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RESUMO

SOARES, Suziane Rodrigues. Dissertacdo de Mestrado (Zootecnia), Universidade Federal de
Mato Grosso, Campus Universitario de Sinop, Fevereiro de 2018, 57 f. Novo sistema de
exigéncias de calcio e fésforo para vacas leiteiras em lactacdo. Orientador: Prof. Dr André
Soares de Oliveira. Coorientadora: Profa. Dra. Marcia Rodrigues Carvalho Oliveira.

Os minerais célcio (Ca) e fésforo (P) desempenham papéis vitais no corpo do animal. No
entanto, o excesso de P na dieta pode aumentar a excrecdo de P e o custo da dieta, o que pode
causar a eutrofizacdo do solo e da agua, principalmente em solos de clima temperado. Além
disso, as fontes de P inorgénicas utilizadas na alimentacdo animal ndo sdo renovaveis, o que
requer ainda mais atencdo. Assim, um refinamento de exigéncia dietética dos animais pode
melhorar a eficiéncia dietética de utilizacdo de Ca e P, otimizando o desempenho animal e
econémico. Desta forma, 0 nosso objetivo foi propor um novo sistema de exigéncias de Cae P
para vacas leiteiras em lactagéo, para quantificar os teores de Ca e P no leite de diferentes grupos
genéticos, para quantificar a excrecdo endogena fecal (EEF) e excrecdo enddgena urinaria
(EEU) de Ca e P por meio de meta-regressao e também quantificar e elucidar os fatores que
afetam o coeficiente metabolizavel de Ca e P (CaMet, PMet), coeficiente este proposto pelo
novo sistema. Para o desenvolvimento da meta-analise, usamos um conjunto de dados completo
com 53 artigos revisados por pares (72 experimentos; n = 276 médias de tratamentos). As
variaveis estudadas foram analisadas através de modelos mistos. O banco de dados apresentou
uma ampla variacdo de caracteristicas animais e de dietas, pois possui animais de baixa a alta
producdo de leite (4,5 a 52,8 kg / dia), e composto majoritariamente por vacas Holandesas
(66,8%). O gendtipo de vaca leiteira afetou as concentragcfes de Ca e P no leite (P < 0,05), nas
quais a concentragédo de Ca e P no leite de animais das ragas Jersey e do cruzamento Holandesa
x Jersey foi maior que a da raca Holandesa. Este efeito possivelmente se deve a diferencas nas
caracteristicas produtivas entre racas, em que as vacas Jersey apresentam teores de solidos totais

superiores as de vacas Holandesas e outras, consequentemente os teores de Ca e P no leite serdo

superiores. O gendtipo da vaca leiteira ndo afetou a excregédo fecal e urinéria de Ca ou P. NOs
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propomos valores de EEF de Ca 1,83 + 0,59 g / kg de consumo de matéria seca (CMS), EEU
de Ca 0,13 + 0,03 g/ kg de CMS e EEF de P 0,93 £ 0,21 g/ kg de CMS e EEU de P 0,01 +
0,007 g / kg de CMS para quantificar a exigéncia liquida de mantenca de vacas leiteiras em
lactacdo. Ja o coeficiente metabolizavel de calcio de vacas Holandesa é menor do que nas vacas
Jersey, mas o mecanismo para explicar essa diferenca precisa ser elucidado, pois as vacas
Holandesa e Jersey parecem regular o célcio de maneiras diferentes e respondem
diferentemente aos estimulos de serotonina da via do calcio. Assim, nés propomos o valor de
CaMet de 0,74 £ 0,02 para vacas Holandesa e 0,82 para vacas Jersey, e um Gnico valor para
PMet de 0,74 £ 0,06. Nosso novo sistema de exigéncias dietéticas de Ca e P reduz em 29% e
15% Ca e P respectivamente, em dietas de vacas leiteiras em lactacdo comparado com o NRC
(2001). Portanto, nosso novo sistema pode melhorar o desempenho econémico e ambiental da
industria leiteira no mundo e reduzir a dependéncia de fontes de P ndo renovaveis. No entanto,
sugerimos uma avaliacdo de acuracia e precisdo do novo sistema comparado com outros

sistemas, através da analise de experimento de dose-resposta independente.

Palavras-chaves: sistemas nutricionais, excre¢do endogena, bovinos leiteiros



ABSTRACT

SOARES, Suziane Rodrigues. Masters dissertation (Animal Science), Universidade Federal de
Mato Grosso, Campus Universitario de Sinop, February 2018, 57 f. A new system of calcium
and phosphorus requirement for lactating dairy cows. Advisor: Prof. Dr André Soares de
Oliveira. Co-advisor: Profa. Dra. Méarcia Rodrigues Carvalho Oliveira.

The minerals calcium (Ca) and phosphorus (P) play vital roles in the animal body. However,
excess dietary P can increase P excretion and the cost of the diet, which can cause eutrophication
of soil and water. In addition, the inorganic P sources used in animal feed are non-renewable,
which requires even more attention. Thus, a refinement animal dietary requirement can better
the dietary efficiency of Ca and P utilization, optimizing animal and economic performance.
Therefore, our objective was to propose a new system of Ca and P requirement for lactating
dairy cows, to quantify calcium and phosphorus content in milk of different genetic groups, to
quantify endogenous fecal excretion (EFE) and endogenous urinary excretion (EUE) of
calcium and phosphorus from of meta-regression and to quantify and elucidate the factors that
affect the calcium and phosphorus metabolizable coefficient (coefficient proposed by the new
system). For the development of the meta-analysis we used a complete data set with 53 peer-
reviewed papers (72 experiments; n = 276 treatments means). The studied variables were
analyzed through mixed models. The database presented a great variation of animal
characteristics and diets, it has animals from low to high milk production (4.5 to 52.8 kg/day),
e composed mostly of Holstein cows (66.8%). The dairy cow genotype affected Ca and P
concentration in milk (P < 0.05) in which Ca and P concentration in milk of Jersey and Holstein
X Jersey crossbreed are higher than Holstein. This effect possibly is due to differences in
productive characteristics between breeds where the Jerseys cows present total solids contents
higher than Holstein cows and others, consequently more Ca and P in the milk. The dairy cow
genotype do not affect fecal and urinary Ca or P excretion. We propose value of endogenous

fecal Ca excretion of 1.83 + 0.59 g/kg dry matter intake (DMI), endogenous urinary Ca

excretion of 0.13 + 0.03 g/kg DMI, and to endogenous fecal P excretion of 0.93 + 0.21 g/kg



DMI and endogenous urinary P excretion of 0.01 + 0.007 g/kg DMI to quantify net requirement
to maintenance of lactating dairy cow. Already the calcium metabolizable coefficient of
Holstein cows is lower than Jersey, but the mechanism to explain this difference need be
elucidate, since the Holstein and Jersey cows seem to regulate calcium in different manners and
respond differently to serotonin stimuli of the calcium pathway. Thus, we propose value of
CaMet of 0.74 £ 0.02 to Holstein and 0.82 to Jersey, and only one value to PMet of 0.74 £ 0.06.
Our new system of dietary Ca and P requirement reduces in 29% and 15% Ca and P in lactating
dairy cows diets to compared to the NRC (2001). Therefore, our new system could improve the
economic and environmental performance of dairy industry in world, and to reduce dependence
of non-renewable P sources. However, we suggest an evaluation of accuracy and precision of
new system compared with other systems, by analysis of independent response-dose feeding

experiment.

