the form of limestone (as used in this
study) can alter the intrinsic degradation of phosphates by broilers and
influence the effects of added phytase (Sommerfeld et al., 2018).

The primary industry concern is that digestibility data may
overestimate the phytase matrix, resulting in the loss not only of animal live
performance but also, more importantly, bone strength and mineralization
(Rodehutscord et al., 2022). The latter is obviously of significant concern
from a health and welfare standpoint and becomes even more critical with
the reduction of P values in poultry diet formulation and the increased
performance of modern breeds. In our study, phytase was effective in
ensuring a linear ash deposition in the tibia, an expected outcome similar to
findings in studies such as that of Pieniazek et al. (2017). This observation
has also been highlighted for broilers consuming a feed formulated with CHP,
given the statistical difference compared with broilers consuming a feed with
MCP. In the literature, most studies report a bone ash of around 38-40%
(Shim et al., 2012; Li et al., 2018; Hofmann et al., 2022), while in this study,
for broilers consuming CHP, the bone ash ranged from 42% (without
phytase) to 45% (2000 FTU). Considering the high accuracy of this analysis,
bone ash serves as an excellent indirect measured for evaluating
phosphorus bioavailability in birds (Shastak et al., 2012), providing reliable
evidence that CHP is a good P source.

Other studies also reported similar responses to those found by us

when using humic substances in broiler chicken feed, such as for BWG, FCR
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and FI (Ozturk et al., 2012; Nagaruju et al., 2014), bone development (Eren
et al, 2000; Disetlhe et al., 2017; Jaduttova et al., 2019), and modulation of
the intestinal environment (Salah et al., 2015; Teng and Kim, 2018). In
addition to the responses evaluated in this study, the literature also describes
the effects of these molecules on villus morphology (Taklimi et al., 2012),
blood parameters (Ozturk et al., 2012), immunomodulation and oxidative
status (Kamel et al., 2015; Mao, 2019), in addition to meat quality and
carcass Yyield (Dominguez-Negrete et al., 2021). It is important to take into
account that direct comparison between published studies on broiler
chickens supplemented with any type of humic substances or compounds
that contain them is difficult to make due to the differences in the products
tested, as there are variations in the organic matter origin, such as
decomposing plants and animals, soils, and earthworm compost (Pefa-
Méndez et al., 2005).

In conclusion, the interaction between phosphorus source and
phytase was not evident. Although, the calcium humophosphate was
observed to be a better source of phosphorus for broilers when compared to
monocalcium phosphate. The relationship between phytase and this new
phosphate, although not fully elucidated by our study, proved to be quite
promising, given the effects found on gut pH and bone ash, and others
responses possibly affected but not quantified by us, such as the

microbiome.
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Tablel. Basal diets formulas without phytase addition for each phosphorus
sources (monocalcium phosphate — MCP and calcium humophosphate —

CHP), and their respective calculated nutritional composition.

. 1-21
Ingredients ) )
Diet 1 Diet 2
Corn, Grain — 7.86% CP 57.104 57.104
Soybean meal — 46% CP 36.076 36.076
Soybean oil 2.401 2.401
Limestone 1.219 1.283
Monocalcium Phosphate 0.788 -
Calcium Humophosphate - 0.829
Salt 0.531 0.531

Lysine — HCI 0.301 0.301
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DL-Methionine 0.337 0.337
Threonine 0.190 0.190
Valine 0.178 0.178
Choline Chloride — 70% 0.070 0.070
Mineral Premixt 0.100 0.100
Vitamin Premix2 0.100 0.100
Inert3 0.605 0.500
Total 100.00 10000
Calculated nutritional composition

Metabolizable Energy, kcal/kg 3075
Crude Protein, % 22.0

Ca Total, % 0.746
Available P, % 0.250
Total P, % 0.529

K, % 0.843

Na, % 0.224

Cl, % 0.386
Lysine SID, % 1.347
Methionine SID, % 0.622
Methionine + Cystine SID, % 0.915
Threonine SID, % 0.872
Tryptophan SID, % 0.247
Arginine SID, % 1.342
Valine SID, % 1.028
Electrolytic Balance 204.123

1Content/kg: Folic Acid 750.00 mg, Biotin 80.00 mg, Niacin 40.00 g, Pantothenic Acid 10.00
g, Vitamin A 8,000,000.00 IU, Vitamin B1 3,000.00 mg, Vitamin B12 18.00 mg, Vitamin B2
6,000.00 mg, Vitamin B6 3,250.00 mg, Vitamin D3 2,500,000.00 IU, Vitamin E 15,000.00 IU,
Vitamin K 2,500.00 mg.

2Content/kg: Cooper 6,300.00 mg, Iron 52.50 g, lodine 1,260.00 mg, Manganese 70.00 g,
Zinc 63.00 g, Selenium 300.00 mg.

3 Washed sand. Phytase was supplemented in substitution of the inert in the concentration of
50 g/ton for 500 FTU, 100 g/ton for 1000 FTU, and 200 g/ton for 2000 FTU per kg of feed.

Table 2. Dry matter (DM), mineral matter (MM), total calcium (Ca), total
phosphorus (P), and phytase activity analyzed.

