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ABSTRACT 

ALHADAS, Herlon Meneguelli, D.Sc., Universidade Federal de Viçosa, February, 2022. 
Impact of different levels of low-fat dried distillers grains in finishing diets on 
performance, nutrient intake and digestibility, in situ degradability and on protein and 
energy intake and retention and estimation of protein and energy requirements of young 
Nellore bulls. Adviser: Sebastião de Campos Valadares Filho.  

 

This study was developed in two experiments, one with performance animals and the other with 

cannulated animals. Each of the two experiments originated two chapters of this thesis, totaling 

four chapters. In the first chapter, the effect of including low-fat dried distillers grains (DDG) 

on young Nellore bulls performance, nutritional parameters and nitrogen metabolism was 

evaluated. Thirty-five Nellore cattle were randomly divided into four diets: without DDG (D0) 

or with the inclusion of DDG at 150 g/kg (D150), 300 g/kg (D300), or 450 g/kg (D450). The 

evaluation period lasted 126 days and three periods of collection of feces and urine were carried 

out. Final body weight (P = 0.099) and average daily gain (P = 0.097) tended to decrease 

linearly; the digestibility of dry matter (DM, P < 0.001), organic matter (OM, P < 0.001), ether 

extract (EE, P < 0.001) and non-fiber carbohydrates (NFC, P < 0.001), and intakes of total 

digestible nutrients (TDN, P < 0.001) decreased linearly. The increase in crude protein intake 

(CP, P < 0.001) did not result in an increase in the amount of nitrogen retained (N, P = 0.540). 

In the second chapter, the effect of including low-fat DDG in finishing diets on protein and 

energy intake and retention and to estimate the protein and energy requirement of young Nellore 

bulls was evaluated. Thirty-five animals were used: baseline (n = 4), maintenance (n = 4), and 

ad libitum intake (n = 27). Ad libitum animals were divided into four groups: diets with the 

inclusion of DDG at the levels of 0, 150, 300 and 450 g/kg (DM basis). At the end of the 

experiment all animals were slaughtered. There was a linear reduction with increasing DDG 

levels in the TDN (P = 0.008), metabolizable energy (ME) intake (P < 0.010), in total retained 

energy (P = 0.065), and in heat production (P < 0.065). Metabolizable protein (MP) intake 

increased linearly (P < 0.010), but retained protein did not differ (P = 0.499). Daily net energy 

and ME requirement for maintenance was 75.9 and 122 kcal/kg0.75 EBW, respectively. Daily 

MP for maintenance was 3.6 g/kg0.75 shrunk body weight. In the third chapter it was evaluated 

the effect of including levels of low-fat DDG in high-concentrate diets on intake and 

digestibility. Four rumen-cannulated Nellore cattle received four dietary treatments in a 4×4 

Latin square experimental design.  Treatments included diets without DDG (D0) and varying 

inclusion levels of DDG at 150 g/kg (D150), 300 g/kg (D300), and 450 g/kg (D450). Four 



 

 

periods of total feces and urine collection were performed to estimate nutrient intake and 

digestibility and estimate nitrogen balance. Collections of omasum digesta were used to 

estimate ruminal degradability. The ruminal emptying technique was performed to estimate the 

ruminal rates of ingestion, passage, and digestion (kd). The inclusion of DDG reduced the 

intake of TDN (P < 0.010), DM (P = 0.020), OM (P = 0.020), NFC (P < 0.010) and EE (P = 

0.060). The intake of neutral detergent fiber (NDF) increased linearly (P < 0.01), whereas CP 

had a quadratic pattern (P = 0.020). The total digestibility in kg/d of DM (P < 0.010), OM (P < 

0.010), NFC (P < 0.010) and EE (P = 0.020) decreased linearly. The total digestibility in kg/d 

of the NDF increased linearly (P < 0.010) and the CP had a quadratic pattern (P = 0.010). The 

kd of DM (P = 0.010), OM (P < 0.010) decreased linearly and NDF increased linearly (P < 

0.010). The amount of N retained did not change (P = 0.720), but the intake of MP increased 

(P = 0.03). And in the fourth chapter, it was evaluated  ruminal in situ degradation of diets 

containing different levels of DDG replacing soybean meal, urea and corn and the effect of 

these diets on in situ ruminal degradation of DDG, and to propose alternative methods to 

estimate in vivo digestibility of diets. Four rumen-cannulated Nellore bulls were used in a 4×4 

Latin square design, for both in situ incubation and in vivo digestibility. We evaluated the 

following treatments: diet without DDG (D0) or containing 150 (D150), 300 (D300), or 450 

g/kg (D450) of inclusion. For in situ evaluation, DDG was incubated in all animals, and diets 

only in those fed with the same diet that would be incubated. To estimate in vivo digestibility, 

three days of total feces collection were performed in each period. Data was analysed in PROC 

MIXED, PROC NLIN and PROC REG of SAS (version 9.4, SAS Institute Inc., Cary, NC, 

USA). There was no effect of diet on the in situ degradation parameters of the DDG (P > 0.050). 

However, for the diets, the readily soluble fraction (parameter "a") (P < 0.010), and the rate 

constant for degradation (parameter kd) of the potentially degradable fraction in the rumen 

(parameter “b”)  (P = 0.050) of DM, decreased linearly. On the other hand, the parameter "b" 

(P < 0.01) and kd rate (P = 0.03) of NDF of the diets increased linearly. The in situ incubation 

time to estimate the in vivo DM digestibility ranged from 27.2-h to 37.7-h. For the NDF, the 

time was 60-h for all diets. In addition, to estimate the in vivo digestibility of DM (DMD), and 

the residual NDF (RNDF) of diets, two equations were suggested for each one: DMD = 804.8 

- 0.092 × level, and DMD = 658 + 0.468 × a; RNDF = 393.9 - 0.138 × level, and RNDF = 874.3 

- (0.602 × b) - (0.805 × I) + (1,662 × kd), where I = indigestible NDF. Therefore, the inclusion 

of low-fat DDG in finishing diets reduces performance, nutrient digestibility and energy intake. 
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RESUMO 

ALHADAS, Herlon Meneguelli, D.Sc., Universidade Federal de Viçosa, fevereiro de 2022. 
Impacto de diferentes níveis de inclusão de grãos secos de destilaria de baixa gordura em 
dietas de terminação sobre o desempenho, consumo e digestibilidade, degradabilidade in 
situ e sobre o consumo, retenção e exigências de proteína e energia de bovinos Nelore 
machos não-castrados superprecoces. Orientador: Sebastião de Campos Valadares Filho.  

 

Este estudo foi desenvolvido em dois experimentos, um com animais em desempenho e outro 

com animais canulados. Cada um dos dois experimentos originou dois capítulos desta tese, 

totalizando quatro capítulos. No primeiro capítulo, avaliou-se o efeito da inclusão de grãos 

secos de destilaria com baixo teor de gordura (DDG) sobre o desempenho, parâmetros 

nutricionais e metabolismo de nitrogênio de bovinos Nelore machos não-castrados 

superprecoces. Trinta e cinco bovinos Nelore foram divididos aleatoriamente em quatro dietas: 

sem DDG (D0) ou com inclusão de DDG a 150 g/kg (D150), 300 g/kg (D300) ou 450 g/kg 

(D450) . O período de avaliação durou 126 dias e foram realizados três períodos de coleta de 

fezes e urina. O peso corporal final (P=0,099) e o ganho médio diário (P = 0,097) tenderam a 

diminuir linearmente; a digestibilidade da matéria seca (MS, P < 0,001), matéria orgânica (MO, 

P < 0,001), extrato etéreo (EE, P<0,001) e carboidratos não fibrosos (CNF, P < 0,001), e os 

consumos de nutrientes digestíveis totais (NDT, P < 0,001) diminuíram linearmente. O aumento 

da ingestão de proteína bruta (PB, P < 0,001) não resultou em aumento da quantidade de 

nitrogênio retido (N, P = 0,540). No segundo capítulo, avaliou-se o efeito da inclusão de DDG 

em dietas de terminação sobre a ingestão e retenção de proteína e energia e estimou-se a 

exigência de proteína e energia de bovinos Nelore machos não-castrados superprecoces. .Trinta 

e cinco animais foram utilizados: referência (n = 4), manutenção (n = 4) e ingestão ad libitum 

(n = 27). Os animais ad libitum foram divididos em quatro grupos: dietas com inclusão de DDG 

nos níveis de 0, 150, 300 e 450 g/kg (base MS). Ao final do experimento todos os animais foram 

abatidos. Com o aumento dos níveis de DDG na dieta, houve redução linear no consumo de 

NDT (P = 0,008), consumo de energia metabolizável (EM) (P < 0,010), na energia total retida 

(P = 0,065) e na produção de calor (P < 0,065). A ingestão de proteína metabolizável (PM) 

aumentou linearmente (P < 0,010), mas a proteína retida não diferiu (P = 0,499). A exigência 

de energia líquida e a exigência de EM para mantença foram de 75,9 e 122 kcal/kg0,75 PCV, 

respectivamente. A exigência de PM diária para manutenção foi de 3,6 g/kg0,75 do peso corporal 

em jejum. No terceiro capítulo avaliou-se o efeito da inclusão de DDG em dietas de alto 

concentrado sobre o consumo e a digestibilidade dos nutrientes. Quatro bovinos Nelore 



 

 

canulados no rúmen receberam quatro tratamentos dietéticos em um delineamento experimental 

tipo quadrado latino 4×4. Os tratamentos incluíram dietas sem DDG (D0) e níveis variados de 

inclusão de DDG em 150 g/kg (D150), 300 g/kg (D300) e 450 g/kg (D450). Foram realizados 

quatro períodos de coleta total de fezes e urina para estimar a ingestão e digestibilidade dos 

nutrientes e estimar o balanço de nitrogênio. Coletas de digesta omasal foram usadas para 

estimar a degradabilidade ruminal. A técnica de esvaziamento ruminal foi realizada para 

estimar as taxas ruminais de ingestão, passagem e digestão (kd). A inclusão de DDG reduziu o 

consumo de NDT (P < 0,01), MS (P = 0,02), MO (P = 0,02), CNF ( P < 0,01) e EE (P = 0,06). 

A ingestão de fibra em detergente neutro (FDN) aumentou linearmente (P < 0,01), enquanto a 

PB apresentou padrão quadrático (P = 0,02). A digestibilidade total em kg/d de MS (P < 0,01), 

MO (P < 0,01), NFC (P < 0,01) e EE (P = 0,02) decresceram linearmente. A digestibilidade 

total em kg/d da FDN aumentou linearmente (P < 0,01) e a PB apresentou padrão quadrático 

(P = 0,01). O kd de MS (P = 0,01), MO (P < 0,01) diminuiu linearmente e o da FDN aumentou 

linearmente (P < 0,01). A quantidade de N retida não se alterou (P = 0,72), mas a ingestão de 

proteína metabolizável aumentou (P = 0,03). E no quarto capítulo, avaliou-se a degradação 

ruminal in situ de dietas contendo diferentes níveis de DDG em substituição ao farelo de soja, 

uréia e milho e o efeito dessas dietas na degradação ruminal in situ do DDG, e foram propostos 

métodos alternativos para estimar a digestibilidade in vivo de dietas. Quatro touros Nelore 

canulados no rúmen foram utilizados em delineamento quadrado latino 4×4, tanto para 

incubação in situ quanto para digestibilidade in vivo. Foram avaliados os seguintes tratamentos: 

dieta sem DDG (D0) ou contendo 150 (D150), 300 (D300) ou 450 g/kg (D450) de inclusão. 

Para avaliação in situ, o DDG foi incubado em todos os animais, e as dietas apenas naqueles 

alimentados com a mesma dieta que seria incubada. Para estimar a digestibilidade in vivo, 

foram realizados três dias de coleta total de fezes em cada período. Os dados foram analisados 

em PROC MIXED, PROC NLIN e PROC REG do SAS (versão 9.4, SAS Institute Inc., Cary, 

NC, EUA). Não houve efeito da dieta sobre os parâmetros de degradação in situ do DDG (P > 

0,05). No entanto, para as dietas, a fração prontamente solúvel (parâmetro "a") (P < 0,01), e a 

constante de velocidade para degradação (parâmetro kd) da fração potencialmente degradável 

no rúmen (parâmetro "b") (P = 0,05) de MS, diminuiu linearmente. Por outro lado, o parâmetro 

"b" (P < 0,01) e a taxa kd (P = 0,03) da FDN das dietas aumentaram linearmente. O tempo de 

incubação in situ para estimar a digestibilidade da MS in vivo variou de 27,2 horas a 37,7 horas. 

Para a FDN, o tempo foi de 60 horas para todas as dietas. Além disso, para estimar a 

digestibilidade in vivo da MS (DMS) e o resíduo de FDN (RFDN) das dietas, foram sugeridas 

duas equações para cada uma: DMS = 804,8 - 0,092 × nível (DDG), e DMS = 658 + 0,468 × a; 



 

 

RFDN = 393,9 - 0,138 × nível (DDG), e RFDN = 874,3 - (0,602 × b) - (0,805 × I) + (1.662 × 

kd), onde I = FDN indigestível. Portanto, a inclusão de DDG com baixo teor de gordura nas 

dietas de terminação reduz o desempenho, a digestibilidade dos nutrientes e o consumo de 

energia. 

 

Palavras-chave: Grãos secos de destilaria. Dietas de terminação. Nelore.  
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INTRODUCTION 

Distillers grains are co-products of the alcohol production industry, being used as a source of 

protein [inclusion levels of up to 150 g/kg in the dry matter (DM) of the diet] or energy (levels 

above 150 g/kg DM base) in beef cattle diets (Klopfenstein, 2001). It has been demonstrated 

for quite some time that after fermentation, the composition of the residue differs from the 

original grain, having a lower concentration of starch, and higher concentrations of crude 

protein (CP), neutral detergent fiber (NDF), and ether extract (EE) (Klopfenstein et al., 2008). 

The heating process can also cause changes in the CP profile, which can present around 730 

g/kg of rumen undegradable protein (RUP) (NASEM, 2016). Many studies evaluating levels 

of inclusion of distillers grains in finishing cattle diets have been performed (Al-Suwaiegh et 

al., 2002; Buckner et al., 2007; Corrigan et al., 2007), but most studies evaluated the inclusion 

of wet distillers grains plus solubles (WDGS) or DDG plus solubles (DDGS) with little data 

for DDG without solubles. Also, there is a large variation in the distillers grains composition 

among ethanol plants and within an ethanol plant on different days (Buckner et al., 2011), and 

the change in this product's chemical composition can generate changes in the digestibility and 

use of nutrients.  

 Our study aimed to evaluate: 1 - the performance and digestive parameters of young 

Nellore bulls when receiving finishing diets with different levels of inclusion of low-fat DDG 

without solubles; 2 -  the effect of including low-fat DDG in finishing diets on intake and 

digestibility of nutrients, protein and energy intake and retention, and to evaluate the whole-

body chemical composition and estimate the protein and energy requirements for the 

maintenance and growth of young Nellore bulls; 3 - the effect of low-fat DDG levels in finishing 

diets on nutrient intake and digestibility; 4 - evaluate the ruminal in situ degradation of diets 

containing different levels of DDG inclusion, and the 
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effect of these diets on ruminal in situ degradation of DDG, and to find the number of hours of 

in situ incubation of diets to estimate their in vivo digestibility and to develop models based on 

the level of inclusion of DDG and based on in situ degradation parameters of diets to evaluate 

their in vivo digestibility.  
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CHAPTER 1 

Impact of different levels of low-fat dried distillers grains on performance of young 

Nellore bulls during the finishing phase1 

 

H. M. Alhadas,2,†,‡ S. C. Valadares Filho,†  L. O. Tedeschi, ‡ R. S. R. Vilela,† G. A. P. 

Souza, †  B. C. Lage, † B. C. Silva , † L. N. Rennó, † M. F. Paulino, † 

 

1This study and scholarship of the first author were supported by Conselho Nacional de 

Desenvolvimento Científico e Tecnológico (CNPQ, Brazil). 

†Department of Animal Science, Universidade Federal de Viçosa, Viçosa, Minas Gerais, Brasil, 

36570-900. 

‡Department of Animal Science, Texas A&M University, College Station, Texas, USA, 77843-

2471. 
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ABSTRACT 

This study evaluated the effect of including low-fat dried distillers grains (DDG) on young 

Nellore bulls performance, nutritional parameters and nitrogen metabolism. Thirty-five Nellore 

cattle were randomly divided into four diets: without dried distillers grains (D0) or with the 

inclusion of DDG at 150 g/kg (D150), 300 g/kg (D300), or 450 g/kg (D450). The evaluation 

period lasted 126 days and three periods of collection of feces and urine were carried out. Final 

body weight (P = 0.099) and average daily gain (P = 0.097) tended to decrease linearly; the 

digestibility of dry matter (P <0.001), organic matter (P <0.001), ether extract (P <0.001) and 

non fiber carbohydrates (P <0.001), and intakes of total digestible nutrients (TDN, P <0.001)  

decreased linearly. The increase in crude protein intake (P <0.001) did not result in an increase 

in the amount of nitrogen retained (P = 0.540). We concluded that the inclusion of low-fat DDG 

in finishing diets up to the level of 450 g/kg tends to reduce animal performance and the intake 

of TDN. 

Key words: Distillery grains, finishing phase, growth, Nellore. 
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INTRODUCTION 

The use of corn for ethanol production is growing worldwide. In the United States, from 

2002 to 2019, the area of corn destined for ethanol production increased 5.38 times (USDA, 

2019). In Brazil, the estimate is that ethanol production from corn will increase 61.1% in the 

2020 harvest, reaching 2.7 million liters (CONAB, 2020). As a result, the production of 

distillers grains also increased, and most of the byproducts were used to feed ruminants. One 

of the byproducts generated by the fermentation process is the dried distillers grain (DDG) with 

or without solubles. Because it is easily transported and stored due to its reduced humidity 

obtained by the drying process, it can be fed to ruminant production systems far from the ethanol 

plants (Morris et al., 2005). According to Klopfenstein (2001), distillers grains are used in 

finishing diets of beef cattle as a source of protein with inclusions of up to 150 g/kg, but also as 

an energy source when levels of inclusion are higher. Consequently, it is important to know the 

animal response concerning the levels of inclusion of distillers grains in the finishing diet of 

cattle, and whether different types of cattle have similar performances. 

Many studies evaluating levels of inclusion of distillers grains in finishing cattle diets 

have been performed (Al-Suwaiegh et al., 2002; Buckner et al., 2007; Corrigan et al., 2007), 

but most studies evaluated the inclusion of wet distillers grains plus solubles (WDGS) or DDG 

plus solubles (DDGS) with little data for DDG without solubles. Also, there is a large variation 

in the distillers grains composition among ethanol plants and within an ethanol plant on 

different days. Buckner et al. (2011) evaluated the composition of WDGS and modified 

distillers grains plus solubles (MDGS) from six ethanol plants. They collected ten samples per 

day for five days in four different months. They reported that the smallest variation occurred 

for crude protein (CP) and phosphorus, while the fat content varied between plants. The lowest 

and the highest values reported for fat for Buckner et al. (2011) were 102 g/kg and 133 g/kg. 

Fat is one of the main constituents of distillers grains, and it is responsible for increasing the 
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energy equivalent. Its nutritive values described in different publications are within the values 

described previously (MacDonald et al., 2007). However, in some ethanol plants, distillers 

grains are defatted, with fat values close to that of corn. Consequently, animal performance may 

be different than anticipated when feeding this type of distillers grains, mainly because the 

composition of the gain might be altered. 

Therefore, the hypothesis is that the high inclusion of low-fat DDG in finishing diets 

can reduce the performance and prejudice of the digestive parameters of young Nellore bulls. 

Our study aimed to evaluate the performance and digestive parameters of young Nellore bulls 

when receiving finishing diets with different levels of inclusion of low-fat DDG without 

solubles. 

MATERIAL AND METHODS 

The trial was conducted in the experimental feedlot of the Department of Animal 

Science of the Federal University of Viçosa, Viçosa, Brazil, MG, observing the evaluation of 

the Ethics Committee for Animal Use (Protocol CEUAP/DZO/UFV 01/2019). A total of 35 

young Nellore bulls from the beef cattle farm of the Federal University of Viçosa were used. 

The minimum sample size per treatment was calculated to be 8, which was estimated based on 

the methodology described by Ryan (2013), considering the  average daily gain (ADG) 

coefficient of variation of 5% and an expectation of reducing treatment differences by 8.97% 

from the results of a meta-analysis (Klopfenstein et al., 2008), and assuming 5% for the Type-

I error and 95% for the power (1 - β). 

 Animals, design, and experimental diets. Thirty five animals in the performance growth 

(average initial weight of 267 kg) were allocated in collective pens (48 m2, with eight or nine 

animals per pen ) containing feeders (Model AF-1000 Master; Intergado, Contagem, MG, 

Brazil) and electronic waterers (Model WD-1000 Master; Intergado, Contagem, MG, Brazil). 

A tag (FDX-ISO11784/11785; Allflex, Joinville, SC, Brazil) with an exclusive number fixed 
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to each animal’s ear to facilitate the identification of animals in the electronic system and to 

have access to individual intakes. Before starting the experimental diets, animals underwent an 

initial adaptation period of 30 days. The evaluation period lasted 126 days, consisting of 6 

periods of 21 days each. The bulls were randomly divided into four groups to receive the 

treatments (diets). On the first and last experimental day, they were weighed at 07.00 h after 

fasting for 16 h of solids. These weights were considered the initial and final weights and used 

to estimate the ADG. Four treatments consisted of levels of inclusion of DDG in the diets, 

which were formulated according to BR-CORTE recommendations (Valadares Filho et al., 

2016). All diets contained 280 g/kg of corn silage, and levels of 0 g/kg (D0), 150 g/kg (D150), 

300 g/kg (D300), and 450 g/kg (D450) DDG in the dry matter (DM) of the total diet. The 

animals were fed the complete mixed diets twice daily, at 07.00 h and 16.00 h. The inclusion 

of DDG in the diets provided a partial replacement of corn meal and total replacement of 

soybean meal. The D0 and D150 diets had levels close to CP, around 123 g/kg. However, the 

D300 and D450 diets had CP levels around 152 g/kg and 187 g/kg, respectively. The chemical 

composition of the diet ingredients is listed in Table 1. The chemical composition of the diets, 

as well as the level of inclusion of each ingredient, are shown in Table 2. 

