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SUMMARY

Modifying the extent of fatty acid (FA) biohydrogenation (BH) in the rumen through diet formulation is an effective
strategy for changing the content of unsaturated FAs (USFAs) in meat. The present study investigated the effects of
different sources of forage in high-concentrate diets on intake, digestibility, rumen fermentation, ruminal BH, duo-
denal flow of FAs and rumen microbiota in Nellore steers. Intake of neutral detergent fibre (NDF) was higher in
animals fed with maize silage (MS) than in those fed with sugar cane (SC) and sugar cane bagasse (SB). Higher di-
gestibility of dry matter and NDFwas found in animals fed with MS than in those fed with the other diets. In addition,
higher crude protein digestibility was observed in animals fed with sugar cane bagasse than in those fed with SC.
Non-fibre carbohydrate (NFC) digestibility was higher in animals fed with sugar cane than in those fed with the
other diets. Intake of total and individual FAs such as C18 : 1 cis-9, C18 : 2, and C18 : 3 was similar between
animals fed with MS and SB, but decreased in animals fed with SC. Diets containing MS and SB showed higher
total digestibility of saturated FAs (SFAs) and USFAs, respectively and total FAs and ruminal BH of C18 : 1 and
USFA. Intestinal digestibility of overall FAs did not differ among treatments, except for C18 : 3, which increased in
animals fedwith SC and SB. The profile of FAs in duodenal digesta and faecal outputs did not differ among treatments.
However, the flow of NDF was higher in animals fed with SC than in those fed with MS and SB. Animals fed with SB
showed higher values of pH than those fed with MS and SC. Animals fed with SC showed lower values of ammonia-
nitrogen. Protozoan counts were only influenced by diet for species that belonged to the genera Dasytricha and
Isotricha. Populations of fibrolytic bacteria (Ruminococus flavefaciens, Ruminococus albus and Fibrobacter succino-
genes) were similar among diets. Populations of Selenomonas ruminantium increased 2·5 and 5 times in animals fed
withMSwhen comparedwith those fedwith SC and SB, respectively. The use ofMS increased intake and digestibility
of NDF, and the use of SC decreased ruminal BH of total USFA without changing the flow of FAs to the duodenum.
Thus, different sources of forage in high-concentrate diets do not modify the duodenal flow of USFA or fibrolytic bac-
teria. This must be taken into account when formulating diets to modulate ruminal upsets without altering intake.

INTRODUCTION

Consumption of red meat has declined in some
European countries because it has an unhealthy com-
position of saturated fatty acids (SFAs; Van Wezemael

et al. 2012). Increasing the levels of linoleic and lino-
lenic fatty acids (FAs) in meat is an effective nutritional
strategy to increase product quality (Or-Rashid et al.
2009; Herdmann et al. 2010). Therefore, diet formula-
tion can be used to reduce ruminal FA biohydrogena-
tion (BH) and, consequently, increase unsaturated FAs
(USFAs) in meat.
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The proportion of non-fibre carbohydrates (NFCs) in
the diet and fibre sources are significant factors that
can modify the flow of FAs to the duodenum (Zebeli
et al. 2012a). Use of different sources of forage diets
with high levels of concentrate may be associated
with different ruminal degradation rates and, conse-
quently, lower intake and nutrient digestibility (Tafaj
et al. 2005). In vitro studies have shown that the
lipolysis rate is altered by diet composition, being
more extensive in response to increased nitrogen (N)
content in high-starch diets and decreased N content
when dietary fibre is replaced by starch (Shingfield &
Wallace 2014). Conversely, rapid degradation of
NFCs (concentrate) leads to high concentrations of vola-
tile FAs and low pH. In spite of this, there is no consen-
sus on pH thresholds that may cause ruminal upset.
One generally accepted indication of ruminal disorders
is pH < 5·6–5·8 (Lechartier & Peyraud 2010), which
could create a shift in the microbiome (Hook et al.
2011; Saleem et al. 2012).
Healthy rumen function is maintained by including

adequate fibre content in high-concentrate diets that
stimulate digesta stratification in the rumen and
chewing activity, hence increasing salivary output
(Tafaj et al. 2006). Effectiveness of forage in stimulating
chewing activity, rumen fermentation and ruminal re-
tention time and, therefore, ruminal microbiota, varies
with different botanical origin, processing, particle
size (PS) and neutral detergent fibre (NDF) content
(Owens et al. 1998). Nevertheless, there is evidence
that not all FAs present in forage behave similarly
when exposed to bacterial BH (Dewhurst et al. 2006).
However, there is a lack of information on the effects
of similar NDFs in low-quality forage (fNDFs) in diets
with higher concentrate and glycerine on ruminal
fermentation, ruminal BH, duodenal flow of FAs and
rumen microbiota in Nellore steers. Therefore, it was
hypothesized that sources of low-quality forage with
different fibre digestibility may be used in high-concen-
trate diets to modulate ruminal fermentation and FA
flow to the duodenum without affecting the intake of
Nellore feedlot steers. Thus, the present study aimed
to evaluate the effects of different sources of forage in
high-concentrate diets on intake, digestibility, rumen
fermentation, ruminal BH, duodenal flow of FAs and
rumen microbiota in Nellore feedlot steers.