P source Phytase level DM (%) MM (%) Total Ca Total P Phytase (FTU/kQ)

0 84.22 5.73 0.72 0.54 0
MCP 500 84.19 5.87 0.73 0.52 485
1000 84.78 5.73 0.70 0.52 950
2000 84.14 5.56 0.71 0.53 1960

CHP 0 83.22 5.98 0.70 0.54 0

500 84.60 5.76 0.74 0.55 490
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1000 84.76 5.67 0.70 0.56 965
2000 83.08 5.69 0.72 0.55 1920

Table 3. Performance response parameters of body weight (BW),
daily body weight gain (BWG), feed intake (FI) and feed conversion ratio
(FCR) of broiler chickens of 1 to 21-days-old subject to phosphate sources
and different levels of phytase enzyme.

P source Phytase level BW (g) BWG (g/d) Fl(g) FCR

0 945 42.99 55.33 1.29
MCP 500 1011 46.11 57.76 1.25
1000 1027 46.88 58.73 1.24
2000 1048 47.86 59.14 1.23
0 953 43.35 55.81 1.28
CHP 500 1048 47.89 58.66 1.22
1000 1026 46.84 58.62 1.25
2000 1033 47.15 59.57 1.26
SEM 34.65 1.65 1.72 0.041
MCP 1008 45,96b 57.66 1.26
P source
CHP 1015 46.61a 58.19 1.26
0 949b 43.17b 55.57b 1.28b
500 1030a 47.00a 58.24a 1.24ab
Phytase level
1000 1027a  46.86a 58.48a 1.25ab
2000 1041a 47.51la 59.38a 1.25ab
Probability
P source <0.10 <0.05 0.17 0.36
Phytase level <0.05 <0.05 <0.05 <0.05
Interaction 0.51 0.10 0.95 0.26

1SEM is the standard error of mean.
2Means followed by the same letters do not differ from each other by Tukey's Test (P>0.05).

Table 4. Table 4. Apparent lleal Digestibility Coefficient (%) of
phosphorus and calcium of 21-day-old growing chickens fed with two
phosphate sources and levels of phytase inclusion.

P source Phytase level P Ca
0 84.03 73.21
MCP 500 88.66  69.67
1000 90.11  70.82
2000 90.73  66.99
0 82.90 73.87
CHP 500 88.90 70.37
1000 88.83  69.63
2000 90.56  67.58

SEM! 4.09 7.06
MCP 88.38  70.17

P source

CHP 87.80  70.36
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0 83.46c 73.54b
Phytase level 500 88.78b 70.22ab
1000 89.47ab 70.02ab
2000 90.64a 67.28a
Probability?
P source 0.24 0.89
Phytase level <0.05 <0.05
Interaction 0.64 0.95

1SEM is the standard error of mean.
2Means followed by the same letters do not differ from each other by Tukey's Test (P>0.05).

Table 5. pH of gut segments and tibia bone ash (%) of 21-day-old
growing chickens fed with two phosphate sources and levels of phytase

inclusion.

P source Phytase level Duodenum Jejunum Illeum Ash (%)
0 6.47 6.23 6.24b  40.79

MCP 500 6.50 6.25 6.27ab 42.41
1000 6.43 6.24 6.30a 42.49

2000 6.43 6.31 6.37a 43.88

0 6.45 6.22 6.24b  42.55

500 6.54 6.27 6.25b  43.30

CHP 1000 6.54 6.26 6.23b 44.35
2000 6.48 6.28 6.25b 44.91

SEM! 0.10 0.06 0.16 3.98
MCP 6.48 6.27 6.30a 42.39b

P source

CHP 6.50 6.26 6.24b 43.78a

0 6.46b 6.23b 6.24b 41.67b
h level 500 6.52a 6.27ab 6.28ab 42.85ab
Phytase leve 1000 653  6.28a 6.27ab 43.42a
2000 6.45b 6.29a 6.4l1a 44.39a

Probability?

P source 0.34 0.36 <0.05 <0.05
Phytase level <0.05 <0.05 <0.05 <0.05
Interaction 0.71 0.87 <0.05 0.77

1SEM is the standard error of mean.
2Means followed by the same letters do not differ from each other by Tukey's Test (P>0.05).
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Figurel. Apparent ileal digestibility coefficient of phosphorus exponential

curves in function of the phytase supplementation levels of growing broiler

chickens feed with two phosphate sources (monocalcium phosphate — MCP

and calcium humophosphate — CHP).
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Figure 2. Linear adjustment of tibia bone ash (%) in function of the phytase

supplementation levels of growing broiler chickens feed with two phosphate

sources (monocalcium phosphate — MCP and calcium humophosphate —

CHP).
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Consideracdes Finais

1. IMPLICACOES

A relacdo entre a fitase e este novo fosfato, embora nao totalmente
elucidada pelo nosso estudo, mostrou-se bastante promissora, dados os
efeitos encontrados no pH intestinal e nas cinzas 0sseas, e outras respostas
possivelmente afetadas, mas néo quantificadas por nés, como o microbioma
e respostas moleculares.

Perante os resultados deste estudo, o humofosfato de calcio pode
ser utilizado como uma otima fonte de fésforo em dietas comerciais para
frangos de corte junto a suplementacédo de fitase. Por se tratar de uma fonte
nova, é importante ainda que se avalie a interacdo desta com os demais
componentes da formula. Com a adicdo do humofosfato € possivel alcancar
ganhos de desempenho, saude intestinal e Ossea, que uma melhor

viabilidade ecnémica dos lotes.
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