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A B S T R A C T

Crude glycerin, a by-product of the biodiesel industry, has been used as a strategic ingredient in intensive
ruminant production systems, mainly in substitution of starch-rich ingredients. The present study was performed
to evaluate the effects of the inclusion of up to 30% of crude glycerin in diets for feedlot sheep, on ruminal
parameters, such as pH, NH3-N and volatile fatty acids concentrations, in situ degradability, as well as in vitro
greenhouse gas production and in vitro digestibility. Eight ruminally-cannulated male Santa Inês×Dorper sheep
(64.5 ± 8.5 kg) were distributed in a replicated 4× 4 Latin square design. The experimental diets contained 0,
10, 20 or 30% of crude glycerin and were labeled as G0, G10, G20 and G30, respectively. The crude glycerin
totally replaced the corn cracked grain in treatment G30. The inclusion of crude glycerin in the diets tended to
promote a quadratic effect in DMI, with greater values observed for treatments G10 and G20. Crude glycerin
tended to increase the ruminal pH and NH3-N, but linearly reduced the total molar concentration of VFA, acetic,
butyric, isobutyric and isovaleric acids. Treatments linearly increased in vitro DM digestibility of diets and lin-
early reduced NDF digestibility. The inclusion of crude glycerin in the diets linearly decreased the in vitro total
gas and CO2 production (mL/g degraded) and tented to reduce CH4 (mL/g degraded). A linear increase of soluble
fraction in water (“a”) of the diets was observed with the increasing inclusion of crude glycerin. The insoluble
but potentially degradable fraction (“b”) of DM and NDF of the diets were linearly decreased and increased,
respectively. The potential ruminal degradation of the diets was markedly and linearly increased with the in-
creasing inclusion of the by-product. The replacement of corn cracked grain by crude glycerin (up to 30% DM)
changes rumen fermentation parameters, decreasing VFA production, in vitro total gas production and CH4.
Additionally, the potential and effective degradation as well as in vitro DM digestibility of diets are improved
while fiber digestibility is impaired.

1. Introduction

The use of agroindustry by-products as animal feed is becoming
increasingly common throughout the world. The high price of con-
ventional ingredients, such as corn and soybean, has led meat producers
to look for alternative ingredients, which usually have a lower purchase
cost, but require further understanding of their nutritional value and
acceptability (van Cleef et al., 2014).

Crude glycerin, a by-product of the biodiesel industry, is a new well-
documented ingredient, which has been used as a strategic ingredient in
intensive ruminant production systems, mainly in substitution of starch-
rich ingredients, such as corn (Donkin et al., 2009; Carvalho et al.,
2015; Almeida et al., 2017; van Cleef et al., 2017). The current annual
production of biodiesel in the world is around 34.5 billion liters OECD/

FAO (2016). The Brazil is the second largest biodiesel producer in the
world, with 3.8 billion liters, in 2016 (United States lead with 5.5 bil-
lion liters), generating around 420 million liters of crude glycerin in
2016 (ANP, 2017), that could be used to feed livestock.

This by-product is mainly composed of glycerol, which is an en-
ergetic compound of great assimilation by rumen microorganisms and
with extensive metabolism in the liver (Abo El-Nor et al., 2010). In the
rumen, glycerol is rapidly metabolized by microorganisms to form short
chain fatty acids, mainly propionate and butyrate (Donkin, 2008;
AbuGhazaleh et al., 2011). The glycerol disappears almost entirely from
the rumen in the first 24 h (Trabue et al., 2007), but can also be directly
absorbed by the epithelium of the digestive system and act as a glu-
coneogenic substrate in the liver (Krehbiel, 2008).

The fermentation of glycerin may promote better stability to the
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rumen environment compared with starch-rich ingredients, mainly by
reducing lactic acidosis as a consequence of the increase in the popu-
lation of lactate-consuming bacteria and undue fermentation (Krueger
et al., 2010). However, they may have a detrimental effect on the
growth of structural carbohydrate fermenting bacteria (Roger et al.,
1992; AbuGhazaleh et al., 2011), resulting in reduced fiber digestibility
and methane production (Shin et al., 2012; van Cleef et al., 2015).