 Nutrients digestibility and nitrogen (N) balance. Three periods of collection of feces 

and urine (Amaral et al., 2014; Prados et al., 2017) were carried out at 25 days, 71 days, and 

110 days of feeding. These collection periods overlapped the second, fourth, and sixth 

experimental periods, respectively. Each collection period lasted for three days, with collections 

taking place at different times on each day (06.00 on the first day, 12.00 on the second day, 

18.00 h on the third day). The feces were collected directly from the rectum of the animals. The 

samples were immediately placed in a forced ventilation oven at 55°C for partial drying for 72 

h. Subsequently, they were ground using a knife mill with 1-mm and 2-mm sieves (Fortinox, 

Piracicaba, São Paulo, Brazil). Composites of the three collections were obtained for further 



20 

 

 

 

chemical analyses. The internal indigestible neutral detergent fiber (iNDF) marker was used to 

estimate the amount of feces excreted per animal per day. The calculation was performed by 

dividing the iNDF intake by the concentration of iNDF in the feces. The digestibility coefficient 

of each nutrient was estimated based on the total intake of each nutrient. With the nutrient 

digestibility coefficients, the intake of total digestible nutrients (TDN) was estimated by the 

following equation: TDN = dCP + dNDF + (dEE x 2.25) + dNFC, where dCP = digestible crude 

protein, dNDF = digestible neutral detergent fibre, dEE = digestible ether extract, dNFC = 

digestible non-fibre carbohydrates. 

At each fecal collection, spot urine collections were obtained to estimate the purine 

derivatives and the urinary excretion of N. To preserve nitrogenous compounds, 5 ml of urine 

was diluted in 20 ml of 0.018 mol/L sulfuric acid and stored in a freezer at -20°C for each 

collection day. It was necessary to estimate the urinary volume. Thus, daily urine creatine 

excretion was estimated according to Valadares Filho et al. (2016) (Equation 1). The urinary 

creatinine concentration was also obteined, and the urinary volume was obtained by the ratio 

between daily urine creatine excretion and urinary creatine concentration. For the N balance, 

data of N intake, fecal N, and urinary N were used.  

  Rumen degradable protein, rumen undegradable protein, and synthesis of microbial 

protein. Urinary purine derivatives methodology was used to estimate microbial protein 

synthesis. This method assumes that the nucleic acids that leave the rumen and reach the 

intestine are of microbial origin (McAlian and Smith, 1973). In cattle, microbial nucleic acids 

are mainly converted to purine derivatives allantoin and uric acid, which are mainly excreted 

in the urine (Tas and Susenbeth, 2007). A urinary recovery rate for purines derivatives of 80% 

was adopted as recommended by Valadares Filho et al. (2016). A microbial RNA digestion rate 

of 93% and the endogenous fraction of urinary for purine derivatives of 0.3 mmol/kg0.75 body 

weight (BW) was adopted, as found by Barbosa et al. (2011). In addition, the ratio of 70 mg of 
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N per mmol of purine and 0.1369 of N in purines and total N in bacteria were adopted (Barbosa 

et al., 2011). The first step was to calculate the absorbed purines (AP, mmol/d) (Equation 2). 

The second step was to calculate the microbial N synthesis (MNS, g/d) (Equation 3). Microbial 

protein synthesis (MPS) was found by multiplying the value found for MNS by 6.25. The 

rumen degradable protein (RDP) was adopted as equivalent to the microbial protein synthesis 

(Valadares Filho et al., 2016), and the rumen undegradable protein (RUP) was estimated by the 

difference between CP intake and RDP. With the values of RUP and RDP, the metabolizable 

protein (MP) was estimated (Equation 4). 

Daily excretion of creatinine (mg/d) = 37.88 × BW0.9316                                                  (1)  

PD = (PA - 0.30 x kg0.75 BW)/0.80  (2) 

MNS = (70 x PA)/(0.93 x 0.1369 x 1000)                                                                       (3)  

MP = (RDP x 0.64) + (RUP x 0.8)                                                                                    (4) 

where BW = body weight; MNS = microbial N synthesis; MP = metabolizable protein; PA = 

purine absorbed; PD = purine derivatives; RUP = rumen undegradable protein; RDP = rumen 

degradable protein. 

 Laboratory analyses. Feces samples and dietary ingredients were analyzed for DM 

(method #934.01), N (method #981.10), ash (method #930.05), according to AOAC (2012), 

and ether extract (EE) (method #2003.05) according to AOAC (2005). The CP content was 

estimated by multiplying the N content by 6.25, and the organic matter (OM) content was 

calculated by subtracting the ash content from the DM content. The neutral detergent fiber 

(NDF) content was estimated, according to Mertens et al. (2002), with the addition of 

thermostable α-amylase to neutral detergent (Ankom Tech. Corp., Fairport, NY, USA), without 

the addition of sodium sulphite, and corrected for contamination with ash and protein (apNDF). 
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The iNDF content was determined by ruminal incubation of the sample for 288 h, as described 

by Valente et al. (2011). The non-fiber carbohydrates (NFC) content was estimated as 

suggested by Detmann and Valadares Filho (2010): NFC = OM - CP - apNDF – EE. Urine 

samples were analyzed for allantoin, creatinine, and uric acid using HPLC (Agilent 1100 series, 

Agilent Technologies, Waldbronn, Germany) as described by George et al. (2006). Urine 

samples were also analyzed for N.  

 Statistical analysis. The data were analyzed as a completely randomized design, and 

individual animals were used as the experimental units for all parameters. When the effect of 

treatment (i.e., levels of DDG) was significant, the linear, quadratic, and cubic effects were 

evaluated using orthogonal contrasts that were obtained with PROC MIXED of SAS (version 

9.4, SAS Institute Inc., Cary, NC, USA). The least-square means were used to determine 

statistical significance among treatments. Initial body weight was used as a covariate. The P = 

0.05 was used as the critical level of probability for the Type-I error, and tendencies were 

considered at 0.05 < P ≤ 0.10. 

RESULTS 

 Performance, intake, and digestibility. As shown in Table 3, the final BW (P = 0.099) 

and ADG (P = 0.097) tended to reduce linearly, but feed efficiency (P = 0.137) did not differ 

between treatments. The tendency for quadratic increase in the intake of DM (P = 0.071) and 

OM (P = 0.071), together with the increasing levels of CP and NDF in the diet, resulted in a 

linear increase in the consumption of these nutrients (P <0.001 and P <0.001, respectively) 

(Table 4), with a lowest value for CP intake for D0 (0.79 kg/d) and with the highest value for 

D450 (1.13 kg/d). The inclusion of DDG also resulted in a quadratic increase for EE intake (P 

= 0.039). The NFC (P <0.001) and TDN (P <0.001) intake was reduced linearly. Increasing 

levels of DDG in the diet changed the digestibility of nutrients, in such a way that the 

digestibilities of DM (g/kg, P <0.001; and kg/d, P = 0.001), OM (g/kg, P <0.001; and kg/d, P 
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= 0.001), NFC (g/kg, P <0.001; and kg/d, P <0.001) and EE (g/kg, P <0.001) decreased linearly 

(Table 4). The digestibility of the EE in kg/d tended to have a quadratic effect (P = 0.063), with 

a higher value for D150. However, the digestibility of NDF (g/kg, P <0.001; and kg/d, P = 

0.001) increased linearly, and the digestibility of CP (g/kg, P <0.001; and kg/d, P <0.001) 

showed a quadratic effect with lower value for D300 for g/kg digestibility and lower value for 

D150 for digestibility in kg/d. 

N balance and rumen protein metabolism. In addition to the increase in protein, the 

inclusion of DDG in the diet changed the profile of this protein, causing a linear increase in 

RUP intake (P <0.001), the relationship between RUP intake and CP intake (P <0.001), MP 

intake (P <0.001), and MPS efficiency (P <0.001) (Table 5). However, as the MPS was not 

affected by the treatments (P = 0.220), and the CP intake increased linearly, the relationship 

between MPS and CP intake decreased linearly (P <0.001). The linear increase in N intake (P 

<0.001), did not increase the N retained (P = 0.540) (Table 5). This was because there was a 

linear increase in the N excreted in the feces (P <0.001) and a quadratic increase with a 

minimum point in D150 in the N excreted in the urine (P = 0.001). Thus, as there was an 

increase in N intake and retention was not different, the partial efficiency of the use of this 

compound reduced linearly (P = 0.012). 

DISCUSSION 

Performance, intake, and digestibility. The inclusion of DDG in the diet tended to reduce 

performance data. However, there are other studies that have evaluated levels of distillers grains 

in cattle diets and found different patterns. In this sense, Depenbusch et al. (2009) evaluated 

diets with or without the inclusion of 150 g/kg DDGS and reported no difference in 

performance. On the other hand, there are studies describing a quadratic increase in the ADG 

of animals fed with increasing levels of DDGS (Klopfenstein et al., 2008). Besides that, some 

studies that evaluated the inclusion of dry grains in diets for cattle in the finishing phase found 
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greater feed value for DDG or DDGS compared to corn, explaining the improvement in the 

performance of the animals up to a certain level of inclusion (Buckner et al., 2007; Ham et al., 

1994). Two are the main factors described by the authors for this improvement: the increase in 

the concentration of CP and an increase in the concentration of EE. However, the increased 

intake of CP did not affect the amount of protein retained and the fat concentration of the diets 

used in this study was very similar, varying only 3.8 g/kg units from the diet with the highest 

concentration (D450) to the diet with the lowest concentration (D0). The DDG used did not 

present high values of EE as reported in the literature, 120 g/kg (MacDonald et al., 2007), 

having a value close to that of corn (48.6 g/kg). 

 Corroborating the performance data, there was a reduction in the digestibility of almost 

all nutrients. This is associated with the DDG production process. As DDG is a co-product 

obtained from starch fermentation, which is the main carbohydrate in the grain, its inclusion in 

the diet promoted a linear reduction in the concentration of NFC, which have greater and faster 

fermentation compared to fiber (Miron et al., 2001). This modification may be associated with 

the digestibility values found for DM and OM. In addition, the heating process by which this 

co-product is subjected can increase the damage caused to the protein and increase the 

concentration of acid detergent insoluble N (ADIN), which has a negative correlation with the 

digestibility of DM (Tedeschi et al., 2009). These data may also be associated with a reduction 

in the g/kg digestibility of CP, since ADIN correlates linearly and negatively with the 

digestibility of non-forage CP (r = 0.81; Nakamura et al., 1994) and forage CP (r = 0.93; Yu 

and Thomas, 1976), although ADIN in distillers grains can have a digestibility of 600 g/kg (Van 

Soest, 1994). 

Although DDGS has different characteristics from DDG, Gilroyed et al. (2015) 

evaluated the inclusion of DDGS in cattle diets and indicated a reduction in the digestibility of 

nutrients, as in our study. These authors described an increase in the total gross energy of feces 
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from animals fed with higher levels of DDGS inclusion in the diet, which ranged from 0 to 400 

g/kg. Additionally, the authors described higher concentrations of recalcitrant compounds in 

the feces of animals fed with the highest levels, which was a result of the process of 

fermentation of the starch of the grain and concentration of the other constituents. The authors 

also cited a reduction in OM digestibility, being 820, 780, and 750 g/kg respectively for diets 

with 0, 200, and 400 g/kg of DDGS inclusion, values close to those found in this study. 

The only component that showed an increase in digestibility was NDF. The DDG used 

showed a high fiber content (546 g/kg). However, the fiber digestibility of this co-product is 

high and can reach 863 g/kg in in vitro tests during 48 hours (Tedeschi et al., 2009). The 

reduction in dietary starch associated with an increase in fiber content may contribute to a 

reduction in subacute acidosis (Klopfenstein et al., 2008), which may explain the increase in 

NDF digestibility. 

Although the intake of DM and OM showed a quadratic pattern, the reduction in the 

digestibility of nutrients linearly reduced the intake of TDN, indicating less use of energy in the 

diet, also explaining the reduction in performance. Regarding the intake pattern, it is also 

possible to find different responses in the literature, since factors such as the type of grain used 

to obtain the distillers grains and the level of inclusion can interfere in the response (Merayo et 

al., 2020). In this sense, Walter et al. (2010) evaluated diets with the inclusion of 200 or 400 

g/kg of DDGS obtained from corn or wheat and found a quadratic increase in DMI for wheat 

DDGS and a linear reduction for corn DDGS. On the other hand, some authors found no 

difference in DMI (Salim et al., 2014; Vander Pol et al., 2009).  

N balance and rumen protein metabolism. The increase in the concentration of RUP 

may have occurred due to some factors. The main protein in corn is zein, which has an increased 

concentration in DDG. However, the digestibility of this protein is low, around 400 g/kg 
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(McDonald, 1954). In addition, a contribution of the total protein of the distillers grains is the 

remaining yeasts, which, when going through the heating process, become more resistant to 

microbial degradation (Bruning and Yokoyama, 1988). Consequently, the escape of rumen 

protein (RUP) tends to increase with the inclusion of distillers grains in diets (Aines et al., 

1987). The result of the increase in RUP is the increase in MP likely because it presents greater 

efficiency of use compared to RDP (80% according to the adopted calculations).  

However, the increased intake of N and of MP did not increase N retention. Confirming 

this data, Menezes et al. (2016) evaluated levels of CP of 100, 120, and 140 g/kg in finishing 

diets and also found no difference in N retention, with increased N excreted in the urine. In this 

sense, Cole et al. (2005) and Todd et al. (2006) found a reduction in urinary N excretion in diets 

with 115 g/kg of CP compared to diets with 130 g/kg of CP. Consequently, the data found show 

the importance of assessing how much of the N absorbed is actually retained in the animal's 

body. 

The protein concentration of the diets was increasing, with D0 and D150 showing 

similar concentrations. However, the g/kg digestibility of the protein reduced around 100 units 

of the control diet for the other diets. These two factors associated with the quadratic pattern of 

DM intake caused the amount of digested protein to present a quadratic trend with a minimum 

value for the D150 diet, as previously described. This data may be associated with the lower 

urinary N value found for D150. 

CONCLUSION 

The inclusion levels of low-fat DDG of up to the level of 450 g/kg (DM basis) in diets of Nellore 

cattle during the finishing phase reduced performance, and TDN intake, as well as reduced the 

digestibility of DM, OM, CP, EE and NFC (g/kg). Although the protein profile of the diet might 
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be altered by increasing the RUP/CP ratio and, consequently, the dietary MP content, the higher 

protein intake does not seem to modify the protein retained.  
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Table 1 - Chemical composition of diet ingredients 

Ingredients DM1 OM2 NDF3 CP4 EE5 

g/kg  
Corn silage 307 936 498 62.2 24.9 
DDG6 897 989 540 327 48.6 
Corn meal 894 990 90.2 91.7 42.4 
Soybean meal 885 939 95.4 505 23.6 
Urea/A.S7 997 1000 - 2610 - 
Premix8 1000 - - - - 
Virginiamycin 1000 - - - - 

1Dry matter, 2Organic matter, 3Neutral detergent fiber, 4Crude protein, 5Ether extract, 6Dry distillers’ grains, 7urea 

and ammonium sulfate (9:1), 8Premix guarantees (per kg of DM): 200 - 220 g of Ca, 10 mg of Co (Min), 500 mg 

of Cu (Min), 22 g of S (Min), 333 mg of Fe (Min), 178.41 mg of F (Max), 10 g of P (Min), 25 mg of I (Min), 17 

g of Mg (Min), 1500 mg of Mn (Min), 1100 mg of monensin, 6.6 mg of Se (Min), 50 g of Na (Min), and 2000 mg 

of Zn (Min). The unit g/kg for dry matter represents grams of dry matter per kilogram of raw material, and for the 

other constituents represents grams of the constituent per kilogram of dry matter. 
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Table 2 - Proportion of ingredients and composition of experimental diets 

Diets 

Items 
D0 D150 D300 D450 

g/kg  
Ingredients     
Corn silage 280 280 280 280 
DDG - 150 300 450 
Corn meal 649 537 399 249 
Soybean meal 40.0 12.0 - - 
Urea/A.S2 10.0 - - - 
Premix 20.0 20.0 20.0 20.0 
Virginiamycin 1.00 1.00 1.00 1.00 
Analyzed composition     

DM 587 589 589 589 
OM3 952 953 954 954 
NDF4 202 270 337 405 
CP5 123 122 152 187 
EE6 35.6 37.3 38.4 39.4 
NFC7 608 525 426 322 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 

450 g/kg of DDG, 1Dry matter, 2urea and ammonium sulfate (9:1), 3Organic matter, 4Neutral detergent fiber, 5Crude 

protein, 6Ether extract, 7Non-fiber carbohydrates. In the "Ingredients" section, the unit g/kg represents grams of 

the ingredient per kilogram of dry matter in the diet. In the "Analyzed composition" section, the unit g/kg for dry 

matter represents grams of dry matter per kilogram of raw material, and for the other constituents represents grams 

of the constituent per kilogram of dry matter. 
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Table 3 – Effect of DDG inclusion levels in finishing diets on the performance and efficiency 

of young Nellore 

Items 
Diets 

SEM1 
P - value 

D0 D150 D300 D450 L Q 

Initial BW2, kg 268 265 271 262 10.57 0.845 0.758 

Final BW, kg 425 421 415 411 6.047 0.099 0.934 

ADG3, kg/d 1.26 1.23 1.19 1.15 0.048 0.097 0.733 

G:F4, kg/kg 0.20 0.19 0.18 0.19 0.007 0.372 0.137 
D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 

450 g/kg of DDG, 1Standard error of mean, 2Body weight, 3Average daily gain, 4Relationship between gain and 

feed. Values on the same line, marked by different letters, are statistically different (P = 0.05) by the least-squares 

means test. 
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Table 4 - Effect of DDG inclusion levels in finishing diets on nutrient intake and apparent 

digestibility 

Items 
Diets 

SEM1 
P-value 

D0 D150 D300 D450 L Q 

Dry matter        
Intake, kg/d 6.43 6.63 6.61 6.06 0.198 0.225 0.071 

Digestibility, g/kg 799A 745B 725BC 719C 0.542 <0.001 <0.001 

Digestibility, kg/d 5.13A 4.94A 4.79AB 4.35B 0.151 0.001 0.421 
        

Organic matter       

Intake, kg/d 6.12 6.32 6.30 5.78 0.189 0.238 0.068 

Digestibility, g/kg 814A 757B 735BC 733C 0.734 <0.001 0.001 

Digestibility, kg/d 4.98A 4.79A 4.62AB 4.23B 0.137 0.001 0.483 
        

Neutal detergent fiber      

Intake, kg/d 1.29D 1.79C 2.24B 2.47A 0.066 <0.001 0.054 

Digestibility, g/kg 614BC 612C 643B 687A 0.753 <0.001 0.005 

Digestibility, kg/d 0.79D 1.10C 1.44B 1.69A 0.045 <0.001 0.590 
        

Crude protein       

Intake, kg/d 0.79C 0.81C 1.00B 1.13A 0.031 <0.001 0.071 

Digestibility, g/kg 800A 709C 703C 736B 0.693 <0.001 <0.001 

Digestibility, kg/d 0.63BC 0.57C 0.70B 0.84A 0.023 <0.001 <0.001 
        

Ether extract       

Intake, kg/d 0.23A 0.24A 0.24A 0.22A 0.007 0.984 0.039 

Digestibility, g/kg 945A 929A 898B 887B 0.690 <0.001 0.768 

Digestibility, kg/d 0.21AB 0.22A 0.22AB 0.20B 0.007 0.137 0.063 
        

Non fiber carbohidrates      

Intake, kg/d 3.89A 3.54B 2.82C 1.96D 0.094 <0.001 0.010 

Digestibility, g/kg 880A 830B 811C 771D 0.595 <0.001 0.472 

Digestibility, kg/d 3.42A 2.94B 2.29C 1.51D 0.082 <0.001 0.069 

        
Total digestible nutrients      

Intake, kg/d 5.32A 5.11A 4.92AB 4.48B 0.156 <0.001 0.477 
D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 

450 g/kg of DDG, 1Standard error of mean. Values on the same line, marked by different letters, are statistically 
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different (P = 0.05) by the least-squares means test. The values shown in the table are the means obtained from 

the three collection periods (25, 71 and 110 days). 
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Table 5 - Effect of DDG inclusion levels in finishing diets on N metabolism 

Items 
Diets 

SEM1 P - value 
D0 D150 D300 D450 L Q 

N intake, g/d 127C 129C 161B 181A 0.005 <0.001 0.071 
Fecal N, g/d 26.4C 35.4B 46.8A 48.2A 1.744 <0.001 0.041 
Urine N, g/d 62.6BC 50.1C 70.1B 92.6A 4.646 <0.001 0.001 
Retained N, g/d 39.0 41.4 41.5 43.4 3.497 0.552 0.540 
Retained N, g/kg N intake 370A 368A 306AB 248B 2.961 0.012 0.382 
RUP2, g/d 318C 311C 518B 619A 31.07 <0.001 0.089 
MPS3, g/d 476 494 488 514 19.14 0.220 0.853 
RUP, g/kg CP4 intake 399B 384B 511A 541A 0.021 <0.001 0.298 
MPS, g/kg CP intake 601A 616A 489B 459B 0.207 <0.001 0.299 
MPS/DOM5, g/kg 95.8B 103.6B 105.8B 122.8A 4.829 <0.001 0.329 
MP6 intake, g/d 559C 565C 724B 824A 24.03 <0.001 0.066 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean, 2Rumen undegradable protein, 3Microbial protein synthesis = Rumen 
degradable protein, 4Crude protein, 5Digestible organic matter, 6Metabolizable protein. Values on the same line, 
marked by different letters, are statistically different (P = 0.05) by the least-squares means test. The values shown 
in the table are the means obtained from the three collection periods (25, 71 and 110 days). 
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ABSTRACT 

The objective was to evaluate the effect of including low-fat dried distillers grains (DDG) in 

finishing diets on protein and energy intake and retention and to estimate the protein and energy 

requirement of young Nellore bulls. Thirty-five animals were used: baseline (n = 4), 

maintenance (n = 4), and ad libitum intake (n = 27). Ad libitum animals were divided into four 

groups: diets with the inclusion of DDG at the levels of 0, 150, 300 and 450 g/kg (dry matter 

basis). At the end of the experiment all animals were slaughtered. There was a linear reduction 

with increasing DDG levels in the total digestible nutrients intake (P = 0.008), metabolizable 

energy (ME) intake (P < 0.010), in total retained energy (P = 0.065), and in heat production (P 

< 0.001). Metabolizable protein (MP) intake increased linearly (P < 0.010), but retained protein 

did not differ (P = 0.499). Daily net energy and ME requirement for maintenance was 75.9 and 

122 kcal/kg0.75 EBW, respectively. Daily MP for maintenance was 3.6 g/kg0.75 shrunk body 

weight. DDG inclusion in finishing diets reduces energy intake and deposition and we 

recommend the equations of this study to estimate the requirements of young Nellore bulls. 