MATERIALS AND METHODS

The protocol used in the present experiment was in
accordance with the Brazilian College of Animal

Experimentation (COBEA – Colégio Brasileiro de
Experimentação Animal) guidelines and was
approved by the Ethics, Bioethics and Animal
Welfare Committee (CEBEA – Comissão de Ética e
Bem Estar Animal) of the UNESP – Univ Estadual
Paulista, Jaboticabal (protocol number 021118/11).

Animals and experimental feeds

Nine Nellore steers (body weight [BW], 300 ± 30 kg;
age, 18 ± 2 months) fitted with 10-cm (internal diam-
eter) silicone-type ruminal cannulas and duodenal T-
type cannulas (Kehl®, São Carlos, Brazil) were used
in a triple Latin square design 3 × 3 to evaluate
dietary intake, apparent total tract digestibility,
ruminal pH, ammonia-N (NH3-N) concentration,
ruminal BH, duodenal flow of FAs and rumen micro-
biota. The steers were fitted with the cannulas at
about 10 months of age and underwent at least 8
weeks of recovery before the start of the study. The
steers were treated for internal and external parasites
at the beginning of the experiment and maintained
in individual pens of ∼21 m2 for adaptation with pro-
tected feeders and water. Initially, the animals were
weighed, identified and housed in individual pens
with feeders and drinkers. The animals spent 21
days adapting to the facilities and management. The
experiment consisted of three consecutive 20-day
periods. Each study period consisted of 15 days for
adaptation, 4 days for recording dry matter intake
(DMI) and faeces collection, and 1 day for ruminal
fluid sampling. Ruminal fluid was collected for meas-
uring ruminal pH and NH3-N and quantifying bacteria
and protozoa on 1 day during each 20-day period
(see later).

The diets were formulated to provide DMI of 22 g/kg
of BW (6·6 kg per animal/day), calculated using the
method described by Alderman (1993) and fNDF
was fixed at 0·15 of DMI to ensure ruminal fibre
requirements and avoid ruminal upsets (Goulart &
Nussio 2011).

The dietary treatments were as follows: maize silage
(MS), sugar cane (SC) and sugar cane bagasse (SB,
Table 1). Maize silage used in the present study was
obtained from the UNESP farm. A whole plant of the
maize hybrid 2B688Hx (Dow AgroSciences,
Indianapolis, IN, USA) was harvested and ensiled at
about 0·31 DM and chopped into pieces 5 cm long.
The chopped maize material was placed in a trench-
type silo, covered with black plastic and ensiled for
at least 2 months. Sugar cane was obtained from a
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local farm and chopped into pieces of about 2–3 cm in
length, while SB was obtained from a private biofuel
plant and chopped into pieces 3–4 cm long. The dif-
ferences in the length of the forage pieces was due
to current practice. Crude glycerine was acquired
from the soybean oil-based biodiesel production
company ADM, Rondonópolis, Brazil (803·4 g gly-
cerol/kg; 15·9 g ether extract/kg; 50·3 g ash/kg and
120·2 g water/kg).

The diets were isonitrogenous and the concentrate
was composed of ground maize, soybean meal,
crude glycerine and mineral supplements (Table 2).
Ingredients for the concentrate were ground using a
hammer mill fitted with strainers and 2-mm sieves.
Continuous homogenization of the diets was per-
formed in a horizontal mixer for 15 min.

The animals were fed twice daily at 08.00 and 16.00
and feed refusals were recorded daily for each pen.
The concentrates and forage for each animal were
weighed individually and mixed manually in the
troughs. Throughout the entire experimental period,
refusals of ∼100 g/kg were allowed in relation to the
total amount consumed on the previous day. Feed
refusals were collected and weighed before feeding;
sub-samples of ∼100 g/kg of feed refusals were col-
lected for each animal and frozen at −20 °C.

Data collection and sampling procedures

Total faeces were collected for 4 days between days
15 and 18 (Barbosa et al. 2011). Faeces were collected
immediately after each spontaneous defecation and
stored in 20-litre buckets. At the end of each 24-h col-
lection period, the buckets were changed and the

faeces were weighed, blended manually and aliquots
(∼300 g) were collected. Afterwards, these samples
were dried in a forced-ventilation oven at 55 °C for
72 h and ground in a mill with a 1-mm mesh sieve,
and a composite sample was prepared for each
animal per period on the basis of the air-dry weight.

Duodenal samples were collected over 2 days
(fourth and fifth data collection days during the study
period) at 6-h intervals. The sampling was delayed
for 3 h on the second day to represent the 24-h
period (de Oliveira et al. 2007). The samples were
maintained at −10 °C and at the end of the period,
the samples for each animal were pooled for each
period. Indigestible NDF (iNDF) was used as an indica-
tor of daily DM flows in the duodenum (Harvatine &
Allen 2006) and obtained via an in situ method after
240 h (Casali et al. 2008) with incubated samples of
feed offered, feed refusals, faeces and ground duo-
denal digesta (Wiley mill, 2-mm screen). Indigestible
NDF was analysed using an Ankom 200 Fibre
Analyser (Ankom Technology Fairport, NY, USA).

Rumen pH and NH3-N were measured on day 18 of
each period. To assess rumen fermentation para-
meters, rumen fluid samples (c. 80 ml) were collected
manually before supplying the diet (time zero) and 1,
2, 4, 6, 8, 10 and 12 h after feeding. Immediately after
collection, pH of the rumen fluid was determined
using a digital potentiometer (ORION 710A, Boston,
MA, USA). The ruminal fluid (40 ml) was placed in a
plastic bottle and frozen at−20 °C for NH3-N analysis,
according to the methodology adapted by Fenner
(1965). In brief, ruminal fluid NH3 was analysed by
distilling with 2 M potassium hydroxide (KOH) in a
micro-Kjeldahl system.