Nonetheless, recent studies have shown that the inclusion of high
levels of crude glycerin does not impair the consumption, performance
or carcass characteristics of feedlot sheep (Gunn et al., 2010a; Gunn
et al., 2010b; Gomes et al., 2011). Therefore, it is essential to study high
inclusions of crude glycerin in total substitution to corn, with evalua-
tions of rumen fermentation characteristics, to establish an adequate
level for a healthier rumen environment.

Therefore, the objective of this study was to evaluate the effects of
the inclusion of up to 30% of crude glycerin (on DM basis) in diets for
feedlot crossbred sheep, on ruminal parameters, such as pH, NH3-N,
VFA concentrations, in situ DM and NDF degradabilities, as well as in
vitro greenhouse gas production and DM and nutrients in vitro digest-
ibility.

2. Materials and methods

The study was conducted at the Animal Unit of Digestive and
Metabolic Studies from the Department of Animal Science of São Paulo
State University (Unesp), Jaboticabal, São Paulo, Brazil. The São Paulo
State University Institutional Animal Care and Use Committee approved
all experimental protocols adopted in the current study (approval
number: 06329/14).

2.1. Animals, diets and experimental design

Eight ruminally-cannulated crossbred uncastrated male Santa
Inês×Dorper lambs (64.5 ± 8.5 kg and approximately 18 months
old) were distributed in a replicated 4× 4 Latin square arrangement of
treatments, according to initial body weight. The animals were housed
in individual semi-roofed, concrete-surfaced pens (2.5 m2), with in-
dividual feed bunks and waterers, and received the experimental diets
for 21-d periods, including 14 d of adaptation, followed by 7 d of
sample collection.

The experimental diets contained 0, 10, 20 or 30% of crude glycerin
(on DM basis) and were formulated to be isonitrogenous (17.7% CP/
DM) and isoenergetic (2.7–2.8 Kcal ME/kg DM) to supply the require-
ments of a 20–30 kg lamb with moderate growth for daily gains of
200 g, according to NRC (2007), and with a roughage:concentrate ratio
of 40:60. The dietary treatments were labeled as: G0 (control treatment,
containing no crude glycerin), G10 (containing 10% crude glycerin in
diet DM), G20 (containing 20% crude glycerin in diet DM), and G30
(containing 30% crude glycerin in diet DM). The crude glycerin totally
replaced the corn cracked grain in treatment G30 (Table 1).

The crude glycerin used in this trial contained 95% DM, 83% gly-
cerol,1.1% CP, 6% salts, 4.8% other compounds and less than 0.01%
methanol. The concentrate and corn silage were weighed and mixed
with crude glycerin at the moment of feeding (0700 and 1900 h), de-
livering 50% of total mixed ration in each meal. Before subsequent
feeding, orts were weighed and approximately10% of each animal were
sampled to determine DM to adjust feed delivery and to monitor daily
dry matter intake.

2.2. Dry matter intake, rumen pH, ammonia nitrogen, and VFA profiles

The concentrate and corn silage were weighed and mixed with
crude glycerin at the moment of feeding, delivering 50% of total in each
meal. Before subsequent feeding, samples of orts of each animal were
collected to monitor dry matter daily intake.

Rumen fluid samples were collected on d 15 of each experimental

period, at 0, 2, 4, 6, 8, 10, and 12 h after feeding to measure pH, and
evaluate ammonia nitrogen (NH3-N) and volatile fatty acids (VFA)
concentrations. Approximately 500 g of ruminal contents of each an-
imal were collected from the dorsal and ventral rumen sites, and
strained through four layers of cheesecloth to separate liquid and solid
phases. The pH was measured immediately after rumen fluid sampling
using a digital pH meter (model Digimed DM-20; Digicrom Analítica
Ltda, São Paulo, SP Brazil), and NH3-N concentrations was determined
using a micro-Kjeldhal apparatus (model TE-0364; Tecnal Equip. para
Laboratórios, Piracicaba, SP, Brazil), with 5mL of KOH 2N, and a dis-
tillation flux of 2mL/min. Samples were centrifuged at 3000× g for
20min, and the supernatant was used to determine NH3-N. The distilled
sample was dropped in 10mL boric acid solution (2%), and then ti-
trated with HCl 0.005N.

Approximately 2.0mL of rumen fluid was centrifuged twice
(12,000× g for 15min at 4 °C (Sorvall Superspeed RC2-B, Newton, CT,
USA)) with formic acid 98–100% (Merck KGaA). After centrifugation,
approximately 0.5mL of supernatant was transferred to chromato-
graphic vials. The concentration of VFA was determined by injecting
0.5 μL of sample in a gas chromatograph (TRACE 1300, Thermo
Scientific, MA, USA) equipped with a HP-FFAP capillary column
(19091F-112; 25m; 0.320mm; 0.50 μm; J&W Agilent Technologies
Inc.; Palo Alto, CA, USA). The carrier gas was helium at a flow rate of
1mL/min. The oven temperature program was 1min at 60 °C, followed
by an increase to 200 °C at a rate of 5 °C/min. The injector temperature
was 270 °C, and the detector temperature was 300 °C. The sample was
injected into a split/splitless system (split ratio 1:10). The calibration
curve was made using chromatographic standards (Chem Service, West
Chester, PA, USA) of acetic acid (99.5%; CAS 64-19-97), propionic acid
(99%; CAS 79-09-4), isobutyric acid (99%; CAS 79-31-2), butyric acid
(98.7%; CAS 107-92-6), isovaleric acid (99%; CAS 503-74-2), and va-
leric acid (99%; CAS 109-52-4).

2.3. In vitro total tract digestibility

In vitro digestibility of DM and NDF was assessed using the metho-
dology proposed by Holden (1999). On d 21 of each experimental
period, approximately 1 kg of ruminal content were collected from each

Table 1
Ingredient and chemical composition of diets containing 0 (G0), 10 (G10), 20 (G20) or
30% (G30) of crude glycerin.

Item Treatments

G0 G10 G20 G30

Ingredient composition (%)
Corn silage 40.0 40.0 40.0 40.0
Corn cracked grain 30.0 20.0 10.0 0.0
Soybean hulls 7.8 7.2 6.3 4.5
Soybean meal 20.6 21.0 21.6 23.1
Urea 0.6 0.9 1.1 1.3
Crude glycerin 0.0 10.0 20.0 30.0
Mineral/vitamin premixa 0.5 0.5 0.5 0.5
Limestone 0.5 0.5 0.5 0.5
Bicalcium phosphate 0.0 0.0 0.0 0.2

Nutrient composition
DM, % 65.8 66.1 66.4 66.6
CP, % 17.7 17.7 17.7 17.7
ME, Mcal/kg 2.8 2.8 2.7 2.7
EE, % 3.0 2.7 2.3 2.0
aNDF, % 34.8 33.0 31.1 28.7
ADF, % 19.2 18.5 17.7 16.5
Ca, % 0.5 0.5 0.5 0.5
P, % 0.3 0.3 0.3 0.3

a Composition per kg: P (75 g), Ca (223 g), S (10 g), Zn (3 g), Na (60 g), Co (20mg), I
(40mg), Se (24 mg), F (750mg), Mg (5 g), Mn (1.8 g), Fe (402mg), Vit A (312,500 UI),
Vit D (50,000 UI), Vit E (437 UI).
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animal, strained through eight layers of cheesecloth, placed into pre-
heated thermos (39 °C), and transported to São Paulo State University
Ingredients and Pollutant Gases Laboratory. The ruminal fluid from
animals from the same treatment were mixed prior to incubation.

Ankom DaisyII fermenter (ANKOM Technology Corp., Macedon, NY)
was used to evaluate in vitro digestibility of DM and NDF. Ankom F57
filter bags (n=25; 24 with samples and 1 blank; ANKOM Technology
Corp., Macedon, NY) were filled with substrates (the four TRM; 1-mm
ground; 0.5 g), heat-sealed and placed into fermentation jars. A solution
composed of 400mL of rumen fluid (200mL from each sheep fed the
same diet, in each experimental period), 1330mL of buffer A (10.0 g/L
KH2PO4, 0.5 g/L MgSO4·7H2O, 0.5 g/L NaCl, 0.1 g/L CaCl2·2H2O and
0.5 g/L urea) and 266mL of buffer B (15.0 g/L Na2CO3 and 1.0 g/L
Na2S·9H2O) was prepared and placed into fermentation jars. The con-
tainers were purged with CO2, and placed into the pre-heated (39 °C)
DaisyII fermenter. After 48-h incubation, 40mL of 6 N HCl and 8 g of
pepsin (1:10,000) were added to each digestion jar, and incubated for
another 24-h period. The filter bags containing substrates’ residues
were rinsed and manually washed and dried. Substrates and residues
were evaluated for DM (AOAC, 2005; method 967.03) and NDF
(Goering and Van Soest, 1970) contents, to calculate DM and NDF in
vitro digestibilities.

2.4. Gas measurements

At d 19 of each experimental period, approximately 500 g of rum-
inal content were collected from each animal, strained through eight
layers of cheesecloth, placed into pre-heated thermos (39 °C), and
transported to São Paulo State University Ingredients and Pollutant
Gases Laboratory. The strained ruminal fluid was gassed with O2-free
gas, and mixed with McDougall’s buffer, in a ratio of 1:2. Substrates
consisted of the same TMR finishing diets G0, G10, G20, and G30 from
previous trial. The diets were ground through a 1-mm mesh screen, and
200mg were used in each penicillin-type 100-mL glass flask. Fifteen
fermentation flasks of each substrate received 20mL of McDougall’s
buffer and 20mL of rumen fluid and six blank flasks were prepared
without any target substrate. The flasks were purged with O2-free gas,
capped with rubber seals, and immediately placed in a 39 °C pre-
warmed orbital shaker (SL 222, Solab, Piracicaba, SP, Brazil), equipped
with a polystyrene foam structure to hold bottles during the shaking
procedure. The incubation was held for 24 h and, at the end, the flasks
were chilled in an ice bath to cease microbial activity. The head-space
gas pressure was measured using a digital pressure meter equipped with
a pressure transducer (Theodorou et al., 1994). Gas pressure was
transformed in gas volume using a methodology adapted from Bueno
et al. (2005).

The fermentative gasses were sampled from the flasks after 24 h of
incubation to determine concentrations of CO2 and CH4, using a gas
chromatograph (Trace GC Ultra™, Thermo Scientific, San Jose, CA
USA). The GC was equipped with a Porapak column and molecular
sieve. The oven temperature was set to 70 °C, and the injector tem-
perature used was 110 °C. The carrier gas used was argon, with 25mL/
min flow.

After the 24-h incubation period, the sampleś residues were cen-
trifuged (500× g, 10min), washed three times with deionized H2O and
dried (105 °C for 16 h) to calculate DM disappearance.

2.5. In situ ruminal degradability

In situ ruminal degradability of DM and NDF was determined using
the methodology proposed by Orskov and Mcdonald (1979). Samples of
diets were pre-dried (55 °C for 72 h), ground (silage= 5mm and con-
centrate= 2mm), and 2 g of total mixed ration were placed into nylon
bags (5× 10 cm, 50 μm, Ankom Technology, Macedon, NY). Bags were
heat-sealed and reserved until incubation. Each sample was incubated
in two replicates along with a blank bag for each incubation time in the

rumen of cannulated sheep. The bags were placed into a nylon mesh
bag (20×30 cm) tied with rubber band and pre-soaked in tap water.
The incubation times used in this trial were 0, 3, 6, 12, 24, 48, 72 and
96 h. The incubation was started with time “96 h” and was finished
with time “0 h”, to remove all bags at the same time at the end of the
trial. After the incubation, the bags were removed from the mesh bag
and dipped in ice-cold water to cease ruminal microorganisms‘ activity.
Then, bags were rinsed and manually washed until the water becomes
clear, and were dried at a forced-air oven (55 °C for 72 h). After being
weighed, the bags were opened, the samples were ground in micro mill
(1-mm sieve), and analyzed for DM (AOAC, 2005; method 967.03) and
NDF (Goering and Van Soest, 1970).

The DM and NDF degradation kinetics were fitted into the equation:
PD= a+b (1− e−ct), where “D”=ruminal degradability at time “t”,
“a”=the soluble fraction in water, “b”=the insoluble and potentially
degradable fraction, “c”= the degradation rate of fraction “b” per
hour, and “t”= the time of incubation. Degradation constants were
estimated using the NLIN procedure of SAS (Version 9.4).

2.6. Statistical analysis

Data were analyzed as a replicated 4×4 Latin square design using
PROC MIXED of SAS version 9.4 (SAS Institute Inc., Cary, NC). The
fixed effect consisted of treatment, and random effects consisted of
sheep and period. The statistical model for the trial was as follows:
Yijkl = μ+ αi + βj + γk(j) + λl(j) + αβ(ij) + εijkl, where Yijkl = value
observed in the plot for treatment i, Latin square j, period k, and cow l;
μ=overall mean; αi= effect of treatment i; βj = effect of Latin square
j; γk(l) = effect of period k within Latin square j; λl(j) = effect of cow l
within Latin square j; αβ(ij) = effect of the interaction treatment i and
Latin square j; and εijkl = residual error.

Data of pH, NH3-N, and VFA were considered as repeated measures.
Several covariance structures were tested and the best one was chosen
for each variable, based on Akaike information criterion. The degrees of
freedom and tests were adjusted using the option KR. Treatment effects
were tested using the following contrasts: (1) linear effect of crude
glycerin concentration, (2) quadratic effect of crude glycerin level, and
(3) control treatment× glycerin treatments (effect of the addition of
two concentrations of crude glycerin combined versus treatment
without addition of the byproduct). Values were reported as least
squares means and associated standard errors, and significance was
defined as P < 0.05 and trends as 0.05≤ P≤ 0.10.

3. Results

3.1. Dry matter intake, rumen pH, ammonia nitrogen, and VFA profiles

The inclusion of crude glycerin in the diets promoted a tendency for
a quadratic effect in DMI (P=0.09), with greater values observed for
treatments with 10 and 20% of the by-product (Table 2).

There was no interaction of time of sampling× treatment for the
variables pH, NH3-N and VFA (P > 0.05). Thus, only the main effects
of treatment and time of sampling were evaluated. The ruminal pH
tended to increase (P=0.07) with the increasing inclusion of crude
glycerin in the diets. There was also a tendency for a quadratic effect on
the concentration of NH3-N (P=0.06), with the lowest values observed
for treatments with 10 and 20% of the by-product (Table 2).

The increasing inclusion of crude glycerin linearly reduced the total
molar concentration of VFA (P < 0.0001), as well as the molar con-
centrations of acetic (P < 0.0001), butyric (P=0.0004), isobutyric
(P=0.0007) and isovaleric (P=0.003) acids (Table 2). No alterations
on propionic and valeric acid were observed (P > 0.10), however the
ratio C2:C3 was linearly reduced when the crude glycerin was included
(P < 0.0001).
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3.2. In vitro total tract digestibility

The increasing inclusion of crude glycerin linearly increased the in
vitro DM digestibility of diets (P=0.01, Table 2), and linearly reduced
NDF digestibility (P=0.008).

When all treatments with crude glycerin were evaluated against the
control one (0×G), the same trend was observed for DM and NDF
(P=0.007 and P=0.006, respectively). In average, DM and NDF di-
gestibility’s in treatments with crude glycerin were, respectively, 81.7
and 37.2%, against 73.6 and 51.5% for control treatment. Additionally,
no effect of treatments was observed for in vitro digestibility of OM or
CP (P > 0.10).

3.3. Gas measurements

The increasing inclusion of crude glycerin linearly decreased the
total gas and CO2 production (mL/g degraded, P=0.01). When both
treatments with crude glycerin were compared with G0, a tendency for
decreased CO2 (mL/g degraded) production was observed (P=0.09),
with the lowest value for G20 treatment. There were tendencies for
linear reduction of CO2 (mL/g) and CH4 (mL/g degraded) production
(P=0.07 and P=0.09, respectively) with increasing inclusion of
crude glycerin in the diets.

Table 2
Dry matter intake, rumen parameters and of sheep fed diets containing 0 (G0), 10 (G10), 20 (G20) or 30% (G30) of crude glycerin and in vitro digestibility of DM, OM, CP, and NDF of
those diets.

Item Treatments SE Contrast, P-valuea

G0 G10 G20 G30 L Q 0×G

DMI, g 1237 1375 1337 1205 135 0.69 0.09 0.46
pH 5.97 6.07 6.13 6.16 0.1 0.07 0.68 0.09
NH3-N, mg/dL 11.0 9.6 10.2 11.9 0.9 0.34 0.06 0.63
Total VFA, mM/L 40.1 37.2 27.6 23.8 6.1 < 0.0001 0.86 0.001
Acetic (C2) 25.9 22.4 14.3 11.5 3.8 < 0.0001 0.98 0.0005
Propionic (C3) 8.6 9.0 8.8 8.2 1.7 0.61 0.44 0.94
Butyric 4.3 4.0 3.3 2.9 0.61 0.0004 0.89 0.006
Isobutyric 0.26 0.22 0.17 0.15 0.05 0.0007 0.35 0.002
Valeric 0.47 0.49 0.52 0.57 0.13 0.21 0.88 0.37
Isovaleric 0.73 0.65 0.56 0.56 0.11 0.003 0.36 0.006
C2:C3 2.8 2.5 1.7 1.5 0.18 < 0.0001 0.81 < 0.0001

In vitro Digestibility, %
DM 73.6 80.2 80.7 82.7 0.51 0.01 0.28 0.007
OM 81.5 82.0 82.6 83.4 1.19 0.26 0.86 0.43
CP 75.1 78.4 76.5 79.0 3.21 0.51 0.90 0.46
NDF 51.5 39.6 37.7 34.2 3.78 0.008 0.38 0.006

a L= Linear, Q=Quadratic, 0×G=Treatment without crude glycerin× glycerin treatments.

Table 3
Gas production and quality of in vitro cultures containing diets with 0 (G0), 10 (G10), 20 (G20) or 30% (G30) of crude glycerin, and in situ degradation parameters of DM and NDF of those
diets in sheep.

Item Treatments SE Contrast, P-valuec

G0 G10 G20 G30 L Q 0×G

Gas productiona

Total, mL/g 155.5 153.8 151.1 137.9 8.9 0.13 0.48 0.40
CH4, mL/g 34.4 34.0 34.0 32.5 4.1 0.55 0.82 0.71
CO2, mL/g 114.4 113.2 110.7 99.6 6.5 0.07 0.39 0.32

Total, mL/gd 267.8 258.2 250.8 220.2 14.0 0.01 0.44 0.11
CH4, mL/gd 59.7 57.7 57.0 52.2 7.0 0.09 0.71 0.36
CO2, mL/gd 198.1 192.0 185.7 160.1 11.0 0.007 0.31 0.09

In situ Degradabilityb

DM
a, % 34.6 38.3 48.2 58.9 2.0 < 0.0001 0.18 < 0.0001
b, % 47.4 47.6 39.3 29.4 2.3 < 0.0001 0.13 0.002
kd, %/h 3.5 3.1 3.0 3.2 0.4 0.48 0.27 0.25
PD, % 80.0 82.6 84.5 86.5 2.4 0.0001 0.75 0.0008

NDF
a, % 14.3 14.7 15.2 15.8 0.07 < 0.0001 0.23 < 0.0001
b, % 42.7 50.4 52.3 52.0 6.0 0.01 0.11 0.004
kd, %/h 3.6 2.5 2.5 2.6 0.5 0.05 0.09 0.010
PD, % 54.5 59.3 61.4 60.4 6.5 0.10 0.27 0.061

a mL/g= production in mL per gram, mL/gd=gas production in mL per gram degraded.
b a= soluble, b= insoluble but potentially degradable, kd= fermentation rate, PD=potential degradability.
c L= Linear, Q=Quadratic, 0×G=Treatment without crude glycerin× glycerin treatments.
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3.4. In situ ruminal degradability