Keywords: nutrition system, endogenous excretion, dairy cattle
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1 INTRODUCAO GERAL

Os macrominerais s&o componentes estruturais importantes dos 0ssos e de outros tecidos e servem
como constituintes importantes dos fluidos corporais. Sdo exigidos em grandes quantidades, geralmente
expresso em gramas por quilograma ou porcentagem na dieta (Goff, 2006).

O calcio (Ca) é essencial para a formacéo de tecidos esqueléticos, transmissdo de impulsos do
tecido nervoso, a excitacdo da contracdo do musculo esquelético e cardiaco, coagulacdo do sangue, bem
como atividades de uma ampla gama de enzimas, como segundo mensageiro e como componente do
leite. Quando o Ca é insuficiente para atender as exigéncias do animal, este serd mobilizado a partir dos
0ssos para manter a normocalcemia (NRC, 2001).

O fosforo (P) é essencial para o metabolismo da energia das células animais (como componente
da adenosina trifosfato, ATP), sistema tampdo &cido-base, diferenciacdo celular, como componente da
parede celular e contetdo celular como fosfolipideos, fosfoproteinas, &cidos nucleicos, e como
componente de leite (NRC, 2001). O fosforo também é exigido por microrganismos ruminais para a
digestdo de celulose (Burroughs et al., 1951) e sintese de proteina microbiana (Breves e Schroder, 1991).
A deficiéncia de P dietética pode reduzir a producdo de leite (Wu, 2005), a eficiéncia reprodutiva
(Bjelland et al., 2011) e afetar a saude animal.

No entanto, o excesso dietético de P pode aumentar o custo da dieta e a excrecao de P, com grande
potencial de risco de causar eutrofizacdo do solo e da agua, principalmente em regides de solos nao
tropicais. Além disso, a principal fonte inorganica de P (fosfato bicalcico) utilizada para alimentagdo
animal é obtida a partir de uma fonte ndo renovavel (fosfato rocha). De todo o fosfato de rocha produzido
no mundo 5% é destinado a nutri¢do animal, assim o uso eficiente de alimentos fosfatados para animais
desempenha um papel critico na manutencdo geral da seguranca alimentar global (Carlson e Le
Capitaine, 2011). Desta forma, um refinamento das exigéncias dietéticas do animal por meio da eficiéncia
dietética da utilizacdo de Ca e P, é fundamental para otimizar o desempenho animal, econémico e

consequentemente minimizar o impacto ambiental da pecuéria.
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As exigéncias para minerais, podem ser estimadas por uma abordagem fatorial e depois
confirmados por experimentos de dose-resposta (CSIRO, 2007). A exigéncia liquida (absorvida) de
minerais representa a soma da exigéncia liquida de mantenca, crescimento, prenhez e lactacdo. A
exigéncia liquida de mantenca representa as perdas inevitaveis do corpo como excrecdo enddgena fecal
(EEF) e excrecdo enddgena urinaria (EEU), e perdas através da pele. Esta Ultima porém, ndo é
normalmente adotada pelos sistemas nutricionais devido a dificuldade de mensuragdo (NRC, 2001;
CSIRO, 2007; NRC, 2016; BR-Corte 2016). As excre¢des endogenas fecais e urinarias podem ser
conhecidas por experimento de dieta livre de minerais (que possui limitagdes préaticas e ndo pode
representar uma dieta tipica de animais de producdo) ou por experimentos de balan¢o mineral que podem
ser facilmente quantificadas por meio de regressdo entre o consumo mineral e a excre¢gdo mineral, onde
a excrecdo enddgena representa o intercepto da equacdo (Myers e Beede, 2009).

A exigéncia liquida para o crescimento é a soma da quantidade de fosforo absorvido nos tecidos
moles mais o depositado nos tecidos esqueléticos (ARC, 1980). A exigéncia liquida para a prenhez € o
acumulo de fésforo no concepto (feto, fluidos fetais e membranas, placentomas e tecidos uterinos), no
qual é considerado apenas apds 190 dias de gestacdo (House and Bell, 1993). A exigéncia liquida para a
lactacdo é igual a producdo de leite diaria multiplicado pelo teor do mineral no leite.

A exigéncia dietética de célcio e fosforo é comumente quantificado pela divisdo da exigéncia
liquida total e coeficiente de absorcdo intestinal (NRC, 2001). Todavia, o coeficiente de absorcéo
intestinal pode ser conceitualmente inacurado se a excre¢do urinaria for considerada como exigéncia para
mantenca. Portanto, propusemos neste estudo o uso do conceito de coeficiente metabolizavel que
representa a proporgéo entre o consumo mineral que ndo é excretado em fezes e urina, descontando a
excrecdo da fracdo endogena fecal e urinaria.

O comité cientifico de sistema nutricional para bovinos leiteiros mais adotado no mundo (NRC,
2001) recomenda como exigéncia liquida de Ca para a mantenca de 0,031 g/kg de peso corporal (PC),

obtido a partir de um Gnico experimento de balanco de Ca e P (Martz et al., 1990), utilizando quatro
2



vacas Hosltein em lactacéo, calculadas apds administragdo por via intravenosa com doses de *°Ca e 32P
para mensurar as perdas fecais endogenas. Contudo, a excre¢do urinéria endogena ndo foi considerada.
O comité NRC (2001) recomenda o uso de eficiéncia de absorcdo de Ca de 30% para forragem e 60%
para concentrado, com base em numero limitado de estudos.

Para a exigéncia liquida de P para mantenca, o comité NRC (2001) recomendou o uso de 1,0 g/kg
de consumo de matéria seca (CMS) como estimativa enddgena fecal de 0,002 g/kg PC como estimativa
enddgena urinéria, ambos baseados na recomendacdo do comité ARC (1980). A eficiéncia de absor¢do
de P proposta pelo NRC (2001) foi de 64% para forragens e 70% para concentrados. Desta forma, as
recomendacOes de exigéncias dietéticas de Ca e P para vacas leiteiras em lactacdo precisam ser
atualizadas. Nossa hipétese é que a exigéncia liquida de Ca e P para mantenca e o coeficiente
metabolizavel quantificado a partir de meta-analise de experimentos avaliando balanco de Ca e P melhora
o refinamento para as recomendac6es de Ca e P na dieta para vacas leiteiras em lactagéo.

Assim, 0 nosso objetivo geral foi propor um novo sistema de exigéncia de célcio e fésforo para
vacas leiteiras em lactacdo. E 0 nosso objetivo especifico foi: 1) quantificar os teores de Ca e P no leite
de vacas leiteiras de diferentes grupos genéticos, para serem utilizados como parametros para estimar a
exigéncia liquida de Ca e P para a lactacdo; 2) quantificar EEF e EEU de Ca e P, por meio de meta-
regressdo entre excrecao fecal ou urinaria e consumo total; 3) quantificar e elucidar fatores que afetam o

coeficiente metabolizavel de Ca e P.

2 REVISAO BIBLIOGRAFICA
2.1 Fontes de fosforo

O fosforo esta presente na natureza em 0ssos e rochas fosfatadas, juntamente com o célcio, como
uma fonte nao renovavel (Filho, 2016). S&o essenciais para todos os ciclos de vida vegetal e animal e
sdo indispensaveis para todos 0s organismos vivos. Os depositos de fosfatos de rocha podem ser de

origem ignea ou sedimentar (Chaves, 1994).



De todos os elementos minerais essenciais o fésforo é o que representa maior risco potencial se
em excesso for liberado para o meio ambiente, contaminando as &guas superficiais e causando
eutrofizacéo, principalmente em regides de clima temperado (NRC, 2001).

O fésforo orgénico presente em vegetais esta ligado ao &cido fitico, forma esta utilizada pelas
plantas para o armazenamento de fésforo (Goff, 2006). Os fosfatos inorgénicos utilizados na nutri¢éo
animal, sdo sais inorgénicos de &cido fosféricos que sdo fabricados a partir da mesma matéria-prima
(Cardoso, 1991). Atualmente existe uma grande variacdo de fosfatos produzidos como: os fosfatos
bicalcico, monocalcicos, monobicalcico, monoaménio, monosodico, dissédico, supertriplo (IHS Markit,
2016).

Uma das fontes mais utilizadas no Brasil e no mundo (64% do total mundial) é o fosfato bicélcico.
Resumidamente seu processo de producdo consiste da extracdo da rocha (lavra ou demonte) pela
explosdo de cargas de dinamite, logo em seguida um processo chamado britagem (fragmentacdo do
material apatitico) posteriormente passam por varios procedimentos de beneficiamento da rocha
(moagem, desmagnetizacdo, deslamagem, condicionamento, flotagem, desaguamento, filtracdo e
secagem) dando origem ao concentrado fosfatico (32% a 36% P.Os). Este material é tratado com &cido
sulfarico, produzindo o &cido fosforico e sulfato de célcio, sendo neutralizado com a adi¢do de calcério,
Oxido de célcio ou hidroxido de célcio, originando o fosfato bicalcico comercial (Figura 1). Se durante
esse mesmo processo continuasse a adicdo de rocha fosfatica ao acido fosforico, o resultado seria o
superfosfato triplo. O fosfato monoamonio € produzido pela reagdo do acido fosfoérico com a amdnia em

fase gasosa (Cardoso, 1991; Markit, 2015; Kulay, 2004).
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Figura 1 — Etapas do processo de producéo de alguns fosfatos inorganicos. Fonte: Vale Fertilizantes S.A.

A China é considerada o maior produtor de fostato detendo 50% da producdo mundial seguida da
Africa, Estados Unidos da América, Europa oriental e Oriente médio (Figura 1) (IHS Markit, 2015).
Estima-se que 5% do consumo mundial de fosfatos € destinados a alimentacao animal, 80% utilizados
para fertilizantes agricolas, 12% detergentes e 3% aplicacbes especiais, considerando produtos
farmacéuticos, bebidas, alimentos (IHS Markit, 2015). As principais reservas de fosfato de rocha no
mundo sdo: Marrocos e Deserto do Sahara com 50.000.000, China 3.100.000, Argélia 2.200.000, Siria
1.800.000, Africa do Sul 1.500.000, Russia 1.300.000, Jordania 1.200.000, EUA e Australia 1.100.000

totalizando 68 milhdes de toneladas no mundo (USGS, 2017).
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Figura 2 — O gréfico (A) apresenta o consumo no mundo de fosfato de rocha por diferentes paises. (B)

consumo mundial de fosfatos de calcio de alguns paises (IHS Markit, 2015, 2016).

2.2 Metabolismo de Célcio e Fésforo em Vacas Leiteiras
2.2.1 Homeostase e Absorcao de Calcio

A estrutura 6ssea representa 98% do célcio presente no corpo, que juntamente com o fosfato (na
forma semelhante ao mineral hidroxiapatita Cai0(POas)s(OH).), serve para proporcionar resisténcia
estrutural e dureza ao 0sso. Os outros 2 % de calcio sdo encontrados principalmente nos fluidos
extracelulares do corpo (NRC, 2001; Goff, 2006).

O célcio é vital para a estrutura 6ssea normal. Assim para permitir as fun¢des normais do masculo,
nervo e nova formacao éssea, dentre outras fungdes, o organismo desenvolve um sistema elaborado para
manter a manutencdo da concentracdo sérica de Ca com aproximadamente 9,0 e 10 mg / dL (2,25-2,5
mM) em vacas leiteiras e sendo um pouco mais elevadas para bezerros (NRC, 2001; Goff, 2006). A
concentracdo de célcio ionizado do plasma deve ser mantida a um valor relativamente constante de 1 a
1,25 mM para garantir a potencialidade elétrica e a condutividade normal da membrana nervosa e
musculo (NRC, 2001).

Durante a lactacdo ocorre uma perda grande de Ca no leite. Quando esta perda de Ca dos fluidos
extracelulares excede a quantidade de Ca que entra nos fluidos extracelulares, a concentragdo de Ca no

plasma diminui, e 0 organismo langa méo de alguns mecanismos homeostaticos para que se mantenha as



concentragdes consideradas normais (Goff, 2018). Assim, as glandulas paratireoides respondem a
diminuigdo do Ca no sangue e secretam hormonio paratireoide (PTH), no intuito de aumentar a
reabsorcdo de Ca através do glomérulo renal e consequentemente reduzir a perda urinéria de Ca. Se este
processo nao for suficiente para restaurar a concentra¢do de Ca no sangue, o hormonio paratireoide ira
estimular o rim para produzir o hormonio 1,25-diidroxivitamina D (1,25-(OH). vitamina D), no qual
estimulara processos para aumentar a absorcao intestinal de Ca. A secre¢do prolongada de (PTH) ir&
desencadear a reabsorcéo 0ssea de Ca e bombeé-lo para o sangue (Christakos et al., 2014).

O equilibrio de célcio e fosfato depende em grande parte da absorcdo intestinal e o teor dietético
desses ions que determinam o tipo de transporte para absorcdao. A absorcdo de Ca ocorre por meio de
dois mecanismos: através do transporte transcelular, considerado ativo, via de absor¢do predominante
em ruminantes; e por meio do transporte paracelular, difusdo passiva. Aproximadamente 90% da
absorcéo de célcio ocorre a nivel de intestino delgado (Wasserman, R. H.,2004), nas por¢des do ileo com
88%, jejuno com 4%, e duodeno com 8% de absor¢do (Marcus e Lengemann, 1962).

O transporte transcelular é um processo que envolve a transferéncia de Ca através da membrana
borda escova, que entra para o interior da célula e a extrusdo ativa de Ca para membrana basolateral
(Christakos et al., 2014). E uma via relevante quando as dietas sdo pobres em célcio sendo controlado
pela 1,25-(OH). vitamina D, horménio este derivado da vitamina D. A vitamina D, produzida na pele ou
oriunda da dieta, é convertida em 25-hidroxivitamina D no figado e liberada no sangue. A 25-
hidroxivitamina D circula no plasma ligada a proteina ligadora da vitamina D e é capturada pelo rim. No
rim, a 1-a- hidroxilacdo da 25-hidroxivitamina D resulta na formacao do hormonio esteroide 1,25-(OH).
vitamina D (Goff et al., 1991; Goff, 2006), que regula cuidadosamente a quantidade de 1,25-(OH)>
vitamina D produzida e a quantidade de Ca absorvida na dieta, que pode ser ajustada para ajudar a manter
a concentracao constante de Ca extracelular (Wasserman, 1981).

A 1,25-(OH). vitamina D que circula no sangue entra nas células epiteliais do intestino e se liga

aos receptores de vitamina D, iniciando transcricdo e traducdo de varias proteinas necessarias para o
7



transporte ativo de Ca (Figura 3). A entrada de Ca ocorre por meio do canal epitelial seletivo de célcio
TRPV6 presente na membrana apical (Christakos et al, 2014). Os ions de Ca ao entrarem na célula se
liga a outra proteina produzida em resposta a 1,25-(OH). vitamina D, a chamada calbindina-Dok (CaBP),
que liga os ions de Ca que entram através do TRPV6 e outros canais de Ca na membrana apical e
transporta o Ca através do enterdcito. Na membrana basolateral, o Ca é bombeado contra um gradiente
de concentracdo pela bomba ATPase (PMCA 1) sendo dependente da 1,25-(OH). vitamina D, que
bombeia Ca para fora da célula usando a energia fornecida pelo ATP (Christakos et al, 2014; Goff, 2006).
Além da (PMCA 1) existe outro transportador utilizado para a extrusdo de Ca na membrana basolateral,
um permutador de Na* / Ca?* independente de vitamina D (Hoenderop et al., 2005), que por meio de uma
forca eletromotriz fornecida pela entrada de 3 Na* na célula para impulsionar o movimento de Ca para o

espaco intersticial (Hildmann et al., 1982).

1,25(0OH),D;

lumen l blood

- active (transcellular
Low Ca?* diet )

Calbindin-Dy,

= ‘¢
TRPVE ) PMCA,,

—

High Ca2* diet ™= >
passive (paracellular)
I ??
VDR

1,25(0OH),D,

Figura 3 — Esquema de absorgdo de calcio intestinal, por meio de mecanismos transcelular e paracelular.
VDR - receptor de vitamina D; 1,25(0OH)2Ds — horménio esteroide derivado da vitamina D, é a forma
ativa da vitamina D; TRPV6 — canal epitelial seletivo de calcio (Ca), presente ha membrana apical;
Calbindin-Dox (CaBP) — proteina de ligacéo de célcio que transporta o Ca através do enterdcito; PMCA1p
— € a bomba ATPase presente na membrana basolateral, responsavel por bombear o Ca para fora da
célula. Fonte: Christakos et al. (2014).



O célcio também pode ser absorvido pelo epitélio do ramen (Care et al., 1989). Apesar da
indicacdo do transporte ativo e passivo do Ca através do rimen bovino, 0s respectivos mecanismos
epiteliais ainda ndo estdo caracterizados. A parede do rimen pode apresentar um maior desafio & absor¢ao
paracelular do que a camada celular Unica do intestino delgado. Uma concentra¢do de 10 mM de Ca in
vitro resultou em um aumento répido e dramatico no fluxo liquido de Ca através das preparacfes do
epitélio do rimen. Isso sugere o rapido transporte paracelular de Ca atraves da parede do rimen (Schroder
et al., 2015). A absorcdo transcelular de Ca através do epitélio do rimen também ocorre nas
concentracdes de Ca do rumen acima de 1 mM (Holler et al., 1988). No entanto, o transporte transcelular
de Ca no rimen pode ocorrer por mecanismos que séo diferentes daqueles no intestino delgado. O canal
TRPV6 por exemplo, encontrado na membrana apical do epitélio do intestino delgado e que responde a
1,25-(OH)2 vitamina D, parece ndo ter um papel importante na absor¢do de Ca. Alternativamente,
podendo ser realizado através de canais de cations ndo especificos apical Ca*/ H" ou Na" / Ca* (Schroder
et al., 2015; Leonhard-Marek et al., 2010). Os mecanismos utilizados no ramen, particularmente de
bovinos, para o transporte ativo de Ca permanecem desconhecidos, mas séo claramente diferentes dos
mecanismos utilizados no intestino delgado. Assim, o rimen é um importante local de absorc¢do quando
a dieta é rica em Ca ou quando as vacas sdo tratadas com doses orais de Ca para prevencdo aguda da
hipocalcemia (Hyde e Fraser, 2014).

O tansporte paracelular pode ocorrer por difusdo passiva entre células epiteliais em qualquer
porc¢do do trato digestivo sempre que a concentracdo de Ca ionizada nos fluidos digestivos, diretamente
sobre a mucosa e as juncdes apertadas exceda a 6 mM. Essas concentragdes sdao rapidamente alcancadas
quando os bezerros séo alimentados com dietas de leite ou em vacas quando administradas doses orais

de Ca como prevengéo de hipocalcemia (Goff e Horst, 1993, Goff, 2006).



2.2.2 Homeostase e absorc¢ao de fosforo

O fosforo encontra-se no organismo na forma de anion fosfato, como HPO42 ou H:PO4". E 0
segundo maior constituinte do corpo depois do célcio, sendo 80% encontrado nos 0ssos e dentes (Goff,
2006; NRC, 2001). As concentragdes de fésforo no plasma sanguineo normalmente variam de 1,3 a 2,6
mmol /L (4a8mg/dL, 6a8mg/dL parabovinos em crescimento e 4 a6 mg/ dL para animais adultos)
(NRC, 2001).

A absorcdo liquida de fosfato pode ocorrer em todas as se¢des do rimen, intestino delgado e
grosso, sendo 70% do fosfato dietético absorvido a nivel de duodeno e jejuno em ruminantes, (Breves e
Schroder, 1991; Wadhwa and Care, 2002). O fato de que a absorc¢éo fracionada de fosfato € praticamente
constante em uma ampla gama de ingestdo dietética, sugere que a maior parte da absor¢do de fosfato
ocorre por meio de um processo de difusdo passiva e de concentragdo dependente (Christakos et al.,
2014).

Assim, como a absor¢do de calcio, o fosforo também pode ser absorvido tanto por transporte
paracelular quanto transcelular. A absorcdo paracelular passiva de fosfato predomina quando
normalmente grandes quantidades de HPO4 ou H,PO4" sollveis sdo consumidas (Wasserman e Taylor,
1976). E quando as dietas sdo baixas em P ocorre o transporte transcelular saturado e ativo estimulado

pela 1,25-(OH). vitamina D, (Figura 4).
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Figura 4 — Esquema de absorcéo de fosforo intestinal, por meio de mecanismos transcelular e paracelular.
VDR - receptor de vitamina D; 1,25(OH)2D3z — horménio esteroide derivado da vitamina D, é a forma
ativa da vitamina D; NPT2b (SLC34) — é uma glicoproteina cotransportadora que auxilia no transporte
de ies de sddio e fosfato do Iumen intestinal para as células epiteliais, presente na membrana apical.
Fonte: Christakos et al. (2014).