Table 1. Chemical composition of maize silage (MS), sugar cane (SC) and sugar cane bagasse (SB) (g/kg on a dry
matter basis)

Chemical composition

Forage

MS SC SB

DM 311 293 630
OM 946 974 965
CP 86·8 30·3 33·2
NDF 544 555 865
iNDF 170 257 542
EE 23·8 4·20 4·00
Gross energy (MJ/kg) 17·9 17·5 17·2

DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fibre; iNDF, indigestible neutral detergent
fibre; EE, ether extract.

930 J. D. Messana et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859616000204
Downloaded from https://www.cambridge.org/core. UNESP-Universidade Estadual Paulista, on 13 May 2019 at 19:22:54, subject to the Cambridge Core terms of use, available at



The feed offered, feed refusals and faeces samples
were dried at 55 °C for 72 h and ground in a Wiley
mill (Thomas Scientific, Swedesboro, NJ, USA) to
pass through a 1-mm screen. Samples of Tifton 85
hay, concentrates and feed refusals were analysed
for DM (934.01), mineral matter (MM, 942.05) and
ether extract (EE, 920.39), according to AOAC
(1990). Ether extract contents in faeces were deter-
mined by extraction in ether (EE, 920.39). Nitrogen
was determined using an LECO FP-528 nitrogen ana-
lyser (LECO Corp., St. Joseph, MI, USA).

The NDF was determined using α-amylase and
without the addition of sodium sulphite, according
to the method reported by Van Soest et al. (1991)
and adapted for the Ankom200 Fibre Analyser
(Ankom Technology, Fairport, NY). Acid detergent
fibre was determined using the method described by
Goering & Van Soest (1970) and adapted for the
Ankom200 Fibre Analyser (Ankom Technology,
Fairport, NY). Acid detergent lignin was determined
by solubilisation of cellulose with sulphuric acid,
according to Van Soest & Robertson (1985). Gross

Table 2. Composition of the experimental diets (g/kg on a dry matter basis)

Diet

MS SC SB

Ingredient proportion
MS 288
SC 275
SB 173
Maize 357 337 451
Soybean meal 225 258 246
Crude glycerine 100 100 100
Mineral supplement* 30·0 30·0 30·0
Chemical composition
DM 710 737 843
OM 909 918 920
CP 181 179 179
NDF 317 307 333
fNDF 150 150 150
EE 26·4 21·2 26·0
NFC† 409 438 410
ME (MJ/kg) 10·1 10·4 10·9
Profile of fatty acid (g/100 g FAME)
C14 : 0 0·15 0·61 0·34
C16 : 0 13·8 16·4 16·2
C17 : 0 0·24 0·29 0·53
C18 : 0 3·31 3·45 3·74
C18 : 1 cis-9 29·0 24·6 27·9
C18 : 2 44·4 40·5 39·5
C18 : 3 2·62 2·14 2·16
SFA 19·5 23·1 23·4
USFA 77·5 73·3 73·0
MUFA 30·5 26·8 30·6
PUFA 47·0 46·5 42·4

MS, maize silage; SC, sugar cane; SB, sugar cane bagasse; DM, dry matter; OM, organic matter; CP, crude protein; NDF,
neutral detergent fibre; fNDF, NDF from forage; EE, ether extract; NFC, non-fibre carbohydrates; ME, metabolizable
energy; FAME, fatty acid methyl esters; SFA, saturated fatty acid; USFA, unsaturated fatty acid; MUFA, monounsaturated
fatty acid; PUFA, polyunsaturated fatty acid.
* Composition = 210 g calcium; 20 g phosphorus; 37 g sulphur; 80 g sodium; 490 mg copper; 1·424 mg manganese; 1·830
mg zinc; 36 mg iodine; 29 mg cobalt; 9 mg selenium;333 mg fluorine (max).
† Non-fibrous carbohydrate (NFC) estimated as: NFC = 100− (CP + EE + ash + NDF).
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energy was obtained by the combustion of samples in
an adiabatic bomb calorimeter IKA® model 2000
Basic.

The flows of DM to the duodenum were calculated
as the ratio of iNDF consumed to the concentration of
iNDF in duodenal contents. Ruminal BH was esti-
mated by the differences in USFA between the
intakes and flows to the duodenum (Xu et al. 2014).

Fatty acid quantification

Fatty acid composition was analysed according to the
protocol described by Shingfield et al. (2003). Briefly,
lipids were extracted from 100 mg of freeze-dried
samples in a mixture (3 : 2, v/v) of hexane and isopro-
panol after adjustment of pH to 2 by using 2 M hydro-
chloric acid and methylation with an acid-based
catalyst using methanolic sulphuric acid (1%, v/v).
The FA profile was determined using a gas chromato-
graph (Focus CG – Finnigan, Thermo Finnigan, San
Jose, CA, USA) with a fused silica capillary column
(100 m × 0·250 mm, 0·20-m film thickness; CP-Sil 88
for FA methyl esters – FAME) by using hydrogen as
a carrier gas at a constant flow of 1·5 ml/min). The
flame ionization detector was set at 300 °C. The
time–temperature programme used was as follows:
initial temperature of 70 °C for 4 min before increas-
ing to 175 °C (13 °C/min) with waiting time of 27
min; 215 °C (4 °C/min) with waiting time of 9 min;
and finally 230 °C (7 °C/min) for 4 min (total 65 min).
Identification of FAs was performed by comparing
their retention times with those observed in commercial
standards (C4–C22) such as Supelco 18919-1AMP, a
methyl ester mixture of 37 FAs. The major FAs were
identified using the following pure commercial stan-
dards: 05632-SIGMA,methyl ester mixture of the conju-
gated linoleic acid cis-9, trans-11 and trans-10, cis-12;
V1381-SIGMA and methyl ester vaccenic acid.