Key words: Co-product, energy requirement, Nellore, protein requirement 
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INTRODUCTION 

Distillers grains are co-products of the alcohol production industry, being used as a 

source of protein [inclusion levels of up to 150 g/kg in the dry matter (DM) of the diet] or 

energy (levels above 150 g/kg DM base) in beef cattle diets (Klopfenstein, 2001). However, 

there are several types of distillers grains, such as dried grains (DDG) or wet grains (WDG) 

with the addition (DDGS and WDGW) or not of solubles. Consequently, the composition of 

each type of this co-product will be different, and the animal response may also be different. It 

is possible to find in the literature studies evaluating the use of distillers grains (Al-Suwaiegh 

et al., 2002; Buckner et al., 2007; Corrigan et al., 2007). However, most of these studies have 

evaluated WDGS or DDGS, and data on DDG are scarce.  

In addition, for the precision nutrition, knowledge of nutritional requirements is 

necessary. In this sense, an important factor is the breed of the animal that will be evaluated, 

since there are physiological and metabolic differences when different breeds are compared 

(NASEM, 2016; Valadares Filho et al., 2016). In this context, the estimation of the Bos indicus 

animals’ requirements is necessary, due to its importance in world meat production. According 

to Cooke et al. (2020), Bos indicus represent a large portion of the world herd, with more than 

half of the animals in tropical environments. In addition, the same authors point out that Bos 

indicus animals play an important role in the heterosis of herds in the United States, especially 

in hot and humid areas. Besides that, the Brazilian herd is predominantly Zebu (Bos indicus) 

(Ferreira et al., 2020), with the Nellore breed and its hybrids showing up to 80% of animals 

(Bonin et al., 2021).  

Accurate determination of requirements is directly linked to the sustainability of 

production systems, so that feed and nutrients can be used at their optimum point. Diets 

formulated based on incorrectly estimated requirements provide nutrient losses through feces 

and urine, which is unwanted both economically and environmentally. In this context, in 
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addition to the energy requirement, the correct use of protein requirements is necessary, since 

this nutrient is considered the most expensive component in cattle diets, and has the potential 

for pollution (Appuhamy et al., 2014). Although it is possible to find in the literature studies 

evaluating the requirements of Nellore cattle (Chizzotti et al., 2008; Tedeschi et al., 2002), data 

on young Nellore bulls are scarce, and some points may be different. Therefore, understanding 

the importance and relevance of this topic, the aim of this study was to evaluate the effect of 

including low-fat DDG in finishing diets on intake and digestibility of nutrients, protein and 

energy intake and retention, and to evaluate the whole-body chemical composition and estimate 

the protein and energy requirements for the maintenance and growth of young Nellore bulls.  

MATERIAL AND METHODS 

The experiment was conducted in the experimental feedlot of the Department of Animal 

Science of the Federal University of Viçosa, Viçosa, Brazil, MG, observing the evaluation of 

the Ethics Committee for Animal Use (Protocol CEUAP/DZO/UFV 01/2019).  

 Animals, design, and experimental diets. Thirty-five young Nellore bulls (average 

weight of 261kg and an initial age of 8 months) were used in this study. The animals were 

allocated in collective pens (48m2) containing feeders (Model AF-1000 Master; Intergado, 

Contagem, MG, Brazil) and electronic waterers (Model WD-1000 Master; Intergado, 

Contagem, MG, Brazil). A tag (FDX-ISO11784/11785; Allflex, Joinville, SC, Brazil) with an 

exclusive number fixed to each animal’s ear to facilitate the identification of animals in the 

electronic system and to have access to individual intakes. Before starting the experimental 

diets, animals underwent an initial adaptation period of 30 days. The experiment lasted 126 

days, consisting of 6 periods of 21 days each. These animals were initially divided into 3 groups: 

baseline (n = 4), maintenance level of intake (n = 4), and ad libitum intake (i.e., growth 

performance) (n = 27). Animals in the baseline group were slaughtered at the beginning of the 

experiment to estimate the initial body composition. The animals in the maintenance group 
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were fed at 12 g/kg body weight (BW) of DM during the whole period. Animals in the ad 

libitum group were randomly allocated to the treatments, which were levels of inclusion of 

DDG in the diet (DM basis) as follow: 0 g/kg (n = 7), 150 g/kg (n = 7), 300 g/kg (n = 7) and 

450 g/kg (n = 6). Diets were formulated according to BR-CORTE recommendations (Valadares 

Filho et al., 2016). Each animal in the maintenance group received one of the diets previously 

described. Animals were fed the complete mixed diets twice daily, at 07.00 h and 16.00 h. 

Animals from group 3 were slaughtered at the end of the 126 days, together with the animals 

of the maintenance group. The three groups were used to estimate nutritional requirements, 

however only the ad libitum group of animals were used to evaluate the effect of treatments 

(DDG levels) on protein and energy intake and retention. The chemical composition of the diet 

ingredients is listed in Table 1. The chemical composition of the diets, as well as the level of 

inclusion of each ingredient, are shown in Table 2. 

 Nutrients Digestibility. To determine the digestibility coefficient of each nutrient, three 

digestibility periods (Amaral et al., 2014; Prados et al., 2017) were carried out at 25 days, 71 

days, and 110 days of feeding. Each collection period lasted for three days, with collections 

taking place at different times on each day (06.00 h on the first day, 12.00 h on the second day, 

18.00 h on the third day). The feces were collected directly from the rectum of the animals. The 

samples were immediately placed in a forced ventilation oven at 55°C for partial drying for 72 

h. Subsequently, they were ground using a knife mill with 1-mm and 2-mm sieves (Fortinox, 

Piracicaba, São Paulo, Brazil). Composites of the three collections were obtained for further 

chemical analyses. The internal indigestible neutral detergent fiber (iNDF) marker was used to 

estimate the amount of feces excreted per animal per day (Alhadas et al., 2021; Prados et al., 

2017) . The calculation was performed by dividing the iNDF intake by the concentration of 

iNDF in the feces. The digestibility coefficient of each nutrient was estimated based on the total 

intake of each nutrient (DM basis).  
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Energy and protein intakes. Digestible energy (DE) intake was obtained by multiplying 

digestible nutrients by their respective energy values (NRC, 2001): DE = 5.6 x dCPI + 9.4 x 

dEEI + 4.2 x dNDFI + 4.2 x dNFCI, where dCPI is digestible crude protein intake, dEEI is 

digestible ether extract intake, dNDFI is digestible neutral detergent fiber intake and dNFCI is 

digestible non-fiber carbohydrates intake. With the DE values, the metabolizable energy (ME) 

was estimated using the equation suggested by Valadares Filho et al. (2016): ME = 0.9455 x 

DE - 0.3032. To estimate metabolizable protein intake, rumen undegradable protein (RUP) and 

rumen degradable protein (RDP) fractions were first calculated using urine purine 

methodology. For this, at each feces collection time, urine samples were collected, and to 

preserve nitrogenous compounds, 5 ml of urine was diluted in 20 ml of 0.018 mol/L sulfuric 

acid and stored in a freezer at -20°C for each collection day.  

Urine purine methodology assumes that nucleic acids arriving in the intestine are of 

microbial origin (McAlian and Smith, 1973), and in cattle they are mainly converted to allantoin 

and uric acid and excreted via urine (Tas and Susenbeth, 2007). A purine derivative recovery 

rate of 80% was used, as recommended by Valadares Filho et al. (2016). Furthermore, a 

microbial RNA digestion rate of 93% and an endogenous fraction of 0.3 mmol/kg0.75 BW was 

adopted, as described by Barbosa et al. (2011). The ratio of 70 mg of N per mmol of purine and 

0.1369 of N in purines and total N in bacteria were adopted (Barbosa et al., 2011). Therefore, 

the absorbed purine (AP, mmol/d) was first calculated by Equation 1. Subsequently, the 

microbial N synthesis (MNS, g/d) was estimated by Equation 2, and the Microbial protein 

synthesis (MPS) was calculated by multiplication of MNS by 6.25. Then, the RDP was assumed 

to be equivalent to MPS (Valadares Filho et al., 2016),  and the RUP was calculated by the 

difference between crude protein (CP) intake and RDP. This methodology was also based on 

the recommendations of the NASEM (2016), which assumes one hundred percent efficiency of 
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nitrogen use for microbial synthesis. The metabolizable protein was estimated by Equation 3 

(Valadares Filho et al., 2016). 

PD = (AP - 0.30 x kg0.75 BW)/0.80  (1) 

MNS = (70 x PA)/(0.93 x 0.1369 x 1000)                                                                       (2)  

MP = (RDP x 0.64) + (RUP x 0.8)                                                                                    (3) 

where AP = absorbed purine; BW = body weight; MNS = microbial N synthesis; MP = 

metabolizable protein; PD = purine derivatives; RUP = rumen undegradable protein; RDP = 

rumen degradable protein. 

 Slaughter and samplings. Before the slaughter, animals were fasted from solids for 16 

h to estimate the shrunk body weight (SBW). The animal slaughter was performed using a 

captive bolt followed by bleeding. All organs and viscera were removed, washed, and weighed 

to obtain empty body weight (EBW). Subsequently, cleaned organs and viscera were ground 

in an industrial cutter to obtain a homogeneous sample, which, together with the samples of the 

limbs, head, leather, and blood, was used to estimate the chemical composition of the non-

carcass components. All samples were collected in aluminum trays, weighed, and lyophilized. 

After removing the non-carcass components, the carcass was divided into two halves, which 

were weighed and cooled in a cold chamber at 4°C for 18 hours. After this period, the half 

carcasses were weighed again. The section between the ninth and eleventh ribs (Hankins and 

Howe, 1946) of the left half carcass was removed to estimate the chemical composition of the 

carcass components. For this, it was performed in this section the separation of the muscle plus 

the fat from the bone was carried out, which were ground and sampled in aluminum trays for 

lyophilization. 
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 Body composition and carcass and non-carcass components. All compositions were 

estimated based on EBW using the equations described by Marcondes et al. (2012) (Equations 

4, 5, and 6) as follows below. The body energy content was obtained by sum the ether extract 

(EE) and CP content multiplied by their respective caloric values (ARC, 1980) (Equation 7). 

The amount of protein, fat and water as a function of EBW was estimated using the non-linear 

model: Ci = a × EBWb, where Ci is the “i” body component of the bull, which is the CP, EE or 

water content (kg), and “a” and “b” are the regression parameters. In the same way, non-linear 

models were developed as described above for the carcass weight (CW, kg), the non-carcass 

weight (NCW, kg) and the EBW (kg) based on the SBW (kg), and for the empty weight gain 

(EWG, kg) based on average daily gain (ADG, kg/d).  

CPEBW (%) = 10.78 + 0.47 × %CPCor - 0.21 × %VF  (4) 

EEEBW (%) = 2.75 + 0.33 × %EECor + 1.80 × %VF  (5) 

WEBW (%) = 38.31 + 0.33 × %WCor - 1.09 × %VF + 0.50 × %OV  (6) 

EC = 5.6405 × BP + 9.3929 × BF                                                                                   (7) 

where CPEBW  = %CP in empty body weight; BF = body fat (kg); BP = body protein (kg); CPCor 

= %CP in the 9th to 11th rib section; EC = energy content (Mcal); EECor = %EE in the 9th to 11th 

rib section; EEEBW = %EE in empty body weight; OV = % organs and viscera per unit of EBW; 

VF = % visceral fat (renal, pelvic, cardiac, and mesenteric fat) per unit of EBW; WCor = % water 

in the 9th to 11th rib section; WEBW = %water in empty body weight.  

 Protein and Energy requirements. Heat production (HP, Mcal/kg0.75 EBW) was 

estimated by the difference between ME intake (MEI, Mcal/kg0.75 EBW) and retained energy 

(RE, Mcal/kg0.75 EBW), as described by Tedeschi et al. (2002). Total RE (Mcal/kg0.75 EBW) 

was estimated as the sum of RE as fat (Mcal/kg0.75 EBW) and RE as protein (Mcal/kg0.75 EBW) 
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considering their respective caloric values, as described above. The net energy requirement for 

maintenance (NEm, Mcal/kg0.75 EBW) was obtained by regressing HP on MEI, considering the 

intercept of Equation 8. The metabolizable maintenance energy (MEm, Mcal/kg0.75 EBW) was 

obtained by an iterative method, where HP equals MEI, and the efficiency of use of 

metabolizable energy (kma) was obtained by dividing NEm/MEm. The net energy requirement 

for gain (NEg, Mcal/d) was calculated by Equation 9. The partial efficiency of the use of the 

ME for gain (kgain) was obtained by the linear regression between the RE and the MEI to gain, 

which was considered the intercept of the model. The partitioning of MEI to RE as fat and 

protein was computed a multiple regression as shown in Equation 10, and the deposition 

efficiencies in the form of fat (kf) and protein (kp) were calculated as the inverse of the 

coefficients β1 and β2, which represent the amounts of ME required to deposit 1 Mcal of ME 

as fat or protein, respectively. To estimate the metabolizable protein requirement for 

maintenance (MPm, g/kg0.75 SBW), Equation 11 was first calculated, and the MPm value was 

obtained by dividing the model’s intercept by the animals’ average metabolic weight, as 

described by Valadares Filho et al. (2016). The net protein for gain (NPg, g/d) was estimated 

by the Equation 12.  

HP = β0 x e β1 × MEI                                                                                                              (8)    

NEg = β0 × EBW0.75 × EWG β1                                                                                              (9)   

MEI = β0 + β1 × REf + β2 x REp                                                                                      (10)                      

MPI = β0 + β1 × EWG                                                                                                      (11) 

NPg = β0 × EWG - β1 × RE  (12) 

Where β0,  β1 and β2 are the regression parameters; EBW0.75 = metabolic empty body weight; 

EWG = empty weight gain (kg/d); HP = heat production (Mcal/kg0.75 EBW); MEI = 
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metabolizable energy intake (Mcal/kg0.75 EBW); MPI = metabolizable protein intake (g/d); NEg 

= net energy for growth represented as the energy retained in the body (Mcal/d); NPg = retained 

protein or the net protein requirement for growth (g/d); RE = retained energy (Mcal/d), REf = 

retained energy as fat (Mcal/kg0.75 EBW), REp = retained energy as protein (Mcal/kg0.75 EBW). 

 Laboratory analyses. Feces samples and dietary ingredients were analysed for DM 

(method #934.01), nitrogen (method #981.10), ash (method #930.05), according to AOAC 

(2012), and EE (method #2003.05) according to AOAC (2005). The CP content was estimated 

by multiplying the nitrogen content by 6.25, and the organic matter (OM) content was 

calculated by subtracting the ash content from the DM content. The neutral detergent fiber 

(NDF) content was estimated, according to Mertens et al. (2002), with the addition of 

thermostable α-amylase to neutral detergent (Ankom Tech. Corp., Fairport, NY, USA), without 

the addition of sodium sulphite, and corrected for contamination with ash and protein (apNDF). 

The iNDF content was determined by ruminal incubation of the sample for 288 h, as described 

by Valente et al. (2011). For this, the samples were weighed in F57 filter bags (25 μm; ANKOM 

256 Technology, Macedon, NY) and incubated in five cannulated Nellore bulls. The animals 

received a diet with the same ingredients as those used in the experimental diet, with the average 

inclusion of DDG. Subsequently, the bags were removed from the rumen and washed under 

running water until the wash water ran clear. Subsequently, the samples went through the same 

procedure as described for NDF analyses, and after oven-drying at 55°C for 72 h and later at 

105°C for 16 h, the residue was considered the iNDF. The non-fiber carbohydrates (NFC) 

content was estimated as suggested by Detmann and Valadares Filho (2010): NFC = OM - CP 

- apNDF – EE. Body tissue samples were analysed for ash, nitrogen and EE using the same 

methods previously described. Urine samples were analysed for purine derivatives using HPLC 

(Agilent 1100 series, Agilent Technologies, Waldbronn, Germany) as described by George et 

al. (2006).  
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 Statistical analyses. To assess the effect of including DDG levels on protein and energy 

intake and retention, and on nutrient intake and digestibility, animals from the ad libitum group 

were used, and data were analysed as a completely randomized design, with each animal used 

as an experimental unit. When the treatment effect (i.e., levels of DDG) was significant, linear, 

quadratic and cubic effects were evaluated using orthogonal contrasts obtained with the PROC 

MIXED of SAS (version 9.4, SAS Institute Inc., Cary, NC, USA). To determine statistical 

difference between treatments, the least-square means were used. The P = 0.05 was used as a 

critical level of probability for the Type-I error, and trends were considered at 0.05 < P ≤ 0.10.  

The coefficients of the models used to estimate energy and protein requirements were 

analysed by treatment using confidence intervals (a = 0.05), and no significant differences were 

observed. Therefore, the requirements were estimated for the entire database and the treatments 

were not considered in the statistical analyses. Furthermore, to estimate nutritional 

requirements, different levels of intake and deposition are necessary, since the main tool used 

is linear and non-linear regression models. Coefficients, standard error and confidence intervals 

were presented in the supplementary data (Tables S1-11) together with the performance data 

(Table S12) from the ad libitum group. Linear models were performed using the PROC REG 

of SAS (SAS Institute Inc., Cary, NC). Non-linear models were performed using PROC NLIN 

of SAS, and P = 0.05 was adopted for the Type-I error probability. 

RESULTS 

Effect of DDG inclusion on the nutrient intake and digestibility, and on MEI, MPI, 

Total RE, RE as fat and protein, HP and EBW. There was no cubic effect for any of the 

evaluated parameters and it was removed from the tables. As the requirements data for this 

study came from the performance work published in the Animal Science Journal (Alhadas et 

al., 2021b), nutrient intake and digestibility data were presented as supplementary data (Table 

S13). There was no effect of DDG including on the intake of DM (P = 0.205), OM (P = 0.200) 
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and EE (P = 0.137). However, intake of NDF (P < 0.001) and CP (P < 0.001) increased linearly 

and intake of NFC (P < 0.01) and TDN (P = 0.008) decreased linearly (Table S13). On the other 

hand, the DDG inclusion in the diets reduced the digestibility of DM (P < 0.001), OM (P < 

0.001), CP (P < 0.001), EE (P < 0.010) and NFC (P < 0.001). Only NDF digestibility increased 

linearly (P < 0.001). 

The inclusion of DDG reduced MEI (P < 0.010), HP (P < 0.010), and tended to reduce 

total RE (P = 0.065) linearly (Table 3). The RE as protein (P = 0.550) did not differ between 

treatments. However, RE as fat (P = 0.010) reduced linearly. Although MPI increased linearly 

(P < 0.010), the retained protein did not differ (P = 0.499) with the inclusion of DDG in the 

diet. EBW also did not differ between treatments (P = 0.428). 

 Body composition and relationship between EBW and SBW, and EWG 

ADG. Body composition equations [CP, EE and water (kg)] estimated from EBW (kg) (Figure 

1), the equations generated to estimate the contribution of carcass components and non-carcass 

components from SBW (Figure 2), and the relationships between body weights and body weight 

gains were described in Table 4.  

Energy and protein requirements. The equations that better described the HP, NEg, 

MEI, and NPg is described in Table 5. HP is also depicted in Figure 3. For the evaluated data, 

the daily NEm requirement found was 75.9 kcal/kg0.75 EBW, and the daily MEm requirement 

was 122 kcal/kg0.75 EBW. Consequently, the kma was 62.2%. The efficiency of using the ME 

for gain was 36% (Figure 4). We find a value of 0.81 for kf and 0.28 for kp, and the daily MPm 

requirement found was 3.6g/kg0.75 SBW (Figure 5). 

DISCUSSION 

Effect of DDG inclusion on the nutrient intake and digestibility, and on MEI, MPI, 

total RE, RE as fat and protein, HP and EBW.  DDG is a co-product obtained from the 
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fermentation of corn starch to produce alcohol. As starch is one of the main constituents of 

NFC, after fermentation DDG presents a reduction in the concentration of this fraction and an 

increase in the concentration of NDF, which presents a lower and slower fermentation rate 

(Miron et al., 2001). Consequently, by including DDG in the diet, the NDF concentration 

increased from 202 g/kg (D0) to 405 g/kg (D450), while the NFC concentration decreased from 

608 g/kg (D0) to 322 g/kg (D450). This change in composition possibly modified the animals' 

use of dietary energy, which resulted in a reduction in the digestibility of most nutrients. As a 

result, TDN intake reduced 18.58% from D0 (5.36 kg/d) to D450 (4.52 kg/d). In addition, there 

was a reduction of 13.92% in the MEI between D0 (MEI = 0.2909 Mcal/kg0.75 EBW) and D450 

(MEI = 0.2504 Mcal/kg0.75 EBW). However, it is possible to find in the literature studies that 

describe a higher feed value for distillers grains compared to corn (Buckner et al., 2007; Ham 

et al., 1994). Nevertheless, most of the studies evaluated the DDGS, which presents a different 

composition from that presented for the DDG in this study. One of the main differences is 

regarding to the EE concentration. According to MacDonald et al. (2007), it is possible to find 

distillers grains with the addition of solubles with EE concentrations close to 120 g/kg. 

Consequently, one of the explanations for the increase in the feed value of the distillers grain 

would be its higher concentration of fat, which has an energy value higher than carbohydrates 

and proteins (NASEM, 2016). However, the DDG evaluated did not have the addition of 

solubles and had its EE concentration close to that of corn (49 g/kg). Thus, these factors together 

corroborate to the observed pattern of reduction in the MEI. 

There are several factors influencing energy retention in the animal's body, with BW, 

rate of ADG and MEI being some of the main ones (Tedeschi and Fox, 2020). As the EBW 

increases, the rate of fat addition is greater than that of protein, which makes the animal deposit 

more fat than protein per kilogram of gain (NASEM, 2016). Furthermore, according to Garrett 

et al. (1959), fat has 9,367 kcal/g and nonfat organic matter contains an average of 5,686 kcal/g, 
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which indicates that greater fat deposition provides greater RE. In addition, Owens et al. (1995) 

and Krehbiel et al. (2006) indicated that there is an increase in RE when the MEI is increased, 

and this increase is a function of the increase in fat deposition. Our data are in agreement with 

the studies presented above, since the inclusion of DDG in the diet reduced the MEI and tended 

to reduce the total RE and reduced the RE as fat. However, a reduction in the final EBW would 

be expected, which did not occur, although numerically the animals that received the D450 diet 

had a weight 4.07% lower than the animals that received the D0 diet. Even though MEI and RE 

have reduced, HP was also lower for diets with greater inclusion of the co-product. This was 

due to the fact that RE has proportionally reduced more (15.81%) than MEI (13.92%), and the 

HP is calculated as the difference between these two variables. On the other hand, the higher 

MPI did not affect protein deposition, indicating that higher nitrogen losses may have occurred 

for treatments with higher protein concentration. 