Desta forma, o P entra nas células do ramen e do intestino por meio de proteinas cotransportadoras
de fosfatos dependente de Na*, da familia (SLC34 ou NPT2b) presentes na membrana apical (Wadhwa
and Care, 2002; Sabbagh et al., 2011). O SLC34 € eletrogénico, transporta fosfato com uma
estequiometria de 3:1 Na:Pi que gera um potencial de tensdo negativa no limen intestinal para que seja
movido um ion fosfato através da membrana apical (Christakos et al., 2014). Um canal de fosfato
acoplado a bomba Na/K ATPase move o fosfato através da membrana basolateral para os fluidos
extracelulares. A hormona 1,25-(OH). vitamina D atua através do receptor de vitamina D que resulta na
estimulacdo da transcrigdo da proteina cotransportadora SLC34. A producdo de 1,25-(OH)z vitamina D
por células do rim 1-a hidroxilase (CYP27B1) é principalmente regulada em resposta ao baixo teor de

Ca sanguineo e mediada pelo hormdnio paratireoide. Porém, o alto teor de fosfato no sangue associado
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a alimentacdo de uma dieta com nivel mais elevado de P, também pode afetar a atividade da enzima
CYP27B1 (Gonciulea e Jan, 2012; Martin e Quarles, 2017)

O fosfato ligado ao fitato (acido fitico) é pouco disponivel para ndo-ruminantes. No entanto, a
atividade fitase dos microrganismos ruminais torna praticamente todo o P-fitato disponivel para
absorcdo. O P absorvido pode ser retido para uso (leite, esqueleto fetal, crescimento 0sseo e
remodelagdo). Uma grande quantidade de P também é secretada na saliva (até 90 g/d) e nas secre¢des
das glandulas intestinais no trato digestivo. A maior parte deste fosfato é reabsorvido, e apenas uma

pequena porcdo é excretada em fezes (NRC, 2001).
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A new system of calcium and phosphorus requirements for lactating dairy cows

Abstract — Our objective was to propose a new system of Ca and P requirements for lactating dairy
cows, to quantify calcium and phosphorus content in milk of different genetic groups, to quantify
endogenous fecal excretion (EFE) and endogenous urinary excretion (EUE) of calcium and phosphorus
from of meta-regression and to quantify and elucidate the factors that affect the calcium and phosphorus
metabolizable coefficient (coefficient proposed by the new system). For the development of the meta-
analysis we used a complete data set with 53 peer-reviewed papers (72 experiments; n = 276 treatments
means). The studied variables were analyzed through mixed models. The database presented a great
variation of animal characteristics and diets, it has animals from low to high milk production (4.5 to 52.8
kg/day), and composed mostly of Holstein cows (66.8%). The dairy cow genotype affected Ca and P
concentration in milk (P < 0.05) in which Ca and P concentration in milk of Jersey and Holstein x Jersey
crossbreed are higher than Holstein. The dairy cow genotype do not affect fecal and urinary Ca or P
excretion. We propose value of endogenous fecal Ca excretion of 1.83 + 0.59 g/kg DMI, endogenous
urinary Ca excretion of 0.13 + 0.03 g/kg DMI, and to endogenous fecal P excretion of 0.93 + 0.21 g/kg
DMI and endogenous urinary P excretion of 0.01 + 0.007 g/kg DMI to quantify net requirement to
maintenance of lactating dairy cow. Already the calcium metabolizable coefficient of Holstein cows was
lower than Jersey, but the mechanism to explain this difference need be elucidated. Thus, we propose
value of CaMet of 0.74 + 0.02 to Holstein and 0.82 to Jersey, and only one value to PMet of 0.74 + 0.06.
Our new system of dietary Ca and P requirement reduces in 29% Ca and 15% P in lactating dairy cows
diets to compared to the NRC (2001). Therefore, our new system could improve the economic and
environmental performance of dairy industry in world, and to reduce dependence of non-renewable P
sources. However, we suggest an evaluation of accuracy and precision of new system compared with
other systems, by analysis of independent response-dose feeding experiment.

Keywords: metabolizable coefficient, endogenous excretion, dairy cattle
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1. Introduction

Calcium (Ca) and phosphorus (P) are the two most relevant macromineral supplemented in dairy
cows diets. Are important structural components of bone and other tissues and serve as important
constituents of body fluids (Goff, 2006).

Dietary P excess could increase diet cost and to increase P excretion, with great potential risk of to
cause soil and water eutrophication. In addition, the main inorganic P source (dicalcium phosphate) used
as animal feed is obtain from a limited source (phosphate rock). While livestock feed consumption only
5% of global phosphate rock, the efficient use of phosphate feeds for animal plays a critical role in
maintaining overall global food safety (Carlson and Le Capitaine, 2011).

Therefore, the dietary efficiency of Ca and P utilization is essential to optimize animal and economic
performances and to minimize livestock environmental impact. The efficiency of Ca and P utilization
could be made by refinement animal dietary requirements. The requirements for minerals may be
estimated by factorial approach and then confirmed by response-dose feeding experiment (CSIRO,
2007). The net (or absorbed) requirement for Ca and P estimated by the factorial method is the sum of
net requirement to maintenance, growth, pregnancy, and lactation (NRC, 2001).

The calcium and phosphorus net maintenance requirement represents inevitably lost from the body
as the endogenous fecal excretions (EFE) and urinary excretions (EUE), and lost through the skin, the
latter is not considered by several nutritional systems of ruminants (NRC, 2001; CSIRO, 2007; NRC,
2016; Valadares Filho et al. (2016) - BR-Corte 3.0). In balance mineral trials, EFE and EUE can be easily
know by regression between mineral intake and mineral excretion, where endogenous excretion
represents the intercept of the equation (Myers and Beede, 2009).

The net requirement for growth is the sum of the amount of absorbed P accreted in soft tissues plus
that deposited in skeletal tissue (ARC, 1980). The net requirement for pregnancy is the accretion of

phosphorus in conceptuses (fetus, fetal fluids and membranes, placentomes and uterine tissues), in which
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is considered only after 190 days of gestation (House and Bell, 1993). Net requirement for lactation is
equal daily milk yield multiplied by mineral content of milk. Finally, Ca and P dietary requirements is
commonly quantify by division of total net requirement by the intestinal absorption coefficient (NRC,
2001). However, intestinal absorption coefficient is conceptually inaccurate if the urinary excretion is
considered as maintenance requirement. Therefore, we proposed the use of the metabolizable coefficient
concept that quantify proportion of mineral intake that is not excreted in feces plus urine discounting the
endogenous fraction excretion.

Therefore, dietary Ca and P requirement recommendation to lactating dairy cows needs be
updated. Our hypothesis is that net Ca and P requirements for maintenance and the metabolizable
coefficient quantified from meta-analysis of balance trials improves refinement of Ca and P dietary
recommendation for lactating dairy cows.

Thus, our general objective was to propose a new system of Ca and P requirement for lactating
dairy cows. Our specific aim were: 1) to quantify Ca and P milk contents of different dairy cows genetic
groups, to be used as parameters to estimate net Ca and P requirement for lactation; 2) to quantify EFE
and EUE of Ca and P, from meta-regression between fecal or urinary excretion and total intake; 3) to
quantify and elucidate the factors that affect Ca and P metabolizable coefficient. This research is from a
project conducted at UFMT-Sinop to develop a new nutrition system for dairy cows (NS Dairy Cattle —

Nutrition System to Dairy Cattle).

2. Material and Methods

2.1 Dataset

A literature search was conducted using the Web of Science and Science Direct database on
November 06, 2017. A total of 349 peer-reviewed papers were retrieved using the terms “dairy cows”,
“calcium” and “phosphorus”. The adopted criteria for data inclusion in the dataset were: (1) studies

should be in vivo involving lactating dairy cows, (2) only peer-reviewed publications (3) availability of
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information on measured Ca and/or P in feces, in milk or in urine, (4) report the variance i.e., standard
error (SE) of the mean, standard deviation (SD), standard error of the mean (SEM) or standard error of
the difference (SED). When the studies only reported SED, SEM was calculated by SED transformation:
SEM = \[((SED)2)/2.

A flowchart detailing the process of study identification and selection for develop the meta-analysis
is shown in Figure 1. The complete dataset was composed by 53 publications (72 experiments; n = 276
treatments means; Table 1). The complete dataset is available in an Excel® file on-line Supplementary
Material.

The correlation coefficients between diet nutrient compositions and animal factors, presented in
Table 2, were determined using PROC CORR in SAS version 9.3. Independent variables for which the
absolute value of the Pearson’s correlation coefficient |r| > 0.5 were not included simultaneously in one

equation to minimize multicollinearity issues.

2.2. Calcium and phosphorus concentrations in milk
To evaluate the effects of genetic groups on Ca or P concentrations in milk, a mixed model was fitted

as described below (Littell et al., 2006):

Yijk=p + Gj + Sk + eij,

where: Yijk = Ca or P concentrations in milk of the treatment means i, of the genetic group j from study
k; u = overall mean; Gj = fixed effect of the j" level of genetic group; Sk = random effect of the k™ study,
assumed ~ iisN (0, o%); eij = residual errors, assumed ~ iigN (0, 6%). Ca or P in milk observations were
weighed by in inverse of SEM. Observations were removed if the studentized residual was outside the

range of -2.0 to 2.0. Significance was declared at P < 0.05.
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2.3. Endogenous fecal and urinary excretion
The endogenous fecal excretion (EFE) and endogenous urinary excretion (EUE) of Ca and P were
obtained from a linear meta-regression between Ca fecal excretion, Ca urinary excretion, P fecal
excretion and P urinary excretion (both as dependent variable; g/kg dry matter intake (DMI)) and Ca or
P intake (g/day), from minerals balance trials. The endogenous excretion was assumed as excretion where
mineral intake is equal zero. Therefore, endogenous excretion represented the intercept of the linear

regression, analyzed as linear mixed model according below:

Yij= fo+ 1% Mlij+ fox Si+ 1% Six Mlij + eij,

where: Yij= fecal or urinary excretion in treatment means i of the study j (g/kg DMI); fo = overall
intercept across all studies (fixed effect); Mli; = mineral intake in observation i of the study j (g/day); p1
= overall slope results across all studies (fixed effect); po x Sj=random effect of study S;jon the intercept,
assumed ~ iiaN (0, 6%); 1 x Sj= random effect of the study S;jon the slope, assumed ~ iigN (0, 67%); €ij =
uncontrolled random error, assumed ~ iixN (0, 6%). Observations (treatment means) of fecal or urinary
excretion were weighed by in inverse of SEM. To evaluate the genetic group effect on endogenous
excretion, the fixed effect interaction between genetic group and intercept was initially analyzed, and if
P-value < 0.05 it was concluded that genetic group affected the endogenous excretion. Observations were
removed if the studentized residual was outside the range of -2.0 to 2.0. Significance was declared at P
< 0.05.

Model adequacy was assessed using plots of residuals (observed minus predicted) against
predicted values of Y to test for mean biases and linear prediction bias (St-Pierre, 2003). Mean biases
were assessed using the intercepts of the regression equations. The slopes of the regression equations

were used to determine the presence of linear biases. The intercepts and slopes were considered
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independent (orthogonal) only with no evidence (P > 0.05) of any prediction bias (mean biases or linear

biases) as Oliveira (2015).

2.4. Metabolizable coefficient
Calcium metabolizable coefficient (CaMet) and phosphorus metabolizable coefficient (PMet) of each

observation (treatment means) were quantify as follow the below models:

CaMet (0 to 1) = [ Ca intake (g/day) - Ca total fecal (g/day) - Ca total urinary (g/day) + Ca fecal

endogenous (g/day) + Ca urinary endogenous (g/day) ] / Ca intake (g/day);

PMet (0 to 1) = [ P intake (g/day) - P total fecal (g/day) - P total urinary (g/day) + P fecal

endogenous (g/day) + P urinary endogenous (g/day) ] / P intake (g/day);

To evaluate dietary effect (forage in diet, crude protein, NDF, ether extract, and non-fiber
carbohydrate contents) and genetic group on CaMet or PMet a mixed model was fitted as below (Littell

et al., 2006):

Yik=pn + Di + Gj + Sk + €ijk,
where: Yijk= CaMet or PMet in treatment means i; u = overall mean; Di = fixed effect of the level of diet
composition; Gj = fixed effect of the genetic group; Sk = random effect of the k™ study, assumed ~ iigN
(0, o%); eij= residual errors, assumed ~ iisN (0, 6%). Observations (treatment means) were weighted by
in inverse of SEM. Treatment means were removed if the studentized residual was outside the range of

-2.0to 2.0. Significance was declared at P < 0.05.

2.5. Calcium and phosphorus dietary recommendations (NS Dairy Cattle)
22



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

Based on parameters obtained from this study, Ca and P dietary requirements of lactating dairy

cows were proposed as the equations below:

Dietary Ca intake (g/cow/day) = (CaFe + CaUe + Calac + CaPreg) / CaMet

where: CaFe = estimate of endogenous fecal Ca excretion (g/d); CaUe = estimate of endogenous urinary
Ca excretion (g/d); CaLac = net requirement of Ca for lactaction (g/d) = milk yield (kg/d) x Ca
concentration in milk (g/kg); CaPreg = net requirement of Ca for pregnancy (g/d); and CaMet was
previous described. To CaPreg was used the model described by House and Bell (1993), in which it is

considered after the 190 days of pregnancy.

Dietary P intake (g/cow/day) = (PFe + PUe + PLac + PPreg) / PMet

where: PFe = estimate of endogenous fecal P excretion (g/d); PUe = estimate of endogenous urinary P
excretion (g/d); PLac = net requirement of P for lactaction (g/d) = milk yield (kg/d) x P concentration in
milk (g/kg); and PMet was previous described. To PPreg was used the model described by House and

Bell (1993), in which it is considered after the 190 days of pregnancy.

3. Results and Discussion
The datasets represented a wide range of animal and dietary characteristics. The milk yield of 4.5
to 52.8 kg/day, dietary Ca concentration of 4.0 to 22.5 g/kg DM, and dietary P concentration of 1.5 to
6.7 g/kg DM (Table 1), from nine countries (USA = 66.30% dataset) and four class of genetic groups
(Holstein = 66.79%; Jersey = 18.66%; Holstein x Jersey crossbreed = 1.87% and other breed = 12.69%),

experimental design of the continuous type were the most used (63.64%); feeding system predominant
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was TMR (93.65%) (Figure 2); in which the major feed was silage and hay (67.84%, 20.47%),
respectively; the method that prevailed to quantify fecal and urinary excretions were total collection
(81.82%) and (81.58%), respectively (Figure 3). Fecal excretion represented 98% of the Ca and P total
excretion and urine only 2% (Table 1).

The dairy cow genotype affected Ca and P concentration in milk (P < 0.05; Figure 4). P
concentration in milk of Jersey and Holstein x Jersey crossbreed was higher than Holstein (P < 0.05). P
concentration in milk of Jersey was higher than Holstein (P < 0.05), but P in milk of Holstein was similar
(P > 0.05) to other breed. Ca concentration in milk of Jersey was higher than Holstein and others (P <
0.05) and Holstein was higher than others (P < 0.05). The possible effect was due to differences in
productive characteristics between breeds, such as milk production and composition. The Jerseys cows
present total solids contents higher than Holstein cows and others, consequently will have higher
concentrations of minerals (Ca and P) in their composition (Figure 4).

The dairy cow genotype did not affect (P > 0.05) fecal and urinary Ca and P excretion
(information not shown). Therefore, only one regression between Ca or P intake and Ca or P excretion
was fitted to all breeds (Figures 5 and 6). Endogenous fecal Ca excretion was estimated in 1.83 + 0.59
g/kg DMI and endogenous urinary Ca excretion was estimated in 0.13 + 0.03 g/kg DMI (Figure 5).
Endogenous fecal P excretion was estimated in 0.93 + 0.21 g/kg DMI and endogenous urinary P excretion
was estimated in 0.01 + 0.007 g/kg DMI (Figure 6). The residual plot showed no evidence of any
prediction bias for fecal and urinary Ca and P excretion (Figure 7). Therefore, slope and intercept of the
regression between Ca or P intake and Ca or P excretion (Figures 5 and 6) were independents.

Crude protein, ether extract, NDF and nonfiber carbohydrate did not affect (P > 0.05) CaMet
(Table 3), but increase of dietary forage linearly increased CaMet (CaMet (0 to 1) = 0.632 (P <0.01) +
0.0002 (P <0.01) x Forage in diet (g/kg DM). Thus, increase of forage in diet from 400 to 600 g/kg DMI
increase CaMet only of 0.71 to 0.75, therefore, we considered an effect of low magnitude. This effect

needs to be better elucidated. However, one of the probable cause for the increase in the CaMet may be
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the availability of Ca from the forage. Corn silage (the main source of forage from experimental diets in
our data set) has a Ca bioavailability of 60% (Santos, 2011), making it more available to the animal and
consequently increases the CaMet with the increase of the forage.

The dairy cow genotype affected CaMet (P < 0.01; Table 3). Calcium metabolizable coefficient
of Holstein cows was lower (P < 0.01) than Jersey and other breeds (Figure 8), and CaMet of Jersey was
similar (P = 0.87) to other dairy cows breeds (Figure 8). The effect of genetic group on the CaMet and
the difference between the breed for such variable should be investigated for a better understanding of
the mechanisms of calcium absorption in dairy cows, since the Holstein and Jersey cows seem to regulate
calcium in different manners and respond differently to serotonin stimuli of the calcium pathway
(Hernandez, 2017). The lower number of receptors for the 1,25-dihydroxyvitamin D at intestinal level of
cows Jerseys compared to Holstein cows (Goff et al., 1995) seems to not have affected the efficiency of
Ca absorption, since in the present study it was higher for Jersey cows. Diet composition and dairy cow
genotype did not affect (P > 0.05) PMet (Table 3). The Box plot of the descriptive analysis (dispersion
of data) of phosphorus metabolizable coefficient in lactating dairy cows (Figure 9).

A new system to recommendation of dietary Ca and P requirements to lactating dairy cows is in
Table 4. We used the model described by House and Bell (1993) to estimate CaPreg and PPreg in which
it is considered from the 190 days of pregnancy, because we did not find studies to develop new model
to pregnancy requirement. Our recommendation of dietary Ca (g/kg DM) and P (g/kg DM) to non-
pregnant dairy cows with milk yield between 10 to 50 kg/day is 29% and 15% lower that NRC (2001)
recommendation (Figure 10), respectively. Therefore, these results confirm our hypothesis that the new
system of dietary Ca and P requirement could improve the economic and environmental performance of
dairy industry in the world, and to reduce dependence of non-renewable P sources (i.e. phosphates).
However, an evaluation of accuracy and precision of new system compared with other systems is

necessary by analysis of independent response-dose feeding experiment.
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4. Conclusions and Implications

The dairy cow genotype affected Ca and P concentration in milk. Ca and P concentration in milk
of Jersey and Holstein x Jersey crossbreed are higher than Holstein.

Genetic group doesn’t affect the fecal and urinary Ca or P excretion. We propose value of
endogenous fecal Ca excretion of 1.83 g/kg DMI, endogenous urinary Ca excretion of 0.13 g/kg DMI,
endogenous fecal P excretion of 0.93 g/kg DMI and endogenous urinary P excretion of 0.01 g/kg DMI
to quantify net requirement to maintenance of lactating dairy cow.

Calcium metabolizable coefficient of Holstein cows is lower than Jersey, but the mechanism to
explain this difference need be elucidate. Dietary composition and genetic group do not affect PMet.
Thus, we propose the value of CaMet of 0.74 to Holstein and 0.82 to Jersey, and the value to PMet of
0.74 to both genetic group.

Our new system of dietary Ca and P requirement reduces in 29% and 15% Ca and P in lactating
dairy cows diets to compared to the NRC (2001). Therefore, our new system could improve the economic
and environmental performance of dairy industry in world, and to reduce dependence of non-renewable
P sources. However, we suggest an evaluation of accuracy and precision of new system compared with

other systems, by analysis of independent response-dose feeding experiments.
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Table 1 - Descriptive statistics of the complete dataset use to model calcium and phosphorus metabolism

in dairy cows

Item! Mean Median Maximum  Minimum SD n2

Animal
Body weight (BW), kg 564.5 592.0 754.0 315.8 100.9 227
Milk yield, kg/d 28.54 31.30 52.80 4.50 11.24 233
Days in milk 115 109 285 13 66 204
Milk protein, g/kg 30.0 30.8 36.0 3.2 5.8 126
Milk fat, g/kg 38.2 36.9 53.8 14.7 6.2 124
Milk lactose, g/kg 47.9 48.2 50.1 44.7 1.3 64
Milk urea nitrogen, mg/dL 12.73 11.83 23.50 7.00 3.89 30
Dry matter (DM) intake, kg/d ~ 19.13 20.25 29.00 8.70 4.88 236
NDF intake, kg/d 6.54 6.19 8.78 4.86 1.13 23

Diet composition
Forage diet, g/kg DM 586.1 546.9 1000.0 258.1 161.6 232
DM diet, g/kg 538.5 540.1 922.9 398.0 104.7 44
CP diet, g/kg DM 168.8 167.5 258.0 121.5 18.2 178
EE diet, g/kg DM 34.2 35.0 47.0 17.4 8.3 50
NDF diet, g/kg DM 339.1 339.0 496.0 260.0 50.0 172
TDN diet, g/kg DM 742.6 750.0 770.0 697.9 22.2 19
NE_ diet, Mcal’kg DM 1.62 1.63 1.69 1.41 0.06 49
Ca, g/kg DM 8.84 7.70 22.50 4.00 3.54 213
P, g/kg DM 3.92 3.90 6.70 1.54 0.96 264

Ca metabolism
Ca milk concentration (g/kg) 1.25 1.20 2.24 0.86 0.30 101
Ca intake (g/d) 143.96 137.60 360.00 46.58 60.15 116
Ca fecal (g/d) 92.64 84.40 212.00 21.20 41.65 113
Ca urinary (g/d) 1.74 1.29 6.40 0.06 1.48 98
Ca milk (g/d) 27.03 21.66 64.90 5.30 14.68 104

P metabolism
P milk concentration (g/kg) 0.90 0.91 1.27 0.53 0.13 191
P feces concentration (g/kg) 7.39 6.93 13.61 3.50 2.45 60
P urine concentration (mg/L) 10.33 7.00 35.00 2.40 10.20 13
P intake (g/d) 73.73 72.25 179.70 21.50 28.53 276
P fecal (g/d) 43.07 40.20 118.80 10.99 20.67 267
P urinary (g/d) 0.73 0.44 491 0.02 0.88 170
P milk (g/d) 24.33 24.25 50.30 5.20 10.18 225

1 CP = crude protein; EE = ether extract; NDF = neutral detergent fiber; TDN = total digestible nutrients;
NEL = Net energy for lactation.

2 Treatmemt means from 72 experiments in 53 publications (Appendix 1 and Table S1 Online Data
Supplement).
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319 Table 2. Pearson correlation coefficients for the relationships among explanatory variables in the full data set (treatment means from 72
320  experiments)
Item? Pf Pu Pm Cai Caf Cau Cam  For CP EE NDF NFC Starch MY BW%”® DMI
Pi 0.889 0.456 0.686 0.178 0.082 -0.285 0.684 -0.574 -0.034 0.379 -0.373 0.186 0.216 0.723 0.485 0.775
Pf 0.423 0577 0.154 0.157 -0.417 0.587 -0.474 -0.129 0.143 -0.329 0.014 0.311 0591 0.410 0.645
Pu 0.301 -0.040 -0.050 -0.297 0.204 -0.344 0.039 -0.224 -0.205 -0.508 0.115 0.317 0.207 0.297
Pm 0.192 0.096 -0.363 0.880 -0.510 0.013 0.651 -0.603 0.088 -0.306 0.954 0.704 0.878
Cai 0.892 -0.064 0.290 0.127 0.080 -0.773 -0.258 -0.710 - 0.132 -0.105 0.262
Caf -0.107 0.136 0.237 0.097 -0.775 -0.050 -0.578 - 0.024 -0.163 0.182
Cau -0.266 0.503 -0.252 - 0.371 - - -0.345 -0.106 -0.334
Cam -0.624 -0.277 - -0.707 - - 0911 0.683 0.878
For 0.065 -0.192 0.121 -0.343 -0.564 -0.646 -0.697 -0.600
CP 0.126 -0.204 -0.216 -0.141 -0.024 -0.066 -0.049
EE -0.133 -0.349 0.526 0.702 0.493 0.435
NDF -0.757 -0.297 -0.644 -0.021 -0.592
NFC 0.997 0.311 -0.046 0.521
Starch -0.252 -0.206 0.098
MY 0.726  0.878
BWO7® 0.700
321 1 BW?" = metabolic body weight (kg); Cai = calcium intake (g/d); Caf = calcium in feces (g/d); Cau = calcium in urine (g/d); Cam = calcium
322 in milk (g/d); CP = crude protein dietary (g/kg DM); DMI = dry matter intake (kg/d); EE = ether extract dietary (g/kg DM); For = forage
323  dietary (g/kg DM); MY = milk yield (kg/d); NDF = neutral detergent fiber dietary (g/kg DM); Pi = Phosphourus intake (g/d); Pf = phosphorus
324 in feces (g/d); Pu = phosphorus in urine (g/d); Pm = phosphorus in milk (g/d);
325  2Appendix 1 and Table S1 Online Data Supplement.
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326  Table 3. Effects of the diet and genetic group on calcium metabolizable (CaMet) and phosphorus
327  metabolizable (PMet) in lactating dairy cows

2 Item? CaMet (P-value) Pmet (P-value)
Forage diet, g/kg DM <0.001 0.386
Crude protein diet, g/kg DM 0.070 0.767
Ether extract diet, g/kg DM 0.512 0.318
NDF diet, g/kg DM 0.798 0.976
Non fiber carbohydrate diet, g/kg DM 0.123 0.892
Genetic group <0.001 0.929

329 1 CP = crude protein; EE = ether extract; NDF = neutral detergent fiber; TDN = total digestible nutrient;
330  NEL = Net energy for lactation.
331 2 Treatment means from 72 experiments in 53 publications (Appendix 1 and Table S1 Online Data
332 Supplement).
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364

365

366

Table 4. Recommendation of dietary calcium and phosphorus requirement to lactating dairy cows

Equation

Dietary Ca (g/kg DM) = Dietary Ca intake (g/cow/day) + dry matter intake (DM, kg/d)
Dietary Ca intake (g/cow/day) = (CaFe + CaUe + CalLac + CaPreg) + CaMet

where:
CaFe = endogenous fecal Ca excretion (g/d) = 1.83 x dry matter intake (DMI, kg/d);

CaUe = endogenous urinary Ca excretion (g/d) = 0.13 x DMI (kg/d);
Calac = Ca net requirement to lactaction (g/d) = Milk yield (kg/d) x Ca in milk (g/kg).
Cain milk = 1.17 to Holstein and other breeds)

Cain milk = 1.38 to Jersey;

CaPreg = Ca net requirement to pregnancy (g/d) = 0.02456 x exp (0-05581-000007xDP)xBP _ 9 02456 x
exp (005581 -0.00007 x (OP - 1) x (BP - 1) (Hoyse and Bell, 1993). DP = day of pregnancy, only after 190
days;

CaMet = Ca metabolizable coefficient = 0.74 to Holstein and other breeds or 0.82 to Jersey.

Dietary P (g/kg DM) = Dietary P intake (g/cow/day) + dry matter intake (DMI, kg/d)
Dietary P intake (g/cow/day) = (PFe + PUe + PLac + PPreg) + PMet

where:
PFe = endogenous fecal P excretion (g/d) = 0.93 x dry matter intake (DMI, kg/d);

PaUe = endogenous urinary P excretion (g/d) = 0.01 x DMI (kg/d);
Palac = P net requirement to lactaction (g/d) = Milk yield (kg/d) x P in milk (g/kg).
P in milk = 0.90 to Holstein and other breeds
P in milk = 1.00 to Jersey;
PPreg = P net requirement to pregnancy (g/d) = 0.02743 x exp (0:05527-0000075 xDP) xDP _ 0 02743 x
exp (0:05527-0.000075 x (OP - 1) x (OP - 1) (Hoyse and Bell, 1993). DP = day of pregnancy, only after 190

days;

PMet = P metabolizable coefficient = 0.74.
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374 Figure 1. Flowchart showing inclusion criteria for selection of the studies used to model calcium and

375  phosphorus dietary requirements for lactating dairy cows.
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MSPE = mean square prediction error. N = treatmemt means (Table 1).
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