Microbiological analysis

Samples for bacteria and protozoa quantification were
collected on day 19. For quantification and identifica-
tion of rumen ciliate protozoa, samples of ruminal
contents were collected via cannula, 3 h after the
morning feeding. Cell counts were performed using
rumen content aliquots preserved in formalin (a solu-
tion of equal parts water and 370 ml/l formaldehyde),
according to D’Agosto & Carneiro (1999). Ciliate
protozoa species were identified and quantified in a
Sedgewick-Rafter chamber, according to Dehority

(1984). Each sample was homogenized and 1 ml of
ruminal content was pipetted and transferred to vials
with Lugol’s solution, according to the methodology
of D’Agosto & Carneiro (1999). After 15 min, 9 ml of
30% glycerine was added to the vials. To quantify
the protozoa, 1 ml was transferred from each vial to
fill the Sedgewick-Rafter chamber.

Bacterial population was quantified using quantita-
tive polymerase chain reaction (qPCR). Samples of
ruminal contents were collected via cannula before
the morning feeding (Saro et al. 2014). Fifty grams of
the rumen contents was weighed and immediately
added to 50 ml of phosphate-buffered saline (pH
7·4), stirred vigorously for 3 min, and then filtered
with a mesh fabric (100 µM). The filtrate was centri-
fuged at 16 000 g for 10 min at 4 °C. The supernatant
was discarded and the precipitate was resuspended in
4 ml of tris-ethylenediaminetetraacetic acid buffer
(10×, pH 8). The re-suspended content was centri-
fuged at 16 000 g for 10 min at 4 °C, the supernatant
was discarded, and the precipitate stored immediately
in a freezer (–20 °C) for 2 months.

A ‘Fast spin kit for soil’ (MP Bio®, Biomedicals,
Illkirch, France) extraction kit was used to extract
DNA from 250 mg of the sample, according to the
manufacturer’s instructions. Integrity and quantity of
the DNAwas checked using agarose gel electrophoresis
(0·8%) and complementary DNA was assessed using
a spectrophotometer (Thermo Scientific NanoDrop
1000, Thermo Fisher Scientific, MA).

Absolute quantification of total bacteria and relative
quantification of cellulolytic bacteria (Ruminococcus
albus, Fibrobacter succinogenes and Ruminococus
flavefaciens) was achieved by qPCR. The primers used
in the present study are listed in Table 3. Four concen-
trations (200, 400, 600 and 800 nM) of forward and
reverse primers were tested to determine minimum
primer concentration giving the lowest threshold cycle
(Ct) and to reduce non-specific amplification before
the start of the reaction. Validation of the chosen
concentration of primers was performed with different
concentrations of DNA (150, 125, 100, 50 and 25
ng). The value of the ‘slope’ was determined and effi-
ciency was calculated using the following equation:

Efficiency ¼ 10 �1=slopeð Þ � 1

The amplifications were performed in triplicate.
Real-time PCR was performed using the Applied
Biosystems 7500 Real-time PCR System (Applied
Biosystems, Foster City, CA). Rox was used as a
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passive reference dye. The qPCR was performed using
100 ng of total DNA in a reaction containing 6·25 µl
of SYBR® Green PCR Master Mix (Bio-Rad,
Hercules, CA), 400 or 600 nM of the primer pair and
water to a final volume of 12·5 µl. Cycling conditions
were 50 °C for 2 min and 95 °C for 10 min, followed
by 35 cycles of denaturation at 95 °C for 15 s,
pairing at 60 °C for 60 s and extension at 78 °C for
1 min. After one cycle of amplification, a step was
added to increase the temperature from 60 to 95 °C
to obtain the dissociation curve of the reaction pro-
ducts for analysing amplification specificity.
Relative quantification was used to determine

species proportion. The results were expressed as a
16S rDNA ratio of general bacteria:

Relative quantification ¼ 2�ðCt target�Ct total bacteriaÞ

where Ct is defined as the number of cycles required
for the fluorescent signal to cross the threshold.

Statistical analyses

The data of intake, digestibility, ruminal BH, duodenal
FA flows and protozoa populations were analysed
using a triple 3 × 3 Latin square design with the
PROC MIXED procedure of SAS (version 9.2). The
general mathematical model was as follows:

Yijk ¼ μþ αi þ βj þ sk þ αβij þ eijk

where Yijk represents the observation of steers k given
diet i at period j; μ represents overall mean; αi

represents the fixed effect of the ith diet, i = 1, 2,…,
nt; βj represents the fixed effect of the jth period, j =
1, 2,…, np; and sk represents the random effect of
the kth steers, k = 1, 2,…, ns, μ; αβij represents the
interaction between diet i and period j; and eijk repre-
sents the residual experimental error with variance
component σ2c (Tempelman 2004).

Ruminal pH and NH3-N data were analysed using a
triple 3 × 3 Latin square design with repeated measures
over time and the PROC MIXED procedure of SAS
(version 9.2). The model included fixed effects of diet,
time, diet × time interaction and random effects of
steers and periods. The structure of errors that best
fitted the data according to the Bayesian information cri-
terion was used. Differences between treatment means
were determined using Tukey’s test. Differences
among means with P < 0·05 were accepted as repre-
senting statistically significant differences.

Relative quantities of 16S rRNA, as determined
using real-time PCR, were analysed using R software
(version 3.1.1), with three treatments and three
periods. The fixed effects were treatments and Latin
Square, and random effects were time, animal and
error. When significant, the means between treat-
ments were compared using Tukey’s test and the sig-
nificance was set at P < 0·05.

RESULTS

There was no effect of different sources of forage in
high-concentrate diets on DM, organic matter (OM)

Table 3. Primers used in the present study

Primer Sequence (5′–3′) T (°C)*
Efficiency of
primer (%)

Fibrobacter succinogenes† F: GTTCGGAATTACTGGGCGTAAA
R: CGCCTGCCCCTGAACTATC

60 98

Ruminococcus flavefaciens† F:CGAACGGAGATAATTTGAGTTTACTTAGG
R: CGGTCTCTGTATGTTATGAGGTATTACC

62 96

Ruminococcus albus† F: CCCTAAAAGCAGTCTTAGTTCG
R:CCTCCTTGCGGTTAGAACA

55 97

Selenomonas ruminantium‡ F: GGCGGGAAGGCAAGTCAGTC
R: CCTCTCCTGCACTCAAGAAAGACAG

60 98

Total Archaeas§ F: TTC GGT GGA TCD CAR AGR GC
R: GBA RGT CGW AWC CGT AGA ATCC

60 98

F, forward; R, reverse.
* Temperature of annealing.
† Denman & McSweeney (2006).
‡ Khafipour et al. (2009).
§ Denman et al. (2007).
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and CP intake. However, NDF intake was higher in
animals fed with MS than in animals fed with SC,
which did not differ from animals fed with SB. The
NFC intake (P < 0·05) was reduced in animals fed
with SB compared with those fed MS and SC. A
higher intake of EE was observed in animals fed
with SB and MS than in animals fed with SC
(Table 4).

Digestibility of DM and NDF increased (P < 0·05)
when the MS diet was used. In addition, higher
crude protein (CP) digestibility was observed in
animals fed with SB and MS than in those fed with
SC (P < 0·05). The NFC digestibility was higher in
animals fed with SC than in those fed with the other
diets (P < 0·05, Table 4).

Intakes (g/d) of total and individual FAs, such as
C18 : 1 cis-9, C18 : 2 and C18 : 3, were similar
between animals fed with MS and SB, but decreased
in animals fed with SC (P < 0·05, Table 5). Diets
containing MS and SB showed higher values for
total digestibility of SFA, USFA and total FAs (P <
0·05). Ruminal BH of C18 : 1 and USFA was
higher in animals fed with SB and MS than in
animals fed with SC (P < 0·05, Table 5). Overall,
intestinal digestibility of FAs (g/100 g) did not differ
among treatments, except for C18 : 3, which

increased in animals fed with SC and SB (P < 0·05,
Table 5).

The profile of FAs in duodenal digesta and faecal
outputs did not differ among treatments. However,
the flow of NDF was higher in animals fed with
SC than in those fed withMS and SB (P < 0·05, Table 6).

There was no interaction between diet and time for
pH or NH3-N. Animals fed with SB showed higher
values of pH (P < 0·05) than those fed with MS and
SC. Animals fed with SC showed decreased NH3-N
values (P < 0·05, Table 7).

The protozoan populations were not influenced by
the different sources of forage in high-concentrate
diets, with the exception of Dasytricha and Isotricha
(Table 8). Dasytricha populations were higher in
animals fed with SC than those fed with SB and MS.
In addition, Isotricha populations were higher (P <
0·05) in animals fed with SC. The populations of fibro-
lytic bacteria (R. flavefaciens, R. albus and F. succino-
genes) were similar among diets (Table 8). However,
the population of Selenomonas ruminantium, a bac-
terium that consumes lactic acid, increased 2·5 and
5 times (P < 0·01) in animals fed with MS when com-
pared with animals fed with SC and SB, respectively.
Moreover, the populations of methanogens were
similar among diets.

Table 4. Effect of different sources of forage in diets with crude glycerine on intake and digestibility of dry matter
(DM), organic matte (OM), crude protein (CP), ether extract (EE), neutral detergent fibre (NDF) and non-fibre
carbohydrates (NFC) by feedlot Nellore steers

Diet

Parameters MS SC SB S.E.M. P-value

Intake (kg/d)
DM 7·1 6·3 6·4 0·56 0·501
OM 7·0 5·9 6·1 0·47 0·231
CP 1·3 1·1 1·4 0·11 0·187
EE 0·18 0·13 0·19 0·019 0·030
NDF 2·4 1·7 1·7 0·19 0·035
NFC* 3·1 3·2 2·2 0·28 <0·001
Total digestibility (g/kg)
DM 808 759 750 12·3 0·006
OM 826 773 787 19·6 0·134
CP 772 737 796 17·0 0·020
EE 862 828 862 16·2 0·066
NDF 708 454 468 27·7 <0·001
NFC* 914 947 906 11·2 <0·001

MS, maize silage; SC, sugar cane; SB, sugar cane bagasse; DM, dry matter; OM, organic matter; CP, crude protein; EE, ether
extract; NDF, neutral detergent fibre; NFC, non-fibre carbohydrate.
* Non-fibre carbohydrates = 100− (CP + EE + ash + NDF), NRC (2001).
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DISCUSSION

According to Piatkowski et al. (1990) and Hoffmann
(1990), addition of at least 400 g of structural crude
fibre per 100 kg of animal BW to a concentrate-rich
diet is necessary to ensure sufficient amounts of fibre
for adequate ruminal fermentation. Thus, in the
present study, fNDF was fixed at a proportion of
0·15 of the diet to avoid ruminal upsets. This level of
fNDF inclusion was recommended by Goulart &
Nussio (2011), who suggested that ruminal functions
may not be affected at this inclusion level in concen-
trate-rich diets. Thus, in the present study, forage: con-
centrate was different among the diets (MS = 288 g/kg,
SC = 275 g/kg and SB = 173 g/kg), because of the dif-
ferent NDF contents from the forage sources studied
(MS = 544 g/kg, SC = 555 g/kg and SB = 865 g/kg).

The reduction in NDF intake in animals fed with
low-quality forages could be due to lower fibre diges-
tion of these sources (Corrêa et al. 2003; Rotta et al.
2014), which results in NDF accumulation and limita-
tion of voluntary intake (Ørskov & Hovell 1978).
However, in diets with high proportions of concen-
trate, the intake is rarely limited by physical fill
(Galyean & Defoor 2003). Thus, the results for NDF
intake were possibly due to the animals sorting
through their feed and tending to sort mixed rations
to a greater extent in diets with low forage content
(DeVries et al. 2007, 2008). The NDF content of refu-
sals was 0·53, 0·83 and 1·25 kg NDF/day for MS, SC
and SB diets, respectively, This suggests that animals
fed with MS actively sought those parts of the diet
with high NDF content in an attempt to increase the

Table 5. Effect of different sources of forage in diets with crude glycerine on intake, total and intestinal digest-
ibility of fatty acid, ruminal biohydrogenation of unsaturated fatty acids by feedlot Nellore steers

Diet

MS SC SB S.E.M. P-value

Intakes of FA (g/d)
C18 : 0 6·1 4·7 6·5 0·72 0·060
C18 : 1 cis-9 52 36 55 6·0 0·013
C18 : 2 81 59 90 9·1 0·016
C18 : 3 4·3 3·7 5·3 0·50 0·046
SFA 73 26 35 3·9 0·062
USFA 137 99 151 16 0·015
Total FA* 171 125 186 19 0·019
Digestible component (g/kg)
SFA 616 389 506 68 0·0003
USFA 956 942 954 6·5 0·012
Total FA* 891 829 872 17 0·0001
Biohydrogenation (g/kg)
C18 : 1 605 416 575 47 0·021
C18 : 2 694 709 799 57 0·063
C18 : 3 708 751 810 52 0·220
USFA 622 523 671 50 0·046
Intestinal digestibility (g/kg)
C18 : 0 702 688 618 53 0·238
C18 : 1 897 894 871 20 0·321
C18 : 2 904 928 909 18 0·365
C18 : 3 793 902 903 40 0·020
SFA 716 664 659 47 0·413
USFA 876 874 851 26 0·443
Total FA* 802 768 752 39 0·304

MS, maize silage; SC, sugar cane; SB, sugar cane bagasse; SFA, saturated fatty acid; USFA, unsaturated fatty acid; Total FA,
total fatty acid.
* Total FA = sum of C10 : 0, C12 : 0, C14 : 0, C16 : 0, C17 : 0, C18 : 0, C16 : 1, C18 : 1 cis-9, C18 : 2 and C18 : 3.
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intake of physically effective fibre and reduce the
intake of starch, indicating that cattle may adapt
their feed selection to minimize ruminal disturbances
(DeVries et al. 2014).

The results highlight the concept of physically ef-
fective NDF (peNDF) used by Zebeli et al. (2012b)
as a more accurate indicator of fibre adequacy when
compared with fNDF: it combines information on
chemical fibre content and PS of feedstuffs.
Nutritional effects of dietary PS and peNDF are
complex and involve feed intake behaviour (absolute
intake and sorting behaviour), ruminal mat formation,
rumination and salivation and ruminal motility.

The different sources of forage in the high-concen-
trate diets changed DM and NDF digestibility, which
could be related to the passage rate and fibre
quality. Sugar cane and SB have low digestibility
and high concentrations of iNDF. Since high-concen-
trate diets may increase the passage rate, fibre degrad-
ation could be limited and lead to reduced NDF
digestibility (Galyean & Defoor 2003). This is consist-
ent with observations by Henrique et al. (2007) and
Menezes et al. (2011), who reported that SB and SC
have low digestibility and high concentrations of
iNDF. Diets containing fibre with higher fractions of
iNDF associated with a high concentrate in the diet

may have a higher passage rate (Pereira et al. 2000;
Mertens 2001; Magalhães 2006), preventing further
degradation of the fibre and resulting in lower
digestibility of NDF, as observed in animals fed with
SB and SC.

Treatment with SB and MS showed the highest
intake of FA C10 : 0, C12 : 0, C18 : 1 cis-9, linoleic
(C18 : 2), linolenic (C18 : 3), UFA and total FAs. This
is probably due to FA composition of individual ingre-
dients and chemical composition of the experimental
diets.

Among the three forage sources, the highest con-
centrations of C10 : 0, C12 : 0, C16 : 0, C17 : 0, C18 :
0 and C16 : 1 were found in SB. Maize silage had
the highest concentrations of C18 : 1 cis-9, C18 : 2,
C18 : 3 and UFA. Substantial concentrations of all
FAs analysed were found in soybean meal and
ground maize.

Fixing the proportion of NDF in the diets at 0·15 led
to the MS treatment having the highest proportion of
forage (288 g/kg DM) while the SB treatment had the
lowest (173 g/kg DM). Therefore, the MS treatment
presented the lowest inclusion of maize (357 g/kg
DM) and soybean meal (225 g/kg DM) and the SB
treatment, the highest (451 g maize/kg DM and 246 g
soybean meal/kg DM). Therefore, different quantities

Table 6. Effect of different sources of forage in diets with crude glycerine on duodenal flow of dry matter (DM),
neutral detergent fibre (NDF) and fatty acid and faecal outputs in feedlot Nellore steers

Diet

MS SC SB S.E.M. P-value

Duodenal flows (kg/d)
DM 2·61 3·08 2·78 0·358 0·652
NDF 0·62 1·02 0·89 0·098 0·034
Fatty acids (g/d)
C18 : 0 10·3 12·1 12·2 1·64 0·670
C18 : 1 cis-9 24·7 22·7 23·1 4·12 0·913
C18 : 2 22·9 17·9 19·5 3·96 0·445
C18 : 3 1·35 0·90 1·03 0·226 0·142
SFA 41·8 43·6 45·2 6·305 0·918
USFA 54·3 46·5 48·9 9·20 0·730
Total FA* 96·1 90·1 94·0 15·3 0·943
Faecal outputs (kg/d)
DM 1·40 1·50 1·57 0·143 0·702
NDF 0·69 0·92 0·95 0·083 0·080
Total FA* 17·2 20·2 20·1 1·874 0·443

MS, maize silage; SC, sugar cane; SB, sugar cane bagasse; SFA, saturated fatty acid; USFA, unsaturated fatty acid; Total FA,
total fatty acids.
* Total FA = sum of C10 : 0, C12 : 0, C14 : 0, C16 : 0, C17 : 0, C18 : 0, C16 : 1, C18 : 1 cis-9, C18 : 2 and C18 : 3.
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of the concentrate in the diets modified the ingestion of
EE and consequently, the quantity of FAs.
Digestibility of SFA, total FA and BH of UFA were

higher for the SB and MS treatments than for the SC
treatment. Reduction in UFA BH in the SC treatment
could be explained by the fast passage rate, which
resulted in inadequate attachment of lipids to fibre
particles because of the reduced superficial area for
bacterial adhesion and BH (Dewhurst et al. 2003).
This is in agreement with the higher duodenal flow
of NDF in the SC and SB treatments. The physical
and chemical characteristics of forage, such as
density and fibre concentration (e.g., NDF), are asso-
ciated with modifications in the kinetics of ruminal
fermentation and FA flow (Defoor et al. 2002).
Biohydrogenation of C18 : 1 in animals fed with SB

and MS was higher than that in animals fed with SC.
According to Murphy et al. (1987), BH of C18 : 1 cis-

9 increased by 38–73% in concentrate-rich diets.
The intermediate C18 : 1 is preferably hydrogenated
to C18 : 0 because of its high availability in the
ruminal environment (Loor et al. 2002).

The low ruminal pH in concentrate-rich diets can
limit ruminal BH, with reduction of conjugated linoleic
acid and transC18 : 1 formation (Kalscheur et al. 1997),
which suggests inhibition of isomerases (Van Nevel &
Demeyer 1996; Troegeler-Meynadier et al. 2006).
However, Loor et al. (2004) also demonstrated that
changes in the extent of BH can be independent of
ruminal pH in diets with high proportions of concen-
trates. Biohydrogenation of C18 : 1, C18 : 2, C18 : 3
and UFA was lower (about 10–20%) when compared
with experimental diets containing reduced proportions
of the concentrate. Biohydrogenation can be modified
by starch (Zened et al. 2011) and inhibited in diets
rich in NFCs (Kucuk et al. 2001; Loor et al. 2004).

Table 7. Effect of different sources of forage in diets with crude glycerine on pH and ammonia nitrogen (NH3-N)

Diet P-value

Parameters MS SC SB S.E.M. D T D × T

pH 6·08 6·27 6·40 0·085 <0·001 <0·001 0·617
NH3-N(mg/dl) 15·4 11·5 15·4 1·23 <0·001 <0·001 0·586

MS, maize silage; SC, sugar cane; SB, sugar cane bagasse; D, diet; T, time effect; D × T, diet and time interaction effect.

Table 8. Effect of different sources of forage in diets with crude glycerine on rumen fluid protozoa numbers,
relative proportion of cellulolytic bacteria and methanogenic archaeas of Nellore steers in feedlot

Diet

MS SC SB S.E.M. P-value

Protozoa (n × 105/ml)
Entodinium 6·18 6·04 6·05 0·09 0·140
Dasytricha 4·08 4·48 3·63 0·23 0·026
Isotricha 3·88 4·56 3·66 0·14 <0·005
Diploplastron 3·88 4·40 3·88 0·23 0·437
Polyplastron 4·15 4·08 3·87 0·24 0·224
Protozoa total 17·76 19·08 17·54 1·53 0·637
Bacteria
Ruminoccocus albus 0·007 0·002 0·001 0·001 0·205
Ruminoccocus flavefaciens 0·003 0·007 0·001 0·001 0·524
Fibrobacter succinogenes 0·570 0·440 0·450 0·042 0·363
Selenomonas ruminantium 0·005 0·002 0·001 0·001 <0·001
Archeas total 0·054 0·067 0·052 0·003 0·076

MS, maize silage; SC, sugar cane; SB, sugar cane bagasse.
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In contrast to NDF flow, duodenal flow of FAs did
not differ among the treatments. There was a consider-
able difference between the results of the present
study and those obtained by Murphy et al. (1987),
Loor et al. (2002) and Shingfield et al. (2011). This
can be explained mainly by animal production speci-
ficity (milk or meat) and diet type. There was no inter-
action among sources of forage with respect to the
digestibility of C18 : 0, C18 : 1, C18 : 2, SFA, UFA
and total FAs, as demonstrated by the similar duo-
denal flow of FAs among the diets.

Although the diets were formulated with the same
concentration of fNDF, the ruminal pH was affected
by forage source. The increased pH in SC and SB
diets could be explained by the positive effect of
fibre on ruminal motility and salivary production
(Tafaj et al. 2005). The greater fermentability of MS
was due to NDF digestibility (>0·7 in the present
study; Taylor & Allen 2005) and possibly lower
peNDF (Zebeli et al. 2012b), whereas other forage
sources such as SB (digestibility, 0·46) affect ruminal
buffer capacity and consequently reduce the pH. In
addition, because of the high fermentability of MS
NDF, animals fed this diet sought fibrous particles
high in NDF within the ration to reduce discomfort
associated with low ruminal pH conditions, suggest-
ing that cattle will attempt to select a diet to normalize
rumen conditions (DeVries et al. 2008). The present
study demonstrated this effect because animals fed
with SB were more efficient at maintaining adequate
pH; however, 8 h after feeding, the ruminal pH of
animals fed with MS had reduced to 6. In addition,
the minimum ruminal pH value in the present study
was 5·88, which does not characterize sub-acute
ruminal acidosis. This result could be attributed to
the inclusion of crude glycerine in the diets and
forage PS. According to Shin et al. (2012), glycerine
is more rapidly fermented in the rumen than starch,
which may not lower ruminal pH. Furthermore,
according to DeVries et al. (2014), diets with
higher proportions of concentrate and forage PS
<1·9 cm tend to attenuate the effects of acidosis
in cattle.

Carbohydrate availability determines the rate of mi-
crobial growth in the rumen and efficiency of ruminal
NH3-N utilization. Increasing amounts of readily fer-
mentable carbohydrates such as sugar decrease
NH3-N concentrations because of improved N
uptake by ruminal microbes (Bach et al. 2005). In add-
ition, Chamberlain et al. (1985) reported that sucrose
was more effective than starch in reducing ruminal

ammonia concentration, which is in accordance
with the present results.

Diet is a major factor that influences rumen micro-
bial composition because of the substrate preferences
of microbes and, indirectly, by modifying the rumen
environment because of fermentation of the ingested
substrates. The genus Entodinium is most resistant to
low ruminal pH, representing 0·90–0·99 of the total
protozoa population in cattle fed high grain diets
(Hristov et al. 2001). In addition, Holotrichid protozoa
(Isotricha and Dasytricha) use soluble sugars for me-
tabolism, and cattle fed with SC tend to have a
greater population of these protozoa (Ryle & Ørskov
1987).

Increased NFC intake has been associated with
acidic rumen conditions that reduce the activities of
fibrolytic bacteria and increase the activities of amylo-
lytic and lactic-acid-utilizing bacteria in the rumen
(Nagaraja & Titgemeyer 2007). In the present study,
three ruminal bacteria important for fibre degradation
were found; they are highly sensitive to low pH when
values remain <6·0, which results in reduced activity
(Russell & Dombrowski 1980). In the present study,
pH in all diets remained above 6·0 and this was the
main factor responsible for the fact that the quantified
cellulolytic species were not affected. The results are
consistent with the observations reported by a previ-
ous study that showed that F. succinogenes and
other cellulolytic species such as R. albus and R. flave-
faciens did not disappear completely from diets with
high proportions of concentrate (Petri et al. 2012).

According to Nagaraja & Titgemeyer (2007),
S. ruminantium can tolerate low pH and has the
ability to utilize starch and sugars for growth; thus,
higher numbers of S. ruminantium in MS diets could
be because the forage source added starch to the diet
and led to lower ruminal pH in animals fed this diet.
Furthermore, the different sources of forage in diets
with crude glycerine did not influence total Archaeas
population, which is agreement withmethane emission
measurements.

In summary, the present study suggests that the in-
clusion of low-quality forages to provide similar
fNDF in diets with crude glycerine does not affect
intake, digestibility of OM, fibrolytic bacteria, and
total number of microbes that belong to Archaeas.
Use of MS increased intake and digestibility of NDF,
and use of SC decreased ruminal BH of total USFA
without changing the flow of FAs to the duodenum.
The different source of forage at 0·15 of fNDF can
be used in diet formulation to modulate ruminal
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disturbances without altering feed intake or the FA
profile.
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