Body composition and relationship between EBW and SBW, and EWG 

and ADG. Body composition is a fundamental factor for estimating requirements and for the 

commercialization of animals. Therefore, in addition to knowing the weight, it is important to 

know its composition. A point of reference is weight at maturity. As the animal approaches 

maturity, there is an increase in the amount of fat deposited in relation to the amount of protein 

in the EBW (Valadares Filho et al., 2016). Some references to maturity can be found in the 

literature. Tedeschi et al. (2002) estimated the weight at maturity of Nellore animals when they 

have 22% fat in EBW. The NRC (2001) and BR-CORTE (Valadares Filho et al., 2016) systems 

estimate this point at 25% fat in EBW. For the present study, the value of 25% was adopted. 

By associating the body composition equations with the models proposed for the correlation 

between weights, it is possible to infer at which point of maturity the animal is. Valadares Filho 

et al. (2016) suggested the following model to estimate SBW (kg) from BW (kg): SBW = 

0.8800 × BW1.0175. Considering a 400kg animal, the SBW is 391kg. Using the model proposed 
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by this study (Equation 18), the EBW of this animal is 363kg. Using the Equations 13, 14 and 

15, the content (kg) of CP, EE and water of the EBW is: 64, 75 and 206kg respectively. 

Therefore, this animal has 20% fat in EBW, and has not reached maturity. This information can 

be used to decide what will be the ideal slaughter point. Likewise, using Equation 16, it is 

possible to estimate the CW of this animal, which is the component of commercial interest. For 

the above example, the CW is 233kg. 

It is important to say that some authors describe exponential models for the deposition 

of fat in EBW. Menezes et al. (2019) proposed the following model for Nellore cattle: EE (kg) 

= 16.2886 × e (0.0041 × EBW). If we consider the animal in the hypothetical example of the previous 

paragraph, we find a value of 72kg of EE in EBW, a value close to that described by the equation 

proposed by this study (75kg). However, greater differences will be found for higher weights, 

above maturity. It is important to mention that the average SBW of the animals described by 

Menezes et al. (2019) (445kg) is higher than the average SBW of the animals evaluated in this 

study (402kg), which explains the difference in the proposed models. Menezes et al. (2019) 

also proposed the following equation for estimating EWG (kg/d): EWG = 1.0119 x ADG0.8315, 

with the model coefficients close to those suggested by Equation 19. 

Energy and protein requirements. The NEm can be defined as the heat production of 

the fasting animal (Valadares Filho et al., 2016) and is related to essential functions such as 

respiration, circulation, tissue synthesis, and functioning of organs and viscera (Garrett et al., 

1959). The value found for this variable in this study is close to the values described in the 

literature. Menezes et al. (2016) found a NEm value of 77 kcal/kg0.75 EBW for Nellore cattle. 

Valadares Filho et al. (2016) recommend a NEm value of 74.9 kcal/kg0.75 EBW and NASEM 

(2016) of 77 kcal/kg0.75 SBW. Likewise, Tedeschi et al. (2002) evaluated the energy 

requirements of Nellore bulls and steers and found a NEm value of 77.2 kcal/kg0.75 EBW for 

both. 
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 The values found for MEm and kma in this study were close to the value reported by 

Menezes et al. (2016), of 122.75kcal/kg0.75 EBW and 62.7%, respectively. A similar value for 

kma was described by Fox et al. (2004), of 64%. However, in a meta-analyses carried out by 

Chizzotti et al. (2008) for Nellore cattle, a higher value for kma than that described in this study 

was found, 67%. Some variation in these data can be expected, since the efficiency of the use 

of this energy can be affected by sex, age, genetic group, or even the energy concentration of 

the diet (AFRC, 1993; CSIRO, 2007; NASEM, 2016). In addition, some authors describe the 

association of kma with factors such as animal performance, gain, and weight composition 

(Marcondes et al., 2010; Tedeschi and Fox, 2020; Williams and Jenkins, 2003). 

 The parameters β0 (0.055) and β1 (0.6923) used to estimate NEg for the present study 

were lower than those suggested by Valadares Filho et al. (2016) (β0 = 0.061 and β1 = 1.035) 

and NASEM (2016) (β0 = 0.0635 and β1 = 1.097), indicating a lower value of RE. As the RE 

is a function of the gain composition, the closer the weight to maturity, the more fat the animal 

deposits, and consequently, the greater the energy requirement for weight gain (Marcondes et 

al., 2016). The final SBW of the animals evaluated, for example, by Valadares Filho et al. 

(2016) is higher (451kg) than in the present study (402kg), indicating that the animals were 

closer to weight at maturity, which explains the higher requirement recommended by the 

authors in comparison with the present study.  

The estimated value of kgain was close to that described by Menezes et al. (2016) and 

Costa e Silva et al. (2012), 34.4% and 33.0%, respectively. However, Chizzotti et al. (2008) 

described in a meta-analyses a value of 44% for kgain, a value eight percentage units higher than 

that found in this study. This efficiency is also affected by several factors, as described for the 

energy requirement for gain. However, most studies involve information from Nellore in the 

growth phase (Chizzotti et al., 2008; Costa e Silva et al., 2015; Tedeschi et al., 2002), with more 

data on animals in the finishing phase being important to estimate this variable more accurately. 
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 According to Tedeschi et al. (2004) and Tedeschi and Fox (2020), the deposition of ME 

as fat is more efficient due to the energy cost of protein turnover, which raises the required 

amount of ME for deposition of 1 Mcal of protein. In addition, fat can be deposited from the 

energy left over from the intake of other compounds, such as carbohydrates, while protein is 

deposited only from amino acids. Consequently, some variation in this data can be found, 

depending on, for example, the breed. According to Sainz et al. (2005), protein turnover in 

Nellore animals is less than in B. taurus animals. Consequently, it is possible to find higher kp 

values for Nellore animals. In this sense, Geay (1984) described a value of  0.20 for energy 

deposition efficiency as a protein, which is 40% lower than that found in this study. However, 

for the efficiency of deposition as fat, it is possible to find values close to that described in this 

work, as is the case of the authors Owens et al. (1995), who found a value of 0.79 for kp. 

Inconsistencies in the efficiency of fat and protein used for growth might be related to the 

methods used to determine retained fat and protein (Tedeschi, 2019; Tedeschi et al., 2017; 

Tedeschi and Fox, 2020).  

It is important to say that the animals received a diet containing the additive monensin 

(22 mg/kg DM in the diet) and virginiamycin (1 g/kg, DM basis). According to NASEM (2016), 

the use of the monensin additive can increase dietary ME by 2.3%. This value can be considered 

when the energy models proposed by this study are used. 

 The value found for MPm was close to that suggested by Valadares Filho et al. (2016) 

and NASEM (2016), 3.6 g/kg0.75 SBW and 3.8 g/kg0.75 SBW, respectively. Similarly, Smuts 

(1935) determined a value of 3.52 g/kg0.75 SBW. However, the equation suggested for NPg 

presented coefficients higher than those described by Costa e Silva et al. (2020) (Equation 24), 

but close to those described by Valadares Filho et al. (2016) (Equation 25). According to Fox 

and Black, (1984), NPg requirements are affected by BW, rate of weight gain, diet, and others, 



57 

 

 

 

with the percentage of RE deposited as protein decreasing exponentially when RE in the gain 

increases (Chizzotti et al., 2008), that is, when the animal approaches weight to maturity. 

CONCLUSION 

Therefore, the inclusion of low-fat dried distillers grains in finishing diets reduced TDN intake, 

MEI and total RE and RE as fat, although EBW did not differ. The highest MPI did not provide 

greater protein deposition, indicating that greater losses occurred through the urine, which is 

undesirable both from an energy and environmental point of view. Regarding nutritional 

requirements, the NEm was 75.9 kcal/kg0.75 EBW and the MEm was 122 kcal/kg0.75 EBW. 

Consequently, the kma was 62.2%. Daily MPm was 3.6 g/kg0.75 SBW. The efficiency of using 

the ME for gain was 36%. We find a value of 0.81 for kf and 0.28 for kp. So, it is possible to 

use the proposed models to estimate body composition and to estimate energy and protein 

requirements for maintenance and growth of young Nellore bulls. 
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Table 1 - Chemical composition of diet ingredients 

Ingredients DM1 OM2 NDF3 CP4 EE5 

g/kg  
Corn silage 307 936 498 62 25 
DDG6 897 989 540 327 49 
Corn meal 894 990 90 92 42 
Soybean meal 885 939 95 505 24 
Urea/A.S7 997 1000 - 2610 - 
Premix8 1000 - - - - 
Virginiamycin 1000 - - - - 

1Dry matter, 2Organic matter, 3Neutral detergent fiber, 4Crude protein, 5Ether extract, 6Dried distillers grains, 7urea 

and ammonium sulfate (9:1), 8Premix guarantees (per kg of DM): 200 - 220 g of Ca, 10 mg of Co (Min), 500 mg 

of Cu (Min), 22 g of S (Min), 333 mg of Fe (Min), 178.41 mg of F (Max), 10 g of P (Min), 25 mg of I (Min), 17 

g of Mg (Min), 1500 mg of Mn (Min), 1100 mg of monensin, 6.6 mg of Se (Min), 50 g of Na (Min), and 2000 mg 

of Zn (Min). The unit g/kg for dry matter represents grams of dry matter per kilogram of raw material, and for the 

other constituents represents grams of the constituent per kilogram of dry matter. 
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Table 2 - Proportion of ingredients and composition of experimental diets 

Diets 

Items 
D0 D150 D300 D450 

g/kg  
Ingredients     
Corn silage 280 280 280 280 
DDG - 150 300 450 
Corn meal 649 537 399 249 
Soybean meal 40.0 12.0 - - 
Urea/A.S2 10.0 - - - 
Premix 20.0 20.0 20.0 20.0 
Virginiamycin 1.00 1.00 1.00 1.00 
Analysed composition     

DM 587 589 589 589 
OM3 952 953 954 954 
NDF4 202 270 337 405 
CP5 123 122 152 187 
EE6 35.6 37.3 38.4 39.4 
NFC7 608 525 426 322 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 

450 g/kg of DDG, 1Dry matter, 2urea and ammonium sulfate (9:1), 3Organic matter, 4Neutral detergent fiber, 5Crude 

protein, 6Ether extract, 7Non-fiber carbohydrates. In the "Ingredients" section, the unit g/kg represents grams of 

the ingredient per kilogram of dry matter in the diet. In the "Analysed composition" section, the unit g/kg for dry 

matter represents grams of dry matter per kilogram of raw material, and for the other constituents represents grams 

of the constituent per kilogram of dry matter. 
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Table 3 – Effect of low-fat DDG inclusion levels in finishing diets on the metabolizable energy and protein intake, energy and protein deposition, 

heat production and on the empty body weight  

Items 
Diets 

SEM1 
P - value 

D0 D150 D300 D450 L Q 

Metabolizable energy intake (Mcal/kg0.75 EBW) 0.2909A 0.2775AB 0.2666BC 0.2504C 0.006 < 0.010 0.820 

Retained energy (Mcal/kg0.75 EBW) 0.0683 0.0668 0.0607 0.0575 0.003 0.065 0.689 

Retained energy as protein (Mcal/kg0.75 EBW) 0.0172 0.0179 0.0177 0.0171 0.001 0.917 0.550 

Retained energy as fat (Mcal/kg0.75 EBW) 0.0511A 0.0489AB 0.0430AB 0.0404B 0.003 0.010 0.952 

Heat production (Mcal/kg0.75 EBW) 0.2226A 0.2107AB 0.2059BC 0.1929C 0.005 < 0.001 0.887 

Metabolizable protein intake (g/d) 559.8B 563.1B 724.8A 734.8A 25.50 < 0.010 0.898 

Retained crude protein (g/d) 231.4 236.0 238.2 222.6 14.41 0.722 0.499 

Empty body weight (kg) 402.5 397.7 391.4 386.1 14.79 0.428 0.988 
D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 450 g/kg of DDG, 1Standard error of mean. Values on the 

same line, marked by different letters, are statistically different (P = 0.05) by the least-squares means test. 
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Table 4 - Equations to prediction EBW composition, carcass and non-carcass components in 

the SBW, and the relationships between EBW and SBW, and EWG and ADG. 

Item Equation R2 Number 

Crude Protein, kg 0.2112 x EBW 0.9689 0.98 13 

Ether extract, kg 0.0169 x EBW 1.4245 0.85 14 

Water, kg 1.0863 x EBW 0.8900 0.99 15 

Carcass weight, kg 0.4619 x SBW 1.0428 0.98 16 

Non-Carcass weight, kg 0.4502 x SBW 0.9489 0.97 17 

Empty body weight, kg 0.8644 x SBW 1.0119 0.99 18 

Empty weight gain, kg 1.0295 x ADG 0.9083 0.99 19 
ADG = Average daily gain, EBW = empty body weight, SBW = shrunk body weight. Standard errors of the 

models: 10 (a = 0.0434; b = 0.0343); 11 (a = 0.0146; b = 0.1443); 12 (a = 0.1433; b = 0.0221); 13 (a = 0.0940; b 

= 0.0336); 14 (a = 0.1078; b = 0.0396); 15 (a = 0.0886; b = 0.0169); 16 (a = 0.0107; b = 0.0367). 
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Table 5 - Equations to prediction energy and protein requirements for growth and maintenance 

Item Equation R2 Number 

Heat production, Mcal/kg0.75 EBW 0.0759 x e (3.6987 x MEI) 0.95 20 

Net energy requirement to gain, Mcal/d  0.055 × EBW0.75 × EWG0.6923 0.87 21 

Metabolizable energy intake, Mcal/kg0.75 EBW 15.31 + 1.23 × REf + 3.55 x REp 0.34 22 

Net protein requirement for growth1, g/d 216.31 × EWG - 7.38 × RE 0.99 23 

Net protein requirement for growth2, g/d 176 x EWG - 6.24 x RE - 24 

Net protein requirement for growth3, g/d 210 x EWG - 10.01 x RE - 25 
EBW = empty body weight (kg); EBW0.75 = metabolic empty body weight (kg); EWG = empty weight gain (kg/d); MEI = 
metabolizable energy intake (Mcal/kg0.75 EBW); RE =  retained energy (Mcal/d); REp = retained energy as protein (Mcal/kg0.75 

EBW); REf = retained energy as fat (Mcal/kg0.75 EBW). 1Equation suggested by this study; 2Equation suggested by Costa e Silva 
et al. (2020); 3Equation suggested by Valadares Filho et al., (2016). Standard errors of the models: 17 (a = 0.004; b = 0.1861); 
18 (a = 0.002; b = 0.1334); 19 (a = 0.036; b = 0.4012; c = 1.4145); 20 (a = 15.78; b = 4.032).  
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Figure 1 - Relationship between the amount of water, crude protein (CP), ether extract (EE), and empty 
body weight (EBW). 
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Figure 2 - Relationship between the carcass weight (CW) and non-carcass weight (NCW) and shrunk 

body weight (SBW).  
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Figure 3 - Relationship between heat production (HP) and metabolizable energy intake (MEI). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

 

 

 

 

Figure 4 - Relationship between retained energy (RE) and metabolizable energy intake to gain (MEI). 
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Figure 5 - Relationship between metabolizable protein intake (MPI) and empty weight gain (EWG).  
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Table S1 - Treatment effect on NEm estimation model coefficients using confidence interval 

Parameter Estimate SEM 
Confidence Interval Limits 

Lower Upper 

β0     

D0 0.0707 0.0080 0.0541 0.0873 
D150 0.0780 0.0090 0.0594 0.0965 

D300 0.0799 0.0105 0.0626 0.1062 

D450 0.0750 0.0094 0.0555 0.0945 

β1     

D0 3.9663 0.3940 3.1513 4.7813 
D150 3.5772 0.4187 2.7111 4.4434 

D300 3.5110 0.4770 2.3151 4.2885 

D450 3.7403 0.5093 2.6868 4.7938 
D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: HP = β0 x e β1 × MEI, where β0 and β1 are 
the regression parameters; HP = heat production (Mcal/kg0.75 EBW); MEI = metabolizable energy intake 
(Mcal/kg0.75 EBW).  
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Table S2 - Treatment effect on NEg estimation model coefficients using confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 

Lower Upper 
β0     

D0 0.0488 0.0039 0.0408 0.0568 

D150 0.0494 0.0042 0.0407 0.0582 
D300 0.0453 0.0039 0.0372 0.0533 
D450 0.0434 0.0038 0.0355 0.0513 
β1     

D0 0.6530 0.2533 0.1278 1.1782 
D150 0.5707 0.2922 -0.0353 1.1767 
D300 0.5598 0.2998 -0.0619 1.1814 
D450 0.6107 0.3901 -0.1984 1.4198 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: NEg = β0 × EBW0.75 × EWGβ1, where β0 and 
β1 are the regression parameters; EBW0.75 = metabolic empty body weight; EWG = empty weight gain (kg/d); 
NEg = net energy for growth (Mcal/d).   
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Table S3 - Treatment effect on MPI estimation model coefficients using confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 
Lower Upper 

β0     

D0 198.20 71.381 50.210 346.30 
D150 235.00 68.463 92.977 376.90 
D300 163.50 72.537 13.093 314.00 
D450 293.50 70.959 146.40 440.70 
β1     

D0 285.10 59.873 160.90 409.20 
D150 261.20 57.651 141.60 380.80 
D300 436.30 62.992 305.70 566.90 
D450 375.50 65.410 239.80 511.10 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: MPI = β0 + β1 × EWG, where β0 and β1 are 
the regression parameters; EWG = empty weight gain (kg/d); MPI = metabolizable protein intake (g/d). 
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Table S4 - Treatment effect on NPg estimation model coefficients using confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 

Lower Upper 
β0     

D0 321.70 38.869 241.10 402.30 
D150 153.00 28.919 93.051 261.00 
D300 213.60 27.579 156.40 270.80 
D450 192.00 32.677 124.30 259.80 
β1     

D0 9.4201 9.5337 13.780 53.323 
D150 6.7156 7.1733 -23.551 16.202 
D300 8.5299 7.4680 -8.7340 22.241 
D450 4.8549 9.0303 -18.560 18.896 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: NPg = β0 × EWG - β1 × RE, where β0 and 
β1 are the regression parameters; EWG = empty weight gain (kg/d); RE = retained energy (Mcal/d).  
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Table S5 - Treatment effect on EBW form SBW estimation model coefficients using confidence 

interval 

Parameter Estimate SEM1 
Confidence Interval Limits 
Lower Upper 

a     

D0 1.1030 0.2373 0.6108 1.5952 
D150 0.7209 0.1478 0.4145 1.0273 
D300 0.8817 0.2139 0.4380 1.3254 
D450 0.9343 0.1996 0.5205 1.3482 
b     

D0 0.9704 0.0355 0.8969 1.0440 
D150 1.0428 0.0339 0.9725 1.1131 
D300 1.0090 0.0403 0.9254 1.0925 
D450 0.9987 0.0355 0.9251 1.0722 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: EBW = a × SBWb, where “a” and “b” are the 
regression parameters; EBW = empty body weight (kg); SBW = shrunk body weight (kg).  
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Table S6 - Treatment effect on EWG form ADG estimation model coefficients using confidence 

interval 

Parameter Estimate SEM1 
Confidence Interval Limits 
Lower Upper 

a     

D0 1.0072 0.0200 0.9657 1.0487 
D150 1.0422 0.0221 0.9964 1.0880 
D300 1.0367 0.0204 0.9943 1.0790 
D450 1.0280 0.0193 0.9879 1.0681 
b     

D0 0.9335 0.0615 0.8059 1.0611 
D150 0.8620 0.0755 0.7054 1.0185 
D300 0.8790 0.0707 0.7323 1.0256 
D450 0.8868 0.0854 0.7096 1.0639 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: EWG = a × ADGb, where “a” and “b” are the 
regression parameters; EWG = empty weight gain (kg/d); ADG = average daily gain (kg/d).  
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Table S7 - Treatment effect on NCW form SBW estimation model coefficients using 

confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 

Lower Upper 
a     

D0 0.4170 0.2199 -0.0391 0.8732 
D150 0.3477 0.1693 -0.0035 0.6988 
D300 0.2969 0.1769 -0.0698 0.6637 
D450 0.6351 0.3205 -0.0297 1.2999 
b     

D0 0.9598 0.0870 0.7794 1.1402 
D150 0.9946 0.0805 0.8275 1.1616 
D300 1.0185 0.0989 0.8135 1.2236 
D450 0.8908 0.0839 0.7168 1.0649 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: NCW = a × SBWb, where “a” and “b” are the 
regression parameters; NCW = non-carcass weight (kg); SBW = shrunk body weight (kg).  
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Table S8 - Treatment effect on CW form SBW estimation model coefficients using confidence 

interval 

Parameter Estimate SEM1 
Confidence Interval Limits 

Lower Upper 
a     

D0 0.6874 0.3085 0.0477 1.3271 
D150 0.3916 0.1703 0.0384 0.7449 
D300 0.5850 0.2958 -0.0285 1.1986 
D450 0.4165 0.1893 0.0239 0.8091 
b     

D0 0.9762 0.0740 0.8228 1.1297 
D150 1.0698 0.0719 0.9207 1.2189 
D300 1.0038 0.0839 0.8297 1.1779 
D450 1.0600 0.0754 0.9035 1.2164 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: CW = a × SBWb, where “a” and “b” are the 
regression parameters; CW = carcass weight (kg); SBW = shrunk body weight (kg).  
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Table S9 - Treatment effect on water in the EBW estimation model coefficients using 

confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 
Lower Upper 

a     

D0 1.0269 0.3174 0.3687 1.6850 
D150 1.0383 0.2871 0.4429 1.6336 
D300 1.3790 0.4588 0.4275 2.3306 
D450 1.1753 0.3491 0.4512 1.8994 
b     

D0 0.8988 0.0517 0.7916 1.0060 
D150 0.8968 0.0463 0.8008 0.9928 
D300 0.8496 0.0560 0.7336 0.9657 
D450 0.8772 0.0500 0.7734 0.9809 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: Water = a × EBWb, where “a” and “b” are the 
regression parameters; EBW = empty body weight (kg).  
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Table S10 - Treatment effect on ether extract in the EBW estimation model coefficients using 

confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 

Lower Upper 
a     

D0 0.0081 0.0161 -0.0254 0.0416 
D150 0.0195 0.0328 -0.0484 0.0875 
D300 0.0059 0.0129 -0.0208 0.0327 
D450 0.0057 0.0115 -0.0181 0.0296 
b     

D0 1.5526 0.3334 0.8612 2.2440 
D150 1.4050 0.2795 0.8254 1.9846 
D300 1.5988 0.3635 0.8450 2.3526 
D450 1.6023 0.3357 0.9062 2.2984 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: Ether extract = a × EBWb, where “a” and “b” 
are the regression parameters; EBW = empty body weight (kg).  
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Table S11 - Treatment effect on crude protein in the EBW estimation model coefficients using 

confidence interval 

Parameter Estimate SEM1 
Confidence Interval Limits 

Lower Upper 
a     

D0 0.1925 0.1031 -0.0214 0.4064 
D150 0.1786 0.0854 0.0014 0.3558 
D300 0.2710 0.1534 -0.0472 0.5891 
D450 0.1971 0.1015 -0.0133 0.4075 
b     

D0 0.9834 0.0895 0.7977 1.1690 
D150 0.9972 0.0800 0.8313 1.1631 
D300 0.9277 0.0952 0.7303 1.1251 
D450 0.9814 0.0866 0.8017 1.1610 

D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 
450 g/kg of DDG, 1Standard error of mean. The equation used was: Crude protein = a × EBWb, where “a” and “b” 
are the regression parameters; EBW = empty body weight (kg).  
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Table S12 – Effect of low-fat DDG inclusion levels in finishing diets on the performance 

Items 
Diets 

SEM 
P - value 

D0 D150 D300 D450 L Q 

Initial body weight, kg 272 265 272 267 13.45 0.917 0.967 

Final body weight, kg 428 427 425 414 7.567 0.219 0.566 

Final carcass weight, kg 258 257 260 251 5.655 0.445 0.478 

Average daily gain, kg/d 1.27 1.25 1.24 1.15 0.060 0.574 0.314 

Carcass weight gain, kg/d 0.85 0.84 0.86 0.79 0.043 0.449 0.513 

Gain to feed ratio 0.20 0.19 0.19 0.19 0.007 0.470 0.500 
D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 

450 g/kg of DDG, 1Standard error of mean. Values on the same line, marked by different letters, are statistically 

different (P = 0.05) by the least-squares means test. 
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Table S13 – Effect of low-fat DDG inclusion levels in finishing diets on the nutrient intake and 

digestibility 

Items 
Diets 

SEM1 P - value 
D0 D150 D300 D450 L Q 

Dry matter         
Intake, kg/d 6.45 6.6 6.62 6.11 0.251 0.403 0.205 

Digestibility, g/kg 802A 745B 725C 718C 6.514 < 0.001 0.512 

 
       

Organic matter        

Intake, kg/d 6.14 6.29 6.32 5.82 0.239 0.418 0.200 

Digestibility, g/kg 818A 757B 733B 732B 9.245 < 0.001 0.215 

 
       

Neutal detergent fiber        

Intake, kg/d 1.29C 1.78B 2.24A 2.48A 0.083 < 0.001 0.165 

Digestibility, g/kg 614C 610C 643B 684A 9.395 < 0.001 0.025 

 
       

Crude protein        

Intake, kg/d 0.80C 0.80C 1.01B 1.14A 0.039 < 0.001 0.111 

Digestibility, g/kg 804A 707C 700C 738B 7.910 < 0.001 < 0.001 

 
       

Ether extract        

Intake, kg/d 0.226 0.239 0.242 0.226 0.009 0.903 0.137 

Digestibility, g/kg 949A 925B 901C 895C 6.84 < 0.010 0.184 

 
       

Non fiber carbohydrates        

Intake, kg/d 3.90A 3.47B 2.83C 1.97D 0.115 < 0.001 0.251 

Digestibility, g/kg 884A 833B 812C 770D 7.071 < 0.001 0.503 

 
       

Total digestible nutrients        

Intake, kg/d 5.36A 5.04AB 4.93AB 4.52B 0.195 0.008 0.814 
D0 = diet without DDG, D150 = diet with 150 g/kg of DDG, D300 = diet with 300 g/kg of DDG, D450 = diet with 

450 g/kg of DDG, 1Standard error of mean. Values on the same line, marked by different letters, are statistically 

different (P = 0.05) by the least-squares means test. 
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ABSTRACT 

This study aimed to evaluate the effect of including levels of low-fat dried distillers grains 

without soluble (DDG) in high-concentrate diets on intake and digestibility. Four rumen-

cannulated Nellore cattle received four dietary treatments in a 4×4 Latin square experimental 

design.  Treatments included diets without DDG (D0) and varying inclusion levels of DDG at 

150 g/kg (D150), 300 g/kg (D300), and 450 g/kg (D450). Four periods of total feces and urine 

collection were performed to estimate nutrient intake and digestibility and estimate nitrogen 

balance. Collections of omasum digesta were used to estimate ruminal degradability. The 

ruminal emptying technique was performed to estimate the ruminal rates of ingestion, passage, 

and digestion (kd). The inclusion of DDG reduced the intake of total digestible nutrients (TDN) 

(P < 0.01), dry matter (DM) (P = 0.02), organic matter (OM) (P = 0.02), non-fiber 

carbohydrates (NFC) (P < 0.01) and ether extract (EE) (P = 0.06). The intake of neutral 

detergent fiber (NDF) increased linearly (P < 0.01), whereas CP had a quadratic pattern (P = 

0.02). The total digestibility in kg/d of DM (P < 0.01), OM (P < 0.01), NFC (P < 0.01) and EE 

(P = 0.02) decreased linearly. The total digestibility in kg/d of the NDF increased linearly (P < 

0.01) and the CP had a quadratic pattern (P = 0.01). The kd of DM (P = 0.01), OM (P < 0.01) 

decreased linearly and NDF increased linearly (P < 0.01). The amount of N retained did not 

change (P = 0.72), but the intake of metabolizable protein increased (P = 0.03). Therefore, the 

inclusion of low-fat DDG in finishing diets reduces TDN intake and reduces the digestibility of 

almost all nutrients. 

Keywords: Beef cattle, finishing phase, coproduct, Nellore. 
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INTRODUCTION 

Dried distillers grain (DDG) are coproducts generated after the fermentation of carbohydrates 

such as starch for alcohol production. The use of corn for this purpose has been growing in 

many countries, including Brazil and the United States (CONAB, 2020; USDA, 2019), and 

consequently, the amount of coproduct produced is also increasing. The coproduct is largely 

used to feed ruminants. It has been demonstrated for quite some time that after fermentation, 

the composition of the residue differs from the original grain, having a lower concentration of 

starch, and higher concentrations of crude protein (CP), neutral detergent fiber (NDF), and 

ether extract (EE) (Klopfenstein et al., 2008). The heating process can also cause changes in 

the CP profile, which can present around 730 g/kg of rumen undegradable protein (RUP) 

(NASEM, 2016). However, there are processing differences, which may include the addition 

of solubles, resulting in dried distillers grains with solubles (DDGS). Differences in chemical 

composition in nutrient concentration can also occur (Buckner et al., 2011), and the change in 

this product's chemical composition can generate changes in the digestibility and use of 

nutrients.  

We hypothesized that the inclusion of low-fat DDG in finishing diets reduces the intake 

and digestibility of nutrients. The objective was to evaluate the effect of low-fat DDG levels in 

finishing diets on nutrient intake and digestibility.  

MATERIAL AND METHODS 

The experiment was conducted in the experimental feedlot facility of the Animal Science 

Department of the Federal University of Viçosa, Viçosa, Brazil, MG.   

Animals, experimental design, and diets 

Four rumen-cannulated Nellore bulls (395kg ± 20) at the age of 14 months were used in a 4 × 

4 Latin square design. The animals were housed in individual 8-m2 pens containing individual 
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water troughs and feeders. Before the start of the experiment, the animals were vaccinated 

against endo and ectoparasites (Ivermectin 3.5%; 1mL/kg body weight; Ranger LA 3.5%, MSD 

Saúde Animal, Brazil) and received an injection of vitamin ADE (5mL; ADE Vallée, MSD 

Saúde Animal, Brazil). 

 The experiment was conducted using four 23-d periods. Each period consisted of 14-d 

adaptation to the experimental diets and 9-d for data collection. Four dietary treatments were 

evaluated,  as follows: diet without DDG (D0),  including 150 g/kg DDG (D150), 300 g/kg 

DDG (D300), and 450 g/kg DDG (D450), on a dry matter (DM) basis. All diets had 280 g/kg 

corn silage (DM basis) as a source of roughage and were formulated according to Valadares 

Filho et al. (2016). The animals were fed twice a day at 07h00 and 16h00, and the intake was 

adjusted to maintain  orts at  50 g/kg of the amount on an as-fed basis. The chemical composition 

of the ingredients and the level of inclusion of each ingredient as well as the  the chemical 

composition of the diets can be seen in Tables 1 and 2 respectively. 

Nutrient digestibility 

Four digestibility periods were performed with a total collection of feces and urine on d-15, d-

16, d-17 of each experimental period. The orts were weighed and sampled between d-15 and d-

23 of all experimental periods to estimate the dry matter intake (DMI) and the intake of other 

dietary nutrients. Corn silage was also sampled on these days. Feedstuff were dried in a forced 

circulation oven (55°C) for 72-h and ground (Fortinox, Piracicaba, São Paulo, Brazil) through 

a 2-mm screen [indigestible NDF (iNDF) analyses] and subsequently with a 1-mm screen for 

further analyses. The other ingredients of the diet were sampled and processed with each 

mixture of the feed. 

 During the three days of collection, the feces were sampled and weighed (300 g, fresh 

matter) daily in aluminum trays to be dried in a forced circulation oven and ground, as described 



94 

 

 

 

above. At the end of each experimental period, a composite sample was mixed to be 

proportional to the amount excreted each day (DM basis). Urine was collected in gallons 

containing 200 ml of 20% (v/v) sulfuric acid, and daily its volume was measured and sampled. 

5 ml of urine was diluted in 20 ml of 0.036 N sulfuric acid to preserve nitrogenous compounds 

and then stored in a freezer at -20°C for each collection day. Subsequently, a sample composed 

based on the volume of each day was obtained for chemical analyses. With the nutrient 

digestibility coefficients, the intake of total digestible nutrients (TDN) was estimated by the 

following equation (NRC, 2001):  

TDN = dCP + dNDF + (dEE × 2.25) + dNFC (1) 

where dCP = digestible crude protein (kg); dNDF = digestible neutral detergent fiber (kg); dEE 

= digestible ether extract (kg); and dNFC = digestible non-fiber carbohydrates (kg). 

Markers infusion and omasal digesta sampling 

Collections of omasal digesta were performed in each experimental period to estimate ruminal 

degradability and ruminal flow. The digesta flow was estimated using a double marker (Rotta 

et al., 2014), with Co-EDTA associated with the liquid and the small particles, and the iNDF 

associated with large particles, as described by Valadares Filho et al. (2011). The Co-EDTA 

marker was continuously infused (5000 mg/d Co-EDTA - 572 mg/d Co - diluted in 5 L of water) 

through the animals' cannula using a peristaltic pump (BP600.4; Milan Scientific Equipment, 

Inc., Colombo, Paraná, Brazil). The infusion was performed on d-15 to d-20, starting three days 

before the first omasal digesta collection (d-18), and continued until the last day of omasal 

digesta collection (d-20).  

 Eight collections were carried out at 9-h intervals during the three days (Huhtanen et al., 

1997; Leão, 2002). On d-18, collections were made at 08h00 and 17h00, on d-19 at 02h00, 

11h00, and 20h00, and on d-20 at 05h00, 14h00, and 23h00. Approximately 750 ml were 
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collected  each time, with 250 ml used to isolate liquid-associated bacteria (LAB) and particle-

associated bacteria (PAB), 250 ml used to compose the non-representative digesta sample, and 

250 ml were filtered in a 100 μm nylon mesh filter with 44% surface pore area (Sefar Nitex 

100/44, Sefar, Thal, Switzerland) to obtain a liquid fraction with smaller particles and another 

fraction with large particles. The non-representative digest was not filtered and contains the 

digest with all the phases: liquid and small-particles phase and large-particles phase. It is the 

sample as it was collected in the omasum. 

 After each collection time, the samples of non-representative digest, liquid and small 

particles phase and large particles phase were lyophilized and ground in a Wiley mill (Fortinox, 

Piracicaba, São Paulo, Brazil) at 2- and 1-mm, and subsequently, a composite sample (DM 

basis) of the eight collections, per period was made for further analyses. The LAB and PAB 

samples were processed every four collection times, resulting in two centrifugations per period, 

performed according to Reynal et al. (2005), with modifications suggested by Krizsan et al. 

(2010). After isolation, the LAB and PAB samples were lyophilized, macerated, and a 

composite sample was taken per animal and period (DM basis). 

 At each omasal collection time, rumen pH was measured, and 40 mL of ruminal fluid 

was sampled to quantify ammonia nitrogen concentration. To preserve nitrogenous compounds, 

1 mL of H2SO4 (50% v/v) was added to each sample, which was subsequently frozen at -20°C 

for future analyses. 

 

Ruminal emptying 

On d-21 and d-23, the rumen was emptied to determine the pool of each nutrient, and with the 

data of omasal flows, ruminal rates of ingestion (ki), digestion (kd), and passage (kp) were 

estimated as described by Allen and Linton (2007). On d-21, sampling was carried out 3-h after 
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feeding, and on d-23 immediately before. The rumen content was separated into two fractions 

with the aid of four layers of cheesecloth, with one fraction consisting of liquid and small 

particles, and the other fraction composed of large particles. The samples were lyophilized and 

ground, and at the end of each period, a compound was made (DM basis) with two days of 

sampling for each type of sample per animal. 

Nitrogen (N) balance, rumen degradable protein, and rumen undegradable protein 

The N balance was estimated with the N intake, N excreted in the feces, and N excreted in the 

urine, in such a way that the retained N was obtained by Equation 2. The values of rumen 

degradable protein (RDP) were adopted as equivalent to the microbial protein synthesis (MPS) 

(Valadares Filho et al., 2016), which was estimated with the samples obtained from the omasal 

digesta collections. The RUP was estimated by the difference between CP intake and RDP. 

With the values of RDP and RUP, the metabolizable protein (MP) was estimated by Equation 

3. 

N retained = N intake − N feces − N urine      (2) 

MP = (RDP × 0.64) + (RUP × 0.8)       (3) 

where MP = metabolizable protein (g); N = nitrogen (g); RDP = rumen degradable protein 

(g); RUP = rumen undegradable protein (g). 

Laboratory analyses 

Samples of feeds, refusals, feces, and ruminal and omasal digesta were analysed for DM 

(method 934.01), N (method 981.10), and ash (method 930.05) according to AOAC (2012) and 

EE (method 2003.05) according to AOAC (2005). The OM concentration was estimated by the 

difference between the DM content and the ash content, and the CP concentration was estimated 

by multiplying the N content by 6.25. The NDF was estimated with the addition of thermostable 
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α-amylase to neutral detergent (Ankom Tech. Corp., Fairport, NY, USA), without the addition 

of sodium sulphite. The residue was corrected for ash (Mertens et al., 2002) and residual N 

compounds (Licitra et al., 1996). The iNDF concentration was estimated, according to Valente 

et al. (2011), through ruminal incubation of samples for 288-h, using F57 filter bags (25 μm; 

ANKOM Technology, Macedon, NY). The non-fiber carbohydrates (NFC) content was 

estimated as suggested by Detmann and Valadares Filho (2010):  

NFC = OM − CP - apNDF − EE (4) 

 where apNDF = ash and protein-free NDF (g/kg).  

The PAB and LAB samples were also evaluated for DM and N concentration by the 

same methods. Additionally, the samples of omasum were analysed for the concentration of Co 

by an atomic absorption spectrometer (Spctr AA-800, Varian spectrometer, Harbor City, CA) 

after digestion with nitroperchloric acid to estimate the ruminal flow of nutrients. Omasum and 

LAB and PAB samples were also analysed for N-RNA concentration (N concentration in 

microbial RNA) to estimate microbial protein flow, according to Zinn and Owens (1980), as 

modified by Ushida et al. (1985). Analyses of NH3-N were performed according to Chaney and 

Marbach (1962). 

Statistical analyses 

The data were analysed, assuming a 4 × 4 Latin square design, with PROC MIXED of SAS 

(version 9.4, SAS Institute Inc., Cary, NC, USA), using the following statistical model: 𝑌𝑖𝑗𝑘 =  𝜇 +  𝐷𝑖  +  𝑎𝑗  + 𝑝𝑘  +  𝑒𝑖𝑗𝑘 

where: 𝑌𝑖𝑗𝑘 = dependent variable, μ = general mean; Di = fixed effect of dietary DDG content 

i; aj = random effect of animal j; pk = random effect of experimental period k (random); and eijk 

= random error taken as normal and independently distributed (NID) (0, 𝜎𝑒2). 



98 

 

 

 

 When the effect of treatment (i.e., levels of DDG) was significant, the linear, quadratic, 

and cubic effects were evaluated using orthogonal contrasts that were obtained with PROC IML 

of SAS (version 9.4, SAS Institute Inc., Cary, NC, USA), assuming their equidistance (0, 150, 

300, and 450 g/kg). The least square means were used to determine statistical significance 

among treatments. 

 Data on NH3-N concentrations and pH were analysed as repeated measures by PROC 

MIXED procedures in SAS (version 9.4, SAS Institute Inc., Cary, NC, USA) using the 

REPEATED statement. The model tested was similar to that described above, including time 

as a fixed effect and all its interactions. The unstructured covariance structure was assumed for 

the random factors. 

RESULTS 

There was no cubic effect for any of the evaluated parameters. Only the linear and quadratic 

contrasts were presented. 

Intake and digestibility 

Intake and digestibility of all constituents are shown in Tables 3 and 4. The inclusion of low-

fat DDG in the diet tended or resulted in a linear reduction in DMI (P = 0.02), organic matter 

intake (OMI, P = 0.02), NFC intake (P < 0.01) and EE intake (P = 0.06). On the other hand, 

the intake of CP was quadratic with a minimum point in D150 (P = 0.02) and the intake of NDF 

(P < 0.01) increased linearly. Changes in the chemical composition of diets, in addition to 

affecting intake, also affected the digestion of nutrients. The total digestibilities of DM (g/kg, 

P < 0.01; kg/d, P < 0.01), OM (g/kg, P < 0.01; kg/d, P < 0.01), NFC (kg/d, P < 0.01) and EE 

(g/kg, P = 0.01; kg/d, P = 0.02) reduced linearly. However, the total digestibility of NFC in 

g/kg did not differ between treatments (P = 0.38). Ruminal degradabilities followed the same 

patterns, with a linear reduction for DM (g/kg, P = 0.01; kg/d, P < 0.01), OM (g/kg, P = < 0.01; 



99 

 

 

 

kg/d, P < 0.01), and NFC (kg/d, P < 0.01). Ruminal degradability of NFC in g/kg did not differ 

(P = 0.14). Total CP digestibility (g/kg) also tended to linearly reduce (P = 0.08), and the 

digestibility in kg/d of this nutrient presented a quadratic response with a minimum point in 

D150 (P = 0.01). Ruminal degradability also decreased linearly (g/kg, P < 0.01; kg/d, P = 0.01). 

The increase in low-fat DDG levels in the diet also increased the total digestibility (g/kg, P < 

0.01; kg/d, P < 0.01) and ruminal degradability (g/kg, P = 0.01; kg/d, P < 0.01) of NDF. With 

reduced intake and digestibility of almost all dietary constituents, TDN intake decreased 

linearly (P < 0.01). 

Ruminal rates 

The ruminal rates are described in Table 5. With the addition of low-fat DDG in the diet the 

ruminal rates ki (P = 0.02), kp (P = 0.10) and kd (P = 0.01) of DM, and ki (P = 0.01), kp (P = 

0.04) and kd (P < 0.01) of OM, tended or reduced linearly. However, ki (P = 0.40) kp (P = 

0.52) and kd (P = 0.36) rate of NFC did not differ between treatments. On the other hand, ki (P 

< 0.01), kp (P = 0.04) and kd (P < 0.01) of NDF increased linearly. 

pH and ruminal ammonia 

The pH increased linearly with the inclusion of low-fat DDG in the diet (P = 0.01), and varied 

quadratically depending on the time of collection (P < 0.01) (Figure 1). The concentration of 

ruminal ammonia decreased linearly according to the level of inclusion (P < 0.01) and varied 

cubically throughout the day (P < 0.01) (Figure 2). 

Nitrogen balance and microbial protein synthesis 

Similar to CP, as expected, N intake showed a quadratic pattern with a minimum point in D150 

(P = 0.02) (Table 6). The N excreted through the urine tended to show the same response (P = 

0.06). However, the N excreted in the feces increased linearly (P = 0.02). Consequently, the 
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retained N did not differ between treatments (P = 0.72), although the ratio between retained N 

and N intake did not differ (P = 0.27). The addition of low-fat DDG in the diet provided a 

quadratic pattern or linear increase in RUP (P < 0.01), in the ratio RUP and N intake (P < 0.01), 

in microbial efficiency concerning energy use (P = 0.06), and the intake of MP (P = 0.03). On 

the other hand, RDP or MPS tended to reduce linearly (P = 0.09), and microbial relationship 

about the use of the protein decreased linearly (P < 0.01). The N-RNA/Nmic ratio was not 

changed (P = 0.34). 

DISCUSSION 

Intake and digestibility 

There was a difference of 1.47 kg/d between the diet with the highest DMI (D0) and the lowest 

DMI (D450). There are sufficient studies in the literature showing different responses regarding 

DMI when using distillers grains, depending, among other factors, on the type of grain used to 

make this coproduct and its level of inclusion (Merayo et al., 2020). In this sense, Walter et al. 

(2010) evaluated the inclusion of wheat or corn dried distillers grains with soluble (DDGS) at 

levels of 20 or 40% in finishing diets and found a quadratic increase in DMI when wheat DDGS 

were used and a reduction in DMI when corn DDGS were used, as found in this study. On the 

other hand, some authors who also evaluated the inclusion of distillers grains in finishing diets 

found no difference in DMI (Salim et al., 2014; Vander Pol et al., 2009) or found a quadratic 

pattern (Klopfenstein et al., 2008).  

 In addition to being influenced by DMI, nutrient intake was also affected by the 

composition of the diet. DDG is a coproduct obtained from a fermentation process of cereals 

such as corn, sorghum, or wheat. For this, the raw material is ground and mixed with water to 

form a slurry, which will be cooked, and its pH adjusted to add an amylase enzyme. Later, 

yeasts are added to ferment the starch (Merayo et al., 2020). As a result, the concentration of 
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starch, and consequently NFC, is reduced, and the concentration of cell wall components and 

CP is increased, resulting in the intake pattern observed for these components. However, an 

important point in the use of distillers grains is the variation in the composition that exists 

between the producing plants and within the same plant, as described by Buckner et al. (2011). 

One point described by these authors is the variation in fat content. Many studies use distillers 

grains with fat levels between 100 and 130 g/kg (MacDonald et al., 2007), values above the fat 

concentration of corn. Consequently, the inclusion of this kind of coproduct in the diet provides 

an increase in the concentration of fat. However, some ethanol plants remove fat from the 

residue, making the concentration similar to that of corn, as was the case in this study. 

Consequently, the fat concentration of the diets was close, and their intake followed the DMI. 

 Also, the increase in the concentration of structural carbohydrates, which show a lower 

and slower digestion (Miron et al., 2001), and the reduction in the concentration of non-

structural carbohydrates, may also be associated with the patterns found for digestibility. The 

average digestibility of NFC was around 42% higher than the average digestibility of NDF, 

which may be associated with a reduction in DM and OM digestibility. Likewise, Gilroyed et 

al. (2015) evaluated levels of inclusion of DDGS in cattle diets that ranged from 0 to 400 g/kg 

(DM basis) and reported an increase in gross energy lost through feces. The authors described 

higher concentrations of recalcitrant compounds in animals fed at higher levels, reinforcing the 

process described above. For the inclusion of 0, 200, and 400 g/kg, the digestibility of OM was 

820, 780, and 750 g/kg, values close to that found in this study. 

 Part of the protein present in the DDG comes from the yeasts that were added for 

fermentation, and that went through the heating process (Klopfenstein et al., 2008). 

Consequently, this fraction presents a reduction in its ruminal degradability because the yeasts, 

when heated, become resistant to lysis and rumen microbial degradation (Bruning and 

Yokoyama, 1988), reaching only 20% in distillers grains (Herold, 1999). In addition, the 



102 

 

 

 

heating process is also related to an increase in the damage caused to the protein with a 

consequent increase in the concentration of acid detergent insoluble nitrogen (ADIN) (Tedeschi 

et al., 2009), which negatively correlates with the digestibility of the CP both in non-forages (r 

= 0.81; Nakamura et al., 1994) as in forages (r = 0.93; Yu and Thomas, 1976). The ADIN 

fraction also correlates negatively with the digestibility of DM (Tedeschi et al., 2009), in 

agreement with the data found. 

 The only constituent that increased digestibility in g/kg was NDF. Both ruminal 

degradability and total digestibility increased around 10% with the inclusion of low-fat DDG. 

There are many factors that affect fiber degradation, with the EE concentration of the diet being 

one of them. Fat, when in contact with fiber, forms protection and hinders colonization by 

ruminal microorganisms. As a result, the lag time is increased, and the extent and the rate of 

digestion are reduced (Valadares Filho and Pina, 2006). In addition, fat has a toxic effect on 

ruminal microorganisms, which limits the number of digestion sites in the feed particle 

(McAllister et al., 1994). In this sense, Tedeschi et al. (2009) analysed an in vitro study and 

found less lag time for samples of corn milling (co) products defatted than samples with higher 

concentrations of fat. However, as the DDG used in this study did not have high EE 

concentrations, this was not a limiting factor for fiber digestion. Another factor associated with 

fiber digestion is ruminal pH (Alhadas et al., 2021). The fermentation process to form DDG 

reduces the concentration of starch in this coproduct, which can contribute to a reduction in the 

occurrence of sub-acute acidosis (Klopfenstein et al., 2008). Fibrolytic bacteria are more 

sensitive to low pH values than amylolytic bacteria (Russell and Dombrowski, 1980), and they 

can reduce their growth linearly or exponentially (Tedeschi and Fox, 2020) when the ruminal 

pH decreases (Owens et al., 1998). 

 As a final result of the combination of intake and digestibility, the inclusion of low-fat 

DDG in the diet reduced the intake of TDN. Some authors describe a higher feed value of DDG 
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or DDGS than corn, which could explain the increased performance of animals up to a certain 

level of inclusion (Buckner et al., 2007; Ham et al., 1994). Although this study did not evaluate 

performance data, the parameters evaluated indicate a reduction in the use of nutrients when 

low-fat DDG replaced corn. 

Ruminal rates 

Digestion processes in cattle are affected by numerous variables, such as diet, microbial 

population, removal of fermentation products, pH, and other factors directly linked to the rumen 

environment (Tedeschi and Fox, 2020). As feed reaches the rumen, three fates co-occur: 

degradation with reduced size in the rumen, absorption for metabolism, or escape the rumen 

(Tedeschi and Fox, 2020). An important factor that influences the magnitude of these processes 

is the intake, in such a way that the kp tends to increase when the intake increases (Balch and 

Campling, 1965). This relationship was observed for DM, OM, and NDF, where lower intakes 

resulted in lower rates. This pattern is also described by other authors (Clauss et al., 2009; 

Coleman et al., 2003; Dias et al., 2011). 

The same factors that influenced digestibility also influenced the rate of digestion, in 

such a way that the concentration of compounds that are more difficult to digest may be 

associated with a reduction in the kd of DM (D0 = 60.7 g/kg per h; D450 = 45.4 g/kg per h) and 

OM (D0 = 64.2 g/kg/h; D450 = 45.8 g/kg/h). The reduction was approximately 34% and 40% 

for DM and OM, respectively. According to Mertens (1993), non-cell wall components may 

have a kd that varies between 3 and 10 times the kp value, while the cell wall components have 

values close for kd and kp rates. For the evaluated data, the average kd/kp ratio for the NDF 

was 1.6, and for the NFC, it was 2.8. However, the NFC kd was around 3.4 times higher than 

the NDF kd, although the NDF kd increased linearly [from 30.5 g/kg per h (D0) to 50.8 g/kg 

per h (D450)]. In addition to influencing the degraded amount of fiber, rumen pH can also affect 
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the rate at which fiber is degraded. According to Tedeschi and Fox (2020), in general, the 

reduction in ruminal pH reduces the kd rate of the fiber. 

pH and ruminal ammonia 

The increase in the amount of starch digested in the rumen is usually associated with the rapid 

accumulation of volatile fatty acids (VFA) and a reduction in ruminal pH (NASEM, 2016). 

Consequently, the addition of carbohydrates with a lower rate of digestion in the diet, such as 

NDF, also reduces the rate of VFA production, reducing the potential for the occurrence of 

acidosis. The pH averages per treatment ranged from 6.29 (D0) to 6.52 (D450), with only D0 

remaining for a few hours with the pH below 6.00. The oscillation throughout the day was 

similar for all treatments. The highest observed value was approximately 2 hours before feeding 

the animals in the morning. After feeding, the pH values decreased until about midday, 

remaining constant at particular times until the next feeding. After feeding, the carbohydrates 

that reached the rumen will be fermented and generate VFA’s, which quickly dissociate and 

release H+ ion in the rumen environment (Aschenbach et al., 2011), resulting in a reduction in 

pH values. However, animals have mechanisms to control the concentration of ions H+, 

including neutralization via bicarbonate from saliva or rumen epithelium (Penner et al., 2009) 

or the passage of rumen fluid to the omasum. Consequently, there is a tendency to maintain 

rumen homeostasis. These processes will be affected by some factors, such as pH and fiber 

concentration in the diet. Under conditions of ruminal pH equal to 7.0, around 99% of VFA are 

dissociated, reducing to 83% at pH equal to 5.5, which will directly interfere with epithelial 

absorption and, consequently, epithelial secretion of bicarbonate ions. In the same sense, the 

increase in dietary fiber is correlated to the increase in liquid flow, increasing the removal of 

fermentation products, and controlling pH (NASEM, 2016; Tedeschi and Fox, 2020). 
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The fermentation process that occurs in the rumen allows the transformation of protein 

and non-protein nitrogen from the diet into microbial protein and NH3. As previously discussed, 

the amount of protein degraded in rumen decreased linearly, which may be associated with a 

linear reduction in rumen ammonia concentration. Average concentrations ranged from 11.1 

mmol/dL (D0) to 5.05 mmol/dL (D450). High ammonia concentrations were observed at 08h00 

and 17h00, both one hour post feeding. Similar to the results found in this study, other authors 

describe this pattern when distillers grains is added to the diet (Anderson et al., 2006; Benchaar 

et al., 2013; Kleinschmit et al., 2006). 

Nitrogen balance and microbial protein synthesis 

The increase in nitrogen intake did not increase nitrogen retention, as the excretion in feces and 

urine increased. The lower nitrogen value observed in feces and urine for D150 may be 

associated with a lower amount of digested CP (0.78 kg) compared to other treatments. This 

was due to the fact that diets D0 and D150 had similar CP levels [123 and 122 g/kg (DM basis), 

respectively], but lower than D300 and D450, which, together with the reduction in DMI, 

resulted in the observed pattern. In this sense, Menezes et al. (2016) evaluated CP levels in 

finishing diets that varied from 100 to 140 g/kg (DM basis) and found no difference in retained 

nitrogen, with an increase in nitrogen in the urine. Cole et al. (2005) and Todd et al. (2006) also 

found a increase in the excretion of nitrogen in the urine when the CP level varied from 115 to 

130 g/kg (DM basis). In addition, ruminant diets with high protein levels can increase nitrogen 

recycling, which, together with increased excretion, increases the energy cost for metabolism 

(Reynolds and Kristensen, 2008). 

 Although the concentration of CP in the distillers grains increases compared to corn, the 

main protein present in this grain is zein, which has a low digestibility around 400 g/kg 

(McDonald, 1954). Besides, part of the distillers grains protein is made up of yeasts, whichis 
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more resistant to ruminal degradation with heating. Heating also reduces ruminal protein 

degradation, as it causes the Maillard reaction between a lysine group and a carbonyl group 

(NASEM, 2016). As a result, the concentration of RUP increased, and consequently, the MP 

also increased. However, RDP or MPS was reduced. Several factors affect MPS, and OM's 

intake and the amount of OM degraded in the rumen are two of them (Clark et al., 1992). The 

increased intake of OM usually provides a higher rate of passage, which allows more 

microorganisms to reach the intestine for digestion. In addition, fast-digesting carbohydrates, 

such as starch, are more efficient at promoting microbial growth than fibrous carbohydrates 

(Stern and Hoover, 1979). Microbial efficiency is also affected by several factors, but according 

to Galyean and Tedeschi (2014), MPS decreases with a decreasing in TDN, as verified for the 

present study. 

CONCLUSION 

The inclusion of low-fat DDG in finishing diets reduced the TDN intake and reduced the total 

digestibility in kg/d of DM, OM, NFC, and EE. In addition, the kd rate of DM and OM 

decreased linearly. However, as the ruminal pH increased linearly, NDF digestion and kd rate 

increased. Although there was a higher intake of MP for the highest levels of inclusion, the 

retained nitrogen was the same for all treatments. 
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Table 1 - Chemical composition of diet ingredients 
Ingredients DM1 OM2 NDF3 CP4 EE5 

g/kg  
Corn silage 307 936 498 62.2 24.9 
DDG6 897 989 540 327 48.6 
Corn meal 894 990 90.2 91.7 42.4 
Soybean meal 885 939 95.4 505 23.6 
Urea/A.S7 997 1000 - 2610 - 
Premix8 1000 - - - - 
Virginiamycin 1000 - - - - 

1Dry matter, 2Organic matter, 3Neutral detergent fiber, 4Crude protein, 5Ether extract, 6Dried distillers grains, 7urea 

and ammonium sulfate (9:1), 8Premix guarantees (per kg of DM): 200 - 220 g of Ca, 10 mg of Co (Min), 500 mg of 

Cu (Min), 22 g of S (Min), 333 mg of Fe (Min), 178.41 mg of F (Max), 10 g of P (Min), 25 mg of I (Min), 17 g of 

Mg (Min), 1500 mg of Mn (Min), 1100 mg of monensin, 6.6 mg of Se (Min), 50 g of Na (Min), and 2000 mg of Zn 

(Min). The unit g/kg for dry matter represents grams of dry matter per kilogram of raw material, and for the other 

constituents represents grams of the constituent per kilogram of dry matter. 
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Table 2 - Proportion of ingredients and composition of experimental diets 
Diets 

Items 
D0 D150 D300 D450 

g/kg  
Ingredients     
Corn silage 280 280 280 280 
DDG1 - 150 300 450 
Corn meal 649 537 399 249 
Soybean meal 40.0 12.0 - - 
Urea/A.S2 10.0 - - - 
Premix 20.0 20.0 20.0 20.0 
Virginiamycin 1.00 1.00 1.00 1.00 
Analysed composition     

DM3 587 589 589 589 
OM4 952 953 954 954 
NDF5 202 270 337 405 
CP6 123 122 152 187 
EE7 35.6 37.3 38.4 39.4 
NFC8 608 525 426 322 

D0 = diet without dried distillers grains, D150 = diet with 150 g/kg of dried distillers grains, D300 = diet with 300 

g/kg of dried distillers grains, D450 = diet with 450 g/kg of dried distillers grains, 1Dried distillers grains, 2Urea 

and ammonium sulfate (9:1), 3Dry matter, 4Organic matter, 5Neutral detergent fiber, 6Crude protein, 7Ether extract, 

8Non-fiber carbohydrates. In the "Ingredients" section, the unit g/kg represents grams of the ingredient per 

kilogram of dry matter in the diet. In the "Analysed composition" section, the unit g/kg for dry matter represents 

grams of dry matter per kilogram of raw material, and for the other constituents represents grams of the constituent 

per kilogram of dry matter. 
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Table 3 - Effect of dried distillers grains levels on total digestible nutrients intake and dry 
matter, organic matter and crude protein intake and digestibilities 

Items 
Diets 

SEM1 
P-value 

D0 D150 D300 D450 L Q 

TDN2 intake  

      
kg/d 7.56A 6.72AB 6.24B 5.91B 0.493 < 0.01 0.38 

DM3 intake       
kg/d 9.00A 8.34AB 7.87AB 7.53B 0.673 0.02 0.64 

Ruminal digestibility       
g/kg 597A 534B 509B 453C 14.24 < 0.01 0.80 
kg/d 5.31A 4.45AB 3.97BC 3.40C 0.322 < 0.01 0.58 

Total digestibility       
g/kg 808A 780B 780B 765B 12.37 < 0.01 0.35 
kg/d 7.22A 6.49AB 6.11B 5.76B 0.471 < 0.01 0.46 

OM4 intake       
kg/d 8.56A 7.95AB 7.50AB 7.16B 0.640 0.02 0.66 

Ruminal digestibility       
g/kg 607A 543B 529B 473C 15.40 < 0.01 0.81 
kg/d 5.15A 4.31AB 3.93BC 3.39C 0.333 < 0.01 0.58 

Total digestibility       
g/kg 820A 797B 795BC 777C 11.83 < 0.01 0.68 
kg/d 6.99A 6.32AB 5.93B 5.56B 0.449 < 0.01 0.54 

CP5 intake  
      

kg/d 1.13BC 1.01C 1.19B 1.39A 0.098 < 0.01 0.02 

Ruminal digestibility       
g/kg 133A 131A 106A 58.2B 13.01 < 0.01 0.40 
kg/d 0.14A 0.13A 0.12AB 0.08B 0.017 0.01 0.30 

Total digestibility       
g/kg 793A 767A 758A 758A 12.98 0.08 0.32 
kg/d 0.88BC 0.78C 0.90B 1.05A 0.066 0.01 0.01 

D0 = diet without dried distillers grains, D150 = diet with 150 g/kg of dried distillers grains, D300 = diet with 300 
g/kg of dried distillers grains, D450 = diet with 450 g/kg of dried distillers grains, 1Standard error of mean, 2Total 
digestible nutrients, 3Dry matter, 4Organic matter, 5Crude protein. L and Q represent the effects of the linear and 
quadratic contrasts, respectively. The superscript letters indicate the differences between treatments by the least-
square means. 
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Table 4 - Effect of dried distillers grains levels on neutral detergent fiber, non-fiber 
carbohydrates, and ether extract intake and digestibilities 

Items 
Diets 

SEM1 
P-value 

D0 D150 D300 D450 L Q 

NDF2 intake       
Kg/d 1.86C 2.30C 2.71B 3.13A 0.212 < 0.01 0.94 

Ruminal digestibility       
g/kg 582B 583B 604B 645A 14.72 0.01 0.11 
kg/d 1.07C 1.34BC 1.63B 2.01A 0.122 < 0.01 0.61 

Total digestibility       
g/kg 607B 617B 653AB 668A 14.00 0.01 0.83 
kg/d 1.12C 1.41C 1.76B 2.09A 0.122 < 0.01 0.79 

NFC3 intake       
kg/d 5.43A 4.39B 3.36C 2.43D 0.322 < 0.01 0.76 

Ruminal digestibility       
g/kg 744A 746A 742A 736A 33.67 0.14 0.28 
kg/d 4.03A 3.27B 2.49C 1.78D 0.233 < 0.01 0.84 

Total digestibility       
g/kg 904A 897A 902A 911A 9.910 0.51 0.38 
kg/d 4.89A 3.93B 3.03C 2.21D 0.277 < 0.01 0.60 

EE4 intake  
      

kg/d 0.33A 0.31A 0.30A 0.28A 0.022 0.06 0.88 

Total digestibility       
g/kg 909A 866AB 859AB 837B 11.88 0.01 0.47 
kg/d 0.30A 0.28AB 0.25AB 0.24B 0.017 0.02 0.53 

D0 = diet without dried distillers grains, D150 = diet with 150 g/kg of dried distillers grains, D300 = diet with 300 
g/kg of dried distillers grains, D450 = diet with 450 g/kg of dried distillers grains, 1Standard error of mean, 2Neutral 
detergent fiber, 3Non-fiber carbohydrates, 4Ether extract. L and Q represent the effects of the linear and quadratic 
contrasts, respectively. The superscript letters indicate the differences between treatments by the least-square 
means. 

  



121 

 

 

 

Table 5 – Effect of dried distillers grains levels on the intake, passage, and digestion ruminal 
rates 

Items 
Diets 

SEM1 
P-value 

D0 D150 D300 D450 L Q 

DM2 rates, g/kg per h       
ki3  106A 103A 97.4AB 84.9B 5.594 0.02 0.30 

kp4 45.2A 45.1A 44.2A 39.5A 2.419 0.10 0.28 

kd5  60.7A 57.8A 53.2AB 45.4B 3.598 0.01 0.45 

OM6 rates, g/kg per h       
ki 109A 104A 93.1AB 84.2B 5.728 0.01 0.70 

kp 44.4AB 44.7A 42.0AB 38.4B 2.637 0.04 0.27 

kd 64.2A 59.6AB 51.1BC 45.8C 3.486 < 0.01 0.92 

NDF7 rates, g/kg per h       
ki  51.6C 64.2BC 69.6AB 78.4A 6.226 < 0.01 0.66 

kp  21.2B 26.8AB 27.6A 27.6A 2.700 0.04 0.15 

kd  30.5C 37.6BC 42.0AB 50.8A 3.961 < 0.01 0.36 

NFC8 rates, g/kg per h       
ki  193A 190A 181A 175A 18.61 0.40 0.92 

kp 50.5A 48.1A 51.1A 46.1A 4.331 0.52 0.70 

kd  143A 142A 130A 129A 14.89 0.36 0.99 
D0 = diet without dried distillers grains, D150 = diet with 150 g/kg of dried distillers grains, D300 = diet with 300 
g/kg of dried distillers grains, D450 = diet with 450 g/kg of dried distillers grains, 1Standard error of mean, 2Dry 
matter, 3Ingestion rate, 4Passage rate, 5Digestion rate, 6Organic matter, 7Neutral detergent fiber, 8Non-fiber 
carbohydrates. L and Q represent the effects of the linear and quadratic contrasts, respectively. The superscript 
letters indicate the differences between treatments by the least-square means. 
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Table 6 - Effect of dried distillers grains levels on nitrogen balance, protein profile, and 
microbial protein synthesis 

Items 
Diets 

SEM1 
P-value 

D0 D150 D300 D450 L Q 

N intake, g/d 180BC 162C 190B 222A 15.66 < 0.01 0.02 

Fecal N, g/d 38.8B 37.7B 46.8AB 54.0A 5.565 0.02 0.26 

Urine N, g/d 90.2AB 75.5B 93.5AB 116A 11.98 0.04 0.06 

Retained N, g/d 52.0A 48.5A 50.0A 52.5A 8.404 0.94 0.72 

Retained N, g/kg N intake 310A 301A 274A 238A 41.89 0.27 0.77 

RUP2, g/d 394BC 367C 545B 753A 58.49 < 0.01 0.04 

MPS3, g/d 717A 644A 644A 637A 49.07 0.09 0.23 

N-RNA/Nmic4 0.19A 0.20A 0.19A 0.20A 0.009 0.34 0.61 

RUP, g/kg CP5intake 338C 362C 453B 541A 23.99 < 0.01 0.26 

MPS, g/kg CP intake 662A 638A 547B 459C 23.99 < 0.01 0.26 

MPS/TDN6, g/kg 96.3A 95.8A 103A 108A 3.774 0.06 0.59 

MP7 intake, g/d 784BC 706C 848B 1010A 71.50 < 0.01 0.03 
D0 = diet without dried distillers grains, D150 = diet with 150 g/kg of dried distillers grains, D300 = diet with 300 
g/kg of dried distillers grains, D450 = diet with 450 g/kg of dried distillers grains, 1Standard error of mean, 2Rumen 
undegradable protein, 3Microbial protein synthesis = Rumen degradable protein, 4Relationship between nitrogen 
from microbial RNA and microbial nitrogen, 5Crude protein, 6Total digestible nutrients, 7Metabolizable protein. 
L and Q represent the effects of the linear and quadratic contrasts, respectively. The superscript letters indicate the 
differences between treatments by the least-square means. 
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Figure 1 – Effect of dried distillers grains levels on ruminal pH. D0 = diet without dried distillers grains, D150 = 
diet with 150 g/kg of dried distillers grains, D300 = diet with 300 g/kg of dried distillers grains, D450 = diet with 
450 g/kg of dried distillers grains. Averages per treatment (linear effect, P < 0.01, SEM = 0.103): D0 = 6.29B, 
D150 = 6.38AB, D300 = 6.47AB, D450 = 6.52A. Hourly averages (quadratic effect, P < 0.01, SEM = 0.107): 2h = 
6.43BC, 5h = 6.61A, 8h = 6.58AB, 11h = 6.43BC, 14h = 6.35BC, 17h = 6.35C, 20h = 6.31C, 23h = 6.25C. There was no 
interaction Level * Hour (P = 0.83). The superscript letters indicate the differences between treatments by the 
least-square means. 
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Figure 2 - Effect of dried distillers grains levels on ruminal ammonia concentration. D0 = diet without dried 
distillers grains, D150 = diet with 150 g/kg of dried distillers grains, D300 = diet with 300 g/kg of dried distillers 
grains, D450 = diet with 450 g/kg of dried distillers grains. Averages per treatment (linear effect, P < 0.01, SEM 
= 1.112): D0 = 11.1A, D150 = 5.90B, D300 = 5.50B, D450 = 5.05B. Hourly averages (cubic effect, P < 0.01, SEM 
= 1.258): 2h = 4.44C, 5h = 6.34BC, 8h = 12.3A, 11h = 8.28B, 14h = 4.22C, 17h = 7.79B, 20h = 5.78BC, 23h = 6.29BC. 
There was no interaction Level * Hour (P = 0.18). The superscript letters indicate the differences between 
treatments by the least-square means. 
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ABSTRACT 

This study aimed to evaluate  ruminal in situ degradation of diets containing different levels of 

dried distillers grains (DDG) replacing soybean meal, urea and corn and the effect of these diets 

on in situ ruminal degradation of DDG, and to propose alternative methods to estimate in vivo 

digestibility of diets. Four rumen-cannulated Nellore bulls were used in a 4 × 4 Latin square 

design, for both in situ incubation and in vivo digestibility. We evaluated the following 

treatments: diet without DDG (D0) or containing 150 (D150), 300 (D300), or 450 g/kg (D450) 

of inclusion. For in situ evaluation, DDG was incubated in all animals, and diets only in those 

fed with the same diet that would be incubated. To estimate in vivo digestibility, three days of 

total feces collection were performed in each period. Data was analysed in PROC MIXED, 

PROC NLIN and PROC REG of SAS (version 9.4, SAS Institute Inc., Cary, NC, USA). There 

was no effect of diet on the in situ degradation parameters of the DDG (P > 0.05). However, 

for the diets, the readily soluble fraction (parameter "a") (P < 0.01), and the rate constant for 

degradation (parameter kd) of the potentially degradable fraction in the rumen (parameter “b”)  

(P = 0.05) of dry matter (DM), decreased linearly. On the other hand, the parameter "b" (P < 

0.01) and kd rate (P = 0.03) of the neutral detergent fiber (NDF) of the diets increased linearly. 

The in situ incubation time to estimate the in vivo DM digestibility ranged from 27.2-h to 37.7-

h. For the NDF, the time was 60-h for all diets. In addition, to estimate the in vivo digestibility 

of DM (DMD), and the residual NDF (RNDF) of diets, two equations were suggested for each 

one: DMD = 804.8 - 0.092 × level, and DMD = 658 + 0.468 × a; RNDF = 393.9 - 0.138 × level, 

and RNDF = 874.3 - (0.602 × b) - (0.805 × I) + (1,662 × kd), where I = indigestible NDF. We 

conclude that the DDG can be incubated in animals fed diets without DDG or inclusion level 

up to 450 g/kg (DM basis), and that the inclusion of DDG in finishing diets reduced DM 

degradability, and it is possible to estimate in vivo digestibility using alternative methods.  

Key words: beef catlle, coproduct, finishing diet, in situ degradability. 
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INTRODUCTION 

The digestibility coefficient and rumen degradation parameters are important factors in beef 

cattle production because they dictate the absorption of nutrients, impacting performance 

(Patterson et al., 2006). However, in vivo experiments to estimate these parameters are not 

always feasible, as it is laborious, requires more time, and is more expensive (Stern et al., 1997). 

Thus, alternative methods were then developed, such as in situ and in vitro methods (Nocek, 

1988; Tilley and Terry, 1963). It is possible to find studies in the literature that correlated 

alternative methods with the in vivo method (Benedeti et al., 2020; Silva et al., 2020). However, 

diets containing the inclusion of different ingredients may have other chemical characteristics 

and consequently changes in the degradation parameters (López, 2005). This is the case for 

diets containing dried distillers grains without soluble (DDG), which is a coproduct generated 

from the fermentation of corn to obtain alcohol. In addition to the reduction in the concentration 

of starch and non-fibrous carbohydrates (NFC), DDG has an increase in the concentration of 

neutral detergent fiber (NDF) and crude protein (CP) (Klopfenstein et al., 2008). Therefore, it 

is necessary that alternative methods be developed with diets that allow assessing these 

differences. In this context, in situ methods have great potential, as they allow the evaluation of 

a larger number of feedstuffs in a faster and cheaper way. 

We hypothesized that the inclusion of DDG in finishing diets reduce its degradability, 

and that there is no effect of diet on DDG ruminal degradation, and the recommendations in the 

literature to estimate in vivo digestibility of diets using in situ technique are not suitable for 

diets containing DDG. The objectives of this study were to evaluate the ruminal in situ 

degradation of diets containing different levels of DDG inclusion, and the effect of these diets 

on ruminal in situ degradation of DDG, and to find the number of hours of in situ incubation of 

diets to estimate their in vivo digestibility and to develop models based on the level of inclusion 
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of DDG and based on in situ degradation parameters of diets to evaluate their in vivo 

digestibility. 

MATERIAL AND METHODS 

The experiment was conducted in the feedlot of the Animal Science Department of the Federal 

University of Viçosa, Viçosa, Brazil, MG. The protocol number approved by the Ethics 

Committee for Animal Use of the Federal University of Viçosa was CEUAP/DZO/UFV 

01/2019. 

Animals, experimental design, and diets 

Four rumen-cannulated Nellore bulls (body weight of 395kg ± 20 and 14 months) were used in 

a 4 x 4 Latin square design, for both in vivo digestibility estimation and in situ incubations. The 

animals were trated for endo and ectoparasites (Ivermectin 3.5%; 1mL/kg body weight; Ranger 

LA 3.5%, MSD Saúde Animal, Brazil) and were housed in individual 8-m2 pens containing 

individual drinkers and feeders. Four treatments were evaluated, both in vivo and in situ, which 

consisted of diets with increasing levels of DDG as follows: diet without DDG (D0), and diets 

with levels of 150 g/kg (D150), 300 g/kg (D300) and 450 g/kg (D450) of DDG [dry matter 

(DM) basis]. All diets had 280 g/kg of corn silage and were formulated according to Valadares 

Filho et al. (2016) (Table 2). The inclusion of DDG in the diet resulted in total replacement of 

soybean meal and partial replacement of corn, resulting in protein levels of 123, 122, 152 and 

187 g/kg (DM basis) for diets D0, D150, D300 and D450 respectively. In addition, to balance 

the protein, D0 diet had the addition of urea, which was incorporated into the diet together with 

the concentrate ingredients. 

The animals were fed twice a day, at 0700h and 1700h. Orts were maintained at around 

50 g/kg (fresh matter basis). The chemical composition of each ingredient can be seen in Table 
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1, and the level of inclusion of each ingredient and the chemical composition of each diet can 

be seen in Table 2. 

In vivo digestibility 

Four digestibility periods were carried out, each lasting 17 days, and 14 days were used for 

animal adaptation and three days for total feces collection. The intake was monitored daily, and 

the orts were sampled on d-15, d-16, and d-17 of each experimental period to estimate the dry 

matter intake (DMI). The orts were dried in an oven at 55°C for 72-h, and at the end of each 

period, a composite sample proportional to the quantity supplied was made for each animal 

(DM basis). The feces were collected on the d-15, d-16, and d-17 directly from the floor and 

stored in barrels, and at the end of each day, they were homogenized and sampled (300 g fresh 

matter). Subsequently, they were dried in an oven at 55°C for 72-h, and a composite sample 

proportional to the amount excreted per day was made for each animal (DM basis). The 

digestibility of DM, organic matter (OM) and NDF was estimated based on total intake (DM 

basis). It is important to say that the floor of the pens was made of concrete coated with rubber 

to facilitate the collection of feces and facilitate cleaning of the place, avoiding contamination 

of the sample. In addition, the collection was monitored 24-hours a day, thus ensuring the 

quality of the samples.  

In situ degradation procedures 

On d-10, d-11, d-12, d-13, and d-14 of each experimental period, in situ incubations of DDG 

and experimental diets were performed. For this, the same ingredients sampled to estimate the 

composition of the diets were used. For the incubation of diets, the corn silage was sampled and 

dried in a forced-air oven (55°C) for 72-h, and ground in a knife mill (Tecnal, Piracicaba, São 

Paulo, Brazil) with a 2-mm sieve. After being sampled, the concentrate ingredients were also 

ground in the same mill described above in a 2-mm sieve. Subsequently, each ingredient of the 
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concentrate was mixed proportionally (DM basis). The corn silage and concentrate were 

weighed proportionally (DM basis) and separately so that 5 g of sample was obtained in each 

nylon bag (Sefar Nitex, Switzerland; 50-μm porosity, 400 cm2 surface area), in a ratio of 12.5 

mg/cm2. The DDG was weighed following the same proportion. 

Eight incubation times were used for diets and DDG: 0, 3, 6, 12, 24, 48, 72, and 96-h to 

estimate the degradation curves. To obtain a sufficient amount of residue for analyses, more 

bags were used for the most extended incubation times. Inside the rumen, the bags were 

attached to a metal chain with a weight at the end to ensure that all were immersed. The 

incubation was carried out in decreasing order of time so that all the bags were removed 

simultaneously from the rumen in the end. After removal, all were washed manually with 

running water until they became translucent (Zanetti et al., 2017). The zero-time bags were not 

incubated; they were only washed with the other bags. Subsequently, all bags with the residues 

were dried in an oven at 55°C for 72-h, and the samples were ground in a knife mill (Tecnal, 

Piracicaba, São Paulo, Brazil) with a 1-mm sieve for analyses. Each diet was incubated only in 

the animal that was being fed that respective diet. Then, the D0 diet was incubated in the rumen 

of the animal that was receiving the D0 diet. Diet D150 was incubated in the rumen of the 

animal that was being fed diet D150, and so on. Oppositely, DDG, in all periods, was incubated 

in the rumen of all animals (Figure 1). 

Laboratory Analyses 

Samples of feeds were analysed for DM (method 934.01) nitrogen (N, method 981.10) and ash 

(method 930.05) according to AOAC (2012), and for ether extract (EE, method, 2003.05) 

according to AOAC (2005). The difference between DM and ash estimated OM content. NDF 

concentration was estimated with the addition of thermostable α-amylase to neutral detergent 

(Ankom Tech. Corp., Fairport, NY, USA) and without the addition of sodium sulfite. The NDF 
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residue was corrected for ash (Mertens et al., 2002) and N compounds (Licitra et al., 1996). The 

CP concentration was estimated by multiplying the N concentration by 6.25. The NFC was 

estimated as suggested by Detmann and Valadares Filho (2010): NFC = OM − CP − apNDF − 

EE, where apNDF is the NDF corrected for ash and residual N compounds, as described above. 

The samples of orts, feces, and residues from in situ incubations were analysed for DM, OM 

and NDF by the methods described above. 

Calculations and statistical analyses 

The data were analysed as a 4 x 4 Latin square in the PROC MIXED of SAS (version 9.4, SAS 

Institute Inc., Cary, NC, USA), using the following statistical model:  

𝑌𝑖𝑗𝑘 =  𝜇 +  𝐷𝑖  +  𝑎𝑗  + 𝑝𝑘  +  𝑒𝑖𝑗𝑘 

where: 𝑌𝑖𝑗𝑘 = dependent variable, μ = general mean; Di = fixed effect of dietary DDG content 

i; aj = random effect of animal j; pk = random effect of experimental period k (random); and eijk 

= random error taken as normal and independently distributed (NID) (0, 𝜎𝑒2). It is important to 

emphasize that the statistical design described above was used to assess in vivo digestibility and 

in situ incubations. Regarding in situ incubations, unlike diets, DDG was incubated in all 

animals at all periods. This enabled the evaluation of the effect of diet on the DDG degradation 

parameters. As mentioned above, the diets were incubated in each period only in the animal 

that was receiving the same diet that would be evaluated. Therefore, the results presented for 

the degradability of diets should be understood as the variation in degradation parameters in 

diets with different levels of DDG. However, the results presented for DDG degradability 

should be understood as the effect of diets on DDG degradation parameters (Figure 1). 

Linear, quadratic and cubic orthogonal contrasts were tested when the treatment effect 

(DDG level) was significant. The contrasts were considered equidistant (0, 150, 300, and 450 

g/kg of DDG), and the analyses were performed at PROC IML of SAS (version 9.4, SAS 
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Institute Inc., Cary, NC, USA). The least-square means were used to determine statistical 

significance among treatments. For all comparisons and tests, significance was declared at P ≤ 

0.05, and tendencies were considered at P between 0.05 and 0.10. 

In vivo digestibility and in situ degradability 

In vivo digestibility was calculated based on the intake of each constituent (DM basis) as 

follows: Digestibility (g/kg) = [Intake (kg) – excreted (kg)] / Intake (kg) × 1000. In vivo 

digestibility was used only for comparisons with alternative methods and was not evaluated 

statistically in this study. 

In situ degradation profile of DM and OM was estimated by Equation 1, proposed by 

Orskov and Mcdonald (1979). The NDF degradation parameters were estimated by Equation 

2, proposed by Van Milgen et al. (1991). It is important to say that the equation used for DM 

and OM provides the degraded fraction, and the equation used for NDF provides the non-

degraded residue. Therefore, NDF degradation was calculated by difference: Degradation 

(g/kg) = 1000 – residue. 

Y(t) = a + b × (1 – e (−kd x t))  (1) 

RNDF(t) = b × [1 + (λ × t)] x e (−λ x t) + I (2) 

where a = readily soluble fraction (g/kg); b = potentially degradable fraction in the rumen 

(g/kg); I = undegradable fraction (g/kg); kd = rate constant for degradation of b (g/kg per h); t 

= time independent variable (h); RNDFt = non-degraded NDF residue at time “t” (g/kg); Yt = 

degraded fraction of DM and OM (g/kg); λ = joint fractional rate of latency and degradation (h-

1). 

 The NDF degradation rate (Equation 3) was calculated based on λ, using the properties 

of the Γ(2) distribution (Ellis et al., 1994). 
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kd = (0.59635 × λ) × 1000 (3) 

where kd = rate constant for degradation of b (g/kg per h); λ = joint fractional rate of latency 

and degradation (h-1). 

The parameters "a", "b", kd, λ and “I” of the in situ incubation models were estimated 

using the PROC NLIN procedure (version 9.4, SAS Institute Inc., Cary, NC, USA), and 

assuming the Marquardt algorithm for convergence. 

Estimation of in vivo digestibility by the number of hours of in situ incubation  

For each in vivo digestibility of DM, OM, and NDF of diets, a confidence interval (1 − α = 

0.95) was calculated based on the standard deviation. With the mean digestibility of diets, a 

higher value for digestibility (upper limit = mean + confidence interval) and a lower value for 

digestibility (lower limit = mean − confidence interval) were estimated. Subsequently, the in 

situ degradation curves of DM, OM, and NDF of diets were estimated by the models, with the 

times (t) varying from 0-h to 96-h. Then, in vivo digestibility (mean, upper limit, and lower 

limit) and in situ degeneration curves were plotted on the same graph (time x 

digestibility/degradability), as shown in Figure 2. The points that the in situ degradation curves 

intersect with the in vivo digestibility curves are the points in which the methods are equal. 

Therefore, the number of hours of in situ incubation to estimate in vivo digestibility of diets was 

considered the interval where the in situ degradation curve intersects the lower limit of in vivo 

digestibility to the point where it intercepts the upper limit. For DM and OM, this time was 

calculated using Equation (4). For the NDF, the time was estimated by the iterative method. 

T = − (ln (1 – (in vivo digestibility – a) / b)) / kd  (4) 

where, a = readily soluble fraction (g/kg); b = potentially degradable fraction in the rumen 

(g/kg); kd = rate constant for degradation of b (g/kg per h); T = estimated time (h).  
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Estimation of in vivo digestibility by regression models 

In order to estimate in vivo digestibility of diets by alternative methods, linear regression 

analyses were also performed according to the level of inclusion of DDG in the diet and 

according to the parameters of in situ degradation. It was used the PROC REG procedure of 

SAS (version 9.4, SAS Institute Inc., Cary, NC, USA), and α = 0.05 was adopted to choose the 

parameters that would be used in the models. 

Comparison between observed value (in vivo) and value predicted by the regression models 

After the models were generated by regression analyses, the database itself was used to generate 

the predicted digestibility values for DM and NDF of diets. The predicted values were 

compared with the observed values of in vivo digestibility using the Model Evaluation System 

(MES version 3.2.2). The analysis was performed using the following regression model: y = β0 

+ β1 × x, where x = predicted value, y = observed value, β0 = intercept and β1 = slope. The 

tested hypotheses were: H0: β0 = 0 and β1 = 1; Ha = not H0. When H0 was not rejected, the 

proposed model can estimate in vivo digestibility. The correlation coefficient (R) and the 

correlation and concordance coefficient (CCC) were also estimated as described by Tedeschi 

(2006). When the CCC value is close to 1.0, the model has good precision and accuracy. The 

CCC index was used to indicate the best model. The mean square error of the prediction and its 

components (Tedeschi, 2006) were also measured by the equations below: 

MSEP = SB + MaF + MoF = Σi (Yi – f (X1,…, Xp)i)2  (5) 

SB = (f (X1,…,Xp) – Y)2; (6) 

MaF = (sf (X1,…,Xp) – r × sy)2;  (7) 

MoF = 2 × (1 – r) × sf (X1,…,Xp)  × sy  (8) 
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where MaF = magnitude of random fluctuation; MoF = model random fluctuation; MSEP = 

mean square error of prediction; r = correlation between observed and predicted value; SB = 

square bias; sx = standard deviation of predicted value; sy = standard deviation of observed 

value; X = predicted value; Y = observed value.  

RESULTS AND DISCUSSION 

DDG in situ degradation 

There was no effect of diet on the DDG in situ degradation for any evaluated parameter (Table 

3). This means that the ingredient can be incubated for characterization in animals receiving 

diets without the inclusion of DDG or levels up to 450 g/kg. The fractions "a", "b" and kd of 

DM were on average 110 g/kg, 707 g/kg and 24.6 g/kg h-1, respectively. The average in situ 

ruminal degradation was: 24-h = 420 g/kg, 48-h = 591 g/kg and 72-h = 687 g/kg.  

DDG is a coproduct from corn fermentation, which does not have the addition of soluble 

substances at the end of processing, as is the case with DDGS. Consequently, its composition 

is different from the initial raw material (corn) and from the other coproducts, and these 

differences in the composition may affect the degradability of this feed. Lykos and Varga 

(1995) studied the in situ degradation parameters of corn processed using different methods and 

carried out incubations up to 48-h. The authors described for the DM of finely ground corn the 

fractions "a", "b" and kd of 215 g/kg, 781 g/kg and 69 g/kg h-1, respectively. The fraction "a" 

of DM was 105 units higher when compared to the DDG evaluated in this study, and the kd 

fraction of DM was 44.4 units higher, indicating the changes that occur during the fermentation 

process. On the other hand, Nedelkov et al. (2017) evaluated in situ ruminal degradations of 

DDGS sources and reported the DM fractions "a", "b" and kd of 316 g/kg, 578 g/kg and 62 g/kg 

h-1, respectively. Although the fraction "b" of DM was smaller, the fractions "a" and kd of DM 

were, respectively, 206 and 37.4 units higher than the DDG evaluated in this study. In addition, 
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the ruminal DM degradability of DDGS in 48-h was 829 g/kg, 238 units higher than the value 

found for the DDG. 

The "a" fraction, understood as the water-soluble fraction is formed by the soluble 

fraction of each component. When considering carbohydrates, this fraction comprises 

compounds such as organic acids, sugar, and fructans (Tedeschi and Fox, 2020). For proteins, 

the fraction "a" contains water-soluble non-protein nitrogen (NPN) compounds, such as nitrate, 

amines, ammonia, and single amino acids (Pichard and Van Soest, 1977). As opposed to OM, 

ash can also contribute to the soluble fraction of DM. As mentioned earlier, DDG does not get 

back its fraction of soluble, which may have resulted in the lowest value for the fraction "a" 

found for DM. 

For the NDF, the average of the fractions "b", λ, "I" and kd were 763 g/kg, 0.05 h-1, 222 

g/kg and 27.7 g/kg h-1, respectively. The degradabilities were: 24-h = 270 g/kg, 48-h = 531 g/kg 

and 72-h = 669 g/kg. Although NDF has a lower degradation rate compared to non-fiber 

carbohydrates (Mertens, 1993), the fibrous fraction of DDG has a high degradation coefficient 

(Tedeschi et al., 2009). However, many factors can influence NDF degradation, such as the 

concentration of ether extract of the feed or diet (Tedeschi et al., 2009) and ruminal pH (Alhadas 

et al., 2021; Russell and Dombrowski, 1980). 

Diets in situ degradation 

The DM and OM  degradation parameters are described in Table 4. The inclusion of DDG did 

not change the fraction “b” of DM (P = 0.35) and OM (P = 0.53). However, the fraction “a” 

decreased linearly for both (DM, P < 0.01; OM, P < 0.01). Likewise, the DM kd rate (P = 0.05) 

and the OM kd rate (P = 0.04) decreased linearly. Consequently, the ruminal degradation 

estimated at 24-h (P < 0.01), 48-h (P < 0.01) and 72-h (P < 0.01) for DM and the ruminal 



137 

 

 

 

degradation estimated at 24-h (P < 0.01), 48-h (P < 0.01) and 72-h (P < 0.01) for OM reduced 

linearly. 

The inclusion of DDG in the diets caused changes in their chemical compositions. The 

NDF concentration increased from 202 g/kg (D0, DM basis) to 405 g/kg (D450, DM basis). On 

the other hand, the NFC concentration decreased from 608 g/kg (D0, DM basis) to 322 g/kg 

(D450, DM basis). For grains, one of the main carbohydrates of the NFC fraction is starch, 

which has a kd rate that can reach 10 times its passage rate, while for NDF the kd rate is close 

to the passage rate (Mertens, 1993). Consequently, as the fermentation process reduces the 

starch concentration of DDG and increases the concentration of NDF, the inclusion of DDG in 

the diet reduced the kd rate of DM and OM, also reducing degradabilities in 24, 48 and 72-h. 

 On the other hand, for NDF the fraction “b” (P < 0.01), fraction λ (P = 0.03) and kd 

rate (P = 0.03) increased linearly (Table 4). However, the parameters “I” reduced linearly (P = 

0.02). Although the estimated degradability of NDF in 24-h did not differ between treatments 

(P = 0.11), the degradability in 48-h (P < 0.01) and in 72-h (P < 0.01) increased linearly. 

According to Klopfenstein et al. (2008), the use of DDG can help to reduce sub-acute acidosis, 

and consequently favor the activity of fibrolytic microorganisms. Therefore, the improvement 

in ruminal pH can contribute to the increase in the kd rate of the fiber and consequently increase 

in its degradation (Alhadas et al., 2021; Tedeschi and Fox, 2020). In addition, the DDG used 

had an EE concentration close to that of corn (48.6 g/kg, DM basis), and its inclusion in the diet 

increased the EE concentration in a few units (3.8 units). Therefore, possibly, fat did not 

increase the lag time for particle colonization (Tedeschi et al., 2009) and did not reduce NDF 

degradation. 

Estimation of in vivo digestibility through the number of hours of in situ incubation 
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The mean, upper limit and lower limit of in vivo digestibility of DM, OM and NDF, and in situ 

incubation time required to estimate in vivo digestibility (equivalence time) are described in 

Table 5. It was not possible to find a single time incubation for all diets. For DM, the times 

ranged from 23.4-h (lower limit D0) to 45.0-h (upper limit D450). For OM, the times ranged 

from 24.1-h (lower limit D0) to 47.6-h (upper limit D450). However, to estimate the in vivo 

digestibility of DM, it is possible to group the D0 and D150 diets, and the D300 and D450 diets. 

The incubation time of 27.2-h was common for the D0 (upper limit) and D150 (lower limit) 

diets, and the interval from 36.6-h to 37.7-h was common for the D300 and D450 diets.  

 Silva et al. (2020) evaluated finishing diets containing corn or sorghum processed with 

different methods and found no effect of type of grain and type of processing. A in situ 

incubation time of 24-h was recommended by the authors to estimate the in vivo digestibility 

of DM and OM for all diets. This incubation time would be sufficient only for the D0 diet, 

which does not contain DDG, and this time is not present in the confidence interval of the other 

diets. As previously mentioned, DDG has different characteristics, and it is necessary to develop 

methods that take these differences into account.  

 For the NDF, the in situ incubation times ranged from 48.0-h (upper limit D450) to 82.0-

h (upper limit D450). However, the incubation time of 60.0-h was common to all diets, and can 

be used to estimate the in vivo digestibility of NDF from diets containing DDG inclusion levels 

of up to 450 g/kg (DM basis). 

 Although the in vivo digestibility of DDG has not been estimated, Valadares Filho et al. 

(2016) suggest a value of 434 g/kg for the digestible fiber of this feed. Using the fractions found 

in this study for the DDG NDF, the necessary in situ incubation time to obtain 434 g/kg of 

digestibility is 37.0-h. 

Estimation of in vivo digestibility of DM and NDF using regression models 
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Based on the significant parameters, three equations were described to estimate the in vivo 

DMD and four equations to estimate the RNDF (Table 6). No models have been suggested for 

OM because its pattern of degradation is similar to that of DM. For the NDF, the residue was 

estimated, and not the digestibility, because the model used to estimate the in situ degradability 

was based on the residue (Equation 2). For both DM (Equation 9) and NDF (Equation 12), an 

equation based on the level of inclusion of DDG in the diet has been described. In addition, for 

DM, an equation based on parameter "a" (Equation 10) and on parameter kd (Equation 11) of 

in situ incubation has been proposed. For NDF, equations based on parameters "b" (Equation 

13), "b" and "I" (Equation 14), "b", "I" and kd (Equation 15) have been proposed. 

 The comparison between the predicted and observed values for DMD and RNDF are 

described in Table 7 and Table 8, respectively. All the equations evaluated were able to predict 

the studied variable (P ≥ 0.05). For DM, the equation with the highest CCC value was Equation 

9 (CCC = 0.52), based on the level of inclusion. Of the equations based on the in situ 

degradation parameters, the one with the highest CCC value was Equation 10 (CCC = 0.49), 

based on the "a" parameter. On the other hand, the best equation to predict RNDF was Equation 

15, based on the variables "b", "I" and kd (CCC = 0.90). Equation 12, based on the level of 

inclusion of DDG, presented a CCC of 0.65. 

 The suggested model for estimating DMD and RNDF based on the level of DDG 

inclusion is important because it is not always possible to perform an in situ degradation 

analyses. According to Klopfenstein et al. (2008), distillery grains can be used as a source of 

protein in finishing diets, and for this purpose, they are included in levels ranging from 150 to 

200 g/kg. Considering an inclusion level of 200 g/kg, and using Equation 9 and Equation 12, 

the digestibility of DM and RNDF would be 786 and 366 g/kg, respectively. The digestibility 

of NDF would be: Digestibility = 1000 - 366 = 634 g / kg. 
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 Benedeti et al. (2020) evaluated 23 diets from six experiments and proposed the 

following model based on the kd (in situ) parameter to estimate the in vivo digestibility of OM: 

OMD = 569.5204 + 2859.7612 kd,  (16) 

where OMD = in vivo digestibility of organic matter; kd = degradation rate of fraction "b" of 

organic matter. 

With the data obtained in this study, a comparison was made between the observed OMD value 

and the value predicted by the model proposed by Benedeti et al. (2020) (Table 9). However, 

the values observed and predicted by the proposed model for the OMD were statistically 

different (P <0.001). This reinforces that the in situ incubation times to estimate the in vivo 

digestibility of diets, and the models proposed in the literature are not appropriate when using 

diets containing DDG. 

CONCLUSION 

The in situ characterization of DDG can be performed in animals receiving diets without DDG 

or with the inclusion of up to 450 g/kg. The inclusion of DDG in finishing diets linearly reduced 

the ruminal degradability and the "a" and kd fractions of DM and OM. However, NDF ruminal 

degradability and kd rate have increased. It is possible to estimate the in vivo digestibility of 

DM and NDF of diets containing DDG with less expensive and faster alternative methods, as 

is the case with in situ methods. For diets containing 0 and 150 g/kg of DDG, DMD can be 

estimated with ruminal incubation for 27.2-h. Diets containing 300 and 450 g/kg DDG, the 

incubation time can vary from 36.6-h to 37.7-h. For NDF, the recommended time for all diets 

is 60.0-h. In addition, among the models suggested to estimate DMD and RNDF of diets based 

on the in situ parameters, the authors suggest Equation 10 (DMD = 658 + 0.468 × a) for DMD, 

and Equation 15 [RNDF = 874.3 - (0.602 × b) - (0.805 × I) + (1,662 × kd)] for RDNF, which 

were those with the highest CCC value. However, if it is not possible to carry out in situ 
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incubations, it is possible to estimate DMD and RNDF using Equation 9 (DMD = 804.8 - 0.092 

× level) and Equation 12 (RNDF = 393.9 - 0.138 × level) respectively. 
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Table 1 - Chemical composition of diet ingredients 
Ingredients DM1 OM2 NDF3 CP4 EE5 

g/kg  
Corn silage 307 936 498 62.2 24.9 
DDG6 897 989 540 327 48.6 
Corn meal 894 990 90.2 91.7 42.4 
Soybean meal 885 939 95.4 505 23.6 
Urea/A.S7 997 1000 - 2610 - 
Premix8 1000 - - - - 
Virginiamycin 1000 - - - - 

1Dry matter; 2Organic matter; 3Neutral detergent fiber; 4Crude protein; 5Ether extract; 6Dried distillers grains; 7urea 

and ammonium sulfate (9:1); 8Premix guarantees (per kg of DM): 200 - 220 g of Ca; 10 mg of Co (Min); 500 mg of 

Cu (Min); 22 g of S (Min); 333 mg of Fe (Min); 178.41 mg of F (Max); 10 g of P (Min); 25 mg of I (Min); 17 g of 

Mg (Min); 1500 mg of Mn (Min); 1100 mg of monensin; 6.6 mg of Se (Min); 50 g of Na (Min); and 2000 mg of Zn 

(Min). The unit g/kg for dry matter represents grams of dry matter per kilogram of raw material; and for the other 

constituents represents grams of the constituent per kilogram of dry matter. 
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Table 2 - Proportion of ingredients and composition of experimental diets 
Diets 

Items 
D0 D150 D300 D450 

g/kg  
Ingredients     
Corn silage 280 280 280 280 
DDG1 - 150 300 450 
Corn meal 649 537 399 249 
Soybean meal 40.0 12.0 - - 
Urea/A.S2 10.0 - - - 
Premix 20.0 20.0 20.0 20.0 
Virginiamycin 1.00 1.00 1.00 1.00 
Analysed composition     

DM3 587 589 589 589 
OM4 952 953 954 954 
NDF5 202 270 337 405 
CP6 123 122 152 187 
EE7 35.6 37.3 38.4 39.4 
NFC8 608 525 426 322 

D0 = diet without dried distillers grains; D150 = diet with 150 g/kg of dried distillers grains; D300 = diet with 300 

g/kg of dried distillers grains; D450 = diet with 450 g/kg of dried distillers grains; 1Dried distillers grains; 2Urea 

and ammonium sulfate (9:1); 3Dry matter; 4Organic matter; 5Neutral detergent fiber; 6Crude protein; 7Ether extract; 

8Non-fiber carbohydrates. In the "Ingredients" section; the unit g/kg represents grams of the ingredient per 

kilogram of dry matter in the diet. In the "Analysed composition" section; the unit g/kg for dry matter represents 

grams of dry matter per kilogram of raw material; and for the other constituents represents grams of the constituent 

per kilogram of dry matter. 
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Table 3 - Effect of diets on in situ degradation parameters of dry matter, organic matter and 
neutral detergent fiber of the dried distillers grains 

Items 
DDG  

SEM1 P-value 

D0 D150 D300 D450 L Q 

DM2 parameters,   
   

   
a3, g/kg 108A 108 A 110 A 114 A 6.621 0.53 0.77 
b4, g/kg 694 A 732 A 703 A 697 A 38.47 0.88 0.46 
kd5, g/kg h-1 25.3 A 24.2 A 24.5 A 24.4 A 2.612 0.84 0.83 
DM ruminal degradation, g/kg   

     
at 24h 423 A 429 A 413 A 415 A 19.24 0.57 0.89 
at 48h 594 A 609 A 580 A 582 A 23.21 0.35 0.68 
at 72h 688 A 709 A 675 A 676 A 24.36 0.16 0.34 
OM6 parameters        
a3, g/kg 107 A 107 A 114 A 116 A 5.690 0.23 0.89 
b4, g/kg 695 A 732 A 700 A 695 A 39.01 0.82 0.48 
kd5, g/kg h-1 25.3 A 24.2 A 24.5 A 24.4 A 2.612 0.84 0.83 
OM ruminal degradation, g/kg        
at 24h 422 A 429 A 415 A 416 A 19.06 0.66 0.86 
at 48h 594 A 608 A 582 A 583 A 22.96 0.40 0.66 
at 72h 687 A 709 A 676 A 677 A 24.10 0.18 0.32 
NDF7 parameters        
b, g/kg 759 A 728 A 781 A 782 A 34.93 0.40 0.61 
λ8, h-1 0.05 A 0.05 A 0.05 A 0.05 A 0.005 0.95 0.97 
I9, g/kg 225 A 254 A 205 A 204 A 35.41 0.46 0.64 
kd, g/kg h-1 29.6 A 29.8 A 29.6 A 29.9 A 2.952 0.95 0.97 
NDF ruminal degradation, g/kg        
at 24h 269 A 265 A 269 A 275 A 28.24 0.84 0.83 
at 48h 524 A 522 A 535 A 544 A 36.63 0.54 0.83 
at 72h 660 A 655 A 676 A 685 A 31.17 0.21 0.69 

D0 = diet without dried distillers grains; D150 = diet with 150 g/kg of dried distillers grains; D300 = diet with 300 

g/kg of dried distillers grains; D450 = diet with 450 g/kg of dried distillers grains; 1Standard error of mean; 2Dry 

matter; 3Readily soluble fraction; 4Potentially degradable fraction in the rumen; 5Rate constant for degradation of 

"b"; 6Organic matter; 7Neutral detergent fiber; 8Joint fractional rate of latency and degradation; 9Undegradable 

fraction. L and Q represent the effects of the linear and quadratic contrasts; respectively. The superscript letters 

indicate the differences between treatments by the least-square means. 
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Table 4 - Effect of dried distillers grains levels on in situ degradation parameters of dry matter, 
organic matter, and neutral detergent fiber of the diets 

Items 
Diets 

SEM1 
P-value 

D0 D150 D300 D450 L Q 

DM2 parameters       
a3, g/kg 308A 271B 258BC 237C 10.88 < 0.01 0.37 

b4, g/kg 652A 644A 643A 641A 15.70 0.35 0.70 

kd5, g/kg per h 59.0A 51.5AB 50.3AB 43.0B 5.776 0.05 0.98 

DM ruminal degradation, g/kg      

at 24h 798A 727B 699BC 645C 22.16 < 0.01 0.71 

at 48h 918A 860B 831B 791C 14.22 < 0.01 0.52 

at 72h 949A 899B 875B 844C 9.547 < 0.01 0.24 

OM6 parameters       
a, g/kg 299A 261B 245BC 221C 11.50 < 0.01 0.41 

b, g/kg 674A 672A 669A 666A 16.88 0.53 0.95 

kd, g/kg per h 59.3A 51.5AB 49.3AB 42.3B 5.699 0.04 0.94 

OM ruminal degradation, g/kg      

at 24h 805A 737B 698BC 640C 22.34 < 0.01 0.81 

at 48h 929A 876B 837C 792D 14.67 < 0.01 0.70 

at 72h 961A 916B 884C 850D 10.91 < 0.01 0.44 

NDF7 parameters       

b, g/kg 441B 487B 598A 631A 16.25 < 0.01 0.72 

λ8, h-1 0.06B 0.07AB 0.08AB 0.09A 0.007 0.03 0.61 

I9, g/kg 350A 341AB 312AB 304B 13.31 0.02 0.98 

kd, g/kg per h 35.4B 42.6AB 48.6AB  52.3A 4.318 0.03 0.70 

NDF ruminal degradation, g/kg      
at 24h 388A 416A 438A 448A 23.94 0.11 0.73 

at 48h 535B 580AB 627A 642A 20.61 < 0.01 0.45 

at 72h 602C 636BC 675AB 685A 15.24 < 0.01 0.36 
D0 = diet without dried distillers grains; D150 = diet with 150 g/kg of dried distillers grains; D300 = diet with 300 

g/kg of dried distillers grains; D450 = diet with 450 g/kg of dried distillers grains; 1Standard error of mean; 2Dry 

matter; 3Readily soluble fraction; 4Potentially degradable fraction in the rumen; 5Rate constant for degradation of 

"b"; 6Organic matter; 7Neutral detergent fiber; 8Joint fractional rate of latency and degradation; 9Undegradable 

fraction. L and Q represent the effects of the linear and quadratic contrasts, respectively. The superscript letters 

indicate the differences between treatments by the least-square means. 
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Table 5 - Effect of dried distillers grains levels on the time length needed for in situ incubation 
to estimate the in vivo digestibility of dry matter, organic matter, and neutral detergent fiber of 
diets 

Items 
Diets 

D0 D150 D300 D450 

In vivo digestibility, % DM1 

lower limit 797 757 755 745 

mean 808 780 780 765 

upper limit  830 803 804 785 

Equivalence time, h     
lower limit 23.4 27.2 29.6 36.6 

mean 25.2 30.3 33.3 40.5 

upper limit  27.2 33.9 37.7 45.0 

In vivo digestibility, % OM2 

lower limit 811 780 776 757 

mean 820 797 795 777 

upper limit  843 814 814 797 

Equivalence time, h     

lower limit 24.1 28.7 32.3 39.0 

mean 25.9 31.0 35.4 42.9 

upper limit  27.9 33.7 38.9 47.6 

In vivo digestibility, % NDF3 

lower limit 592 595 631 644 

mean 606 617 653 668 

upper limit  620 639 676 692 

Equivalence time, h     

lower limit 59.0 49.0 48.0 48.0 

mean 65.0 57.0 56.0 56.0 

upper limit  73.0 69.0 71.0 82.0 
D0 = diet without dried distillers grains; D150 = diet with 150 g/kg of dried distillers grains; D300 = diet with 300 

g/kg of dried distillers grains; D450 = diet with 450 g/kg of dried distillers grains; 1Dry matter; 2Organic matter; 

3Neutral detergent fiber. Mean = mean of in vivo digestibility; Upper limit = upper limit of in vivo digestibility 

found with the confidence interval (1 − α = 0.95) (upper limit = mean + confidence interval); Lower limit = lower 

limit of in vivo digestibility found with the confidence interval (1 − α = 0.95) (lower limit = mean − confidence 

interval). Each diet has an interval composed of three equivalence times, which represent the points where the in 

situ degradation curve intersects the lower limit, the mean and the upper limit of in vivo digestibility. 
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Table 6 - Regression models based on the dried distillers grains inclusion level 
in the diet and based on the parameters of in situ degradation to estimate in 

vivo dry matter digestibility and residual neutral detergent fiber of diets 
Equations  Number 

DMD = 804.8 − 0.092 × level 9 

DMD = 658 + 0.468 × a  10 

DMD = 727.5 + 1.077 × kd 11 

RNDF = 393.9 − 0.138 × level 12 

RNDF = 519.1 − 0.291 × b 13 

RNDF = 813.1 − (0.452 × b) − (0.633 × I) 14 

RNDF = 874.3 − (0.602 × b) − (0.805 × I) + (1.662 × kd) 15 
a = Readily soluble fraction; b = Potentially degradable fraction in the rumen; DMD = dry 

matter digestibility; I = Undegradable fraction; kd = Rate constant for degradation of "b"; 

level = dried distillers grains inclusion level in the diet; RNDF = residual neutral detergent 

fiber.  
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Table 7 - Descriptive statistics of the relationship between the observed value (in vivo) and the 
predicted value (in situ and dried distillers grains inclusion level) for dry matter digestibility of diets 

Parameters 
DMD  

Observed level a kd 

Mean, g/kg 784.5 784.0 784.3 782.3 

Standard deviation, g/kg 27.93 16.00 15.61 12.80 

Maximum, g/kg 835.26 804.78 809.03 810.40 

Minimum, g/kg 745.7 763.2 758.4 761.9 

R - 0.60 0.57 0.43 

CCC - 0.52 0.49 0.32 

Regression     

Intercept - -34.36 ± 293.1 -20.86 ± 307.2 49.36 ± 412.0 

Slope - 1.040 ± 0.374 1.030 ± 0.392 0.940 ± 0.527 

P-value (H0: β0 = 0 and β1 = 1) - 0.99 0.99 0.94 

MSEP - 470.1 490.7 601.1 

SB - 0.264 0.062 4.760 

MaF - 0.475 0.166 0.558 

MoF - 469.4 490.4 595.8 
a = Readily soluble fraction; CCC = correlation and concordance coefficient; DMD = dry matter digestibility; kd = rate 

constant for degradation of potential degradable fraction;  level = DDG inclusion level in the diet MaF = magnitude of 

random fluctuation; MoF = model random fluctuation; MSEP = mean square error of prediction; R = correlation between 

observed and predicted value; SB = square bias. The unit g/kg that follows the Mean, Standard deviation, Maximum, 

Minimum values refer to the observed digestibility and the digestibility predicted by the models for the dry matter of the 

diets. 
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Table 8 - Descriptive statistics of the relationship between the observed value (in vivo) and the predicted value (in situ and 
dried distillers grains inlcusion level) for residual neutral detergent fiber of diets 

Parameters 
RNDF 

Observed  level b, I, kd b, I kd 

Mean, g/kg 362.3 362.8 361.5 362.5 362.5 

Standard deviation, g/kg 34.02 23.95 30.33 28.43 24.8 

Maximum, g/kg 416.7 393.9 420.8 398.8 395.2 

Minimum, g/kg 296.9 331.7 302.2 303.6 325.1 

R - 0.67 0.90 0.83 0.72 

CCC - 0.65 0.90 0.82 0.70 

Regression      

Intercept - 8.590 ± 100.3 -3.450 ± 46.93 2.106 ± 64.75 2.486 ± 91.90 

Slope - 0.980 ± 0.276 1.010 ± 0.129 0.990 ± 0.178 0.993 ± 0.253 

P-value (H0: β0 = 0 and β1 = 1) - 0.99 0.98 0.99 0.99 

MSEP - 574.2 202.9 336.7 516.7 

SB - 0.1848 0.6600 0.0300 0.0200 

MaF - 0.333 0.120 0.030 0.030 

MoF - 573.7 202.1 336.6 516.7 
CCC = correlation and concordance coefficient; I = Undegradable fraction; kd = rate constant for degradation of potential degradable fraction; level 

= DDG inclusion level in the diet; MaF = magnitude of random fluctuation; MoF = model random fluctuation; MSEP = mean square error of 

prediction; R = correlation between observed and predicted value; RNDF = residual neutral detergent fiber; SB = square bias. The unit g/kg that 

follows the Mean, Standard deviation, Maximum, Minimum values refer to the observed digestibility and the digestibility predicted by the models 

for the residual neutral detergent fiber of diets.
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Table 9 – Descriptive statistics of the relationship between the observed value 
(in vivo) and the predicted value (Benedeti et al., 2020) for organic matter 
digestibility of diets 

Parameters 
OMD 

Observed Benedeti et al. (2020) 

Mean, g/kg 798.6 715.2 

Standard deviation, g/kg 26.79 33.97 

Maximum, g/kg 848.1 789.7 

Minimum, g/kg 758.1 661.0 

R - 0.53 

CCC - 0.11 

Regression   

Intercept - 502.2 ± 128.4 

Slope - 0.415 ± 0.179 

P-value (H0: β0 = 0 and β1 = 1) - <0.001 

MSEP - 7821 

SB - 6963 

MaF - 370.9 

MoF - 487.0 
CCC = correlation and concordance coefficient; MaF = magnitude of random fluctuation; MoF 

= model random fluctuation; MSEP = mean square error of prediction; OMD = organic matter 

digestibility; R = correlation between observed and predicted value; SB = square bias. Equation 

suggested by Benedeti et al. (2020): OMD = 569.5204 + 2859.7612 × kd. The unit g/kg that 

follows the Mean, Standard deviation, Maximum, Minimum values refer to the observed 

digestibility and the digestibility predicted by the models for the organic matter of diets. 
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Figure 1 - Experimental design to evaluate the in vivo digestibility and in situ degradability of dried distillers grains 

and diets. Each column represents an animal and each row represents a period, with the intersection between row 

and column being the experimental unit. Therefore, animal 1, represented by column 1, received in period 1 the 

diet D0 (abbreviation written on the rectangles), in period 2 the diet D150, in period 3 the diet D300, and so on. 

The abbreviations "DDG" and "D0, D150, D300 and D450" inside each rectangle (animal x period), represent 

which samples were incubated in each experimental unit, being: DDG = died distillers grains; D0 = diet without 

dried distillers grains; D150 = diet with 150 g/kg of dried distillers grains; D300 = diet with 300 g/kg of dried 

distillers grains; D450 = diet with 450 g/kg of dried distillers grains. Therefore, DDG was incubated in all animals 

all periods, and the diets were only incubated in the animal that was receiving the same diet that would be 

incubated. 
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Figure 2 - Graphical representation of the methodology used to find the number of hours of in situ incubation to 

estimate in vivo digestibility. The points where the in situ degradation curve touches the lower limit and the upper 

limit of in vivo digestibility delimits the equivalence time. Mean = mean of in vivo digestibility; Upper limit = 

upper limit of in vivo digestibility found with the confidence interval (1 − α = 0.95) (upper limit = mean + 

confidence interval); Lower limit = lower limit of in vivo digestibility found with the confidence interval (1 − α = 

0.95) (lower limit = mean − confidence interval).  
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