The increasing inclusion of crude glycerin resulted in a linear in-
crease of soluble fraction (“a”) of DM of the diets (P < 0.0001,
Table 3). Concomitantly, a linear decrease of insoluble but potentially
degradable fraction (“b”) of DM of the diets (P < 0.0001) was ob-
served with increasing concentrations of crude glycerin.

The DM degradation rate of the diets was not influenced by the
inclusion of crude glycerin in the diets. However, the potential de-
gradation (P < 0.0001) and the effective degradation, considering a
passage rate of 2%/h (P < 0.0001), 5%/h (P < 0.0001) and 8%/h
(P < 0.0001) were markedly and linearly increased.

The fraction “a” of NDF of the diets was linearly increased
(P < 0.0001), while the fraction “b” was linearly increased
(P < 0.01), ranging from 42.7% in control treatment to 52% in treat-
ment with 30% crude glycerin (Table 3).

The NDF degradation rate was decreased in treatments containing
crude glycerin compared with control treatment (0×G, P=0.01).
Moreover, there was a tendency for increase of the potential degrada-
tion of NDF (P=0.06) when crude glycerin was added.

4. Discussion

4.1. Dry matter intake, rumen pH, ammonia nitrogen, and VFA profiles

High concentrations of crude glycerin change the physical form of
the diets, which it becomes more viscous due to crude glycerin high
viscosity (approximately 8.5 cs, Thompson and He, 2006). At some
point, it could help aggregation of particles and facilitate the feed in-
take. However, in practice, inclusions of more than 20% of crude gly-
cerin, especially in tropical conditions, do not appear to be a good
strategy because the by-product becomes more liquid, resulting in ac-
cumulation of the ingredient in the bottom of the feed bunk.

The quadratic effect observed for DMI agrees with the study con-
ducted by Parsons et al. (2009), who fed beef heifers 0, 2, 4, 8, 12, or
16% crude glycerin and observed increased DMI for intermediate levels
of crude glycerin and a decrease when 16% of the by-product were
added. However, Chanjula et al. (2014) feeding goats up to 20% crude
glycerin, and Gomes et al. (2011), feeding lambs up to 30% crude
glycerin did not find any difference in DMI of experimental animals. On
the other hand, in some studies a drop in DMI is observed, even using
low concentrations of crude glycerin for beef cattle and goats
(Schneider, 2010; Chanjula et al., 2016). This discrepancy in DMI is
probably due to differences in crude glycerin used, as well as the
roughage:concentrate ratio, amount of dietary starch and fiber and the
tolerance and acceptability of the ingredient by each animal species.

The tendency of linearly increased ruminal pH observed in present
trial agrees with Polizel et al. (2013), who fed lambs up to 20% crude
glycerin in high concentrate diets and also observed a linear increase in
rumen pH values. The increase occurred probably due to the linear
decrease observed in total VFA concentrations (40.1 in G0 and
23.8 mM/L in G30). However, in most of findings reported from studies
using high concentrations of crude glycerin (up to 20%), authors did
not observe alterations of rumen pH values (Chanjula et al., 2014;
Favaro et al., 2015). Low ruminal pH may decrease DMI, fiber digest-
ibility, and microbial yield and thus decrease animal production (Allen,
1997).

Although the tendency for a quadratic effect of rumen NH3-N con-
centrations, only the treatment containing 10% crude glycerin (9.6 mg/
dL) did not reach the minimum value considered for the maximization
of ruminal digestion which is 10mg/dL, according to Leng (1990).
Previous studies did not report differences in rumen NH3-N con-
centrations, when 10.8 (Abo El-Nor et al., 2010) or 21% (Avila et al.,

2011) crude glycerin were used in in vitro trials. The NH3-N con-
centrations may be also related to the increased level of urea, which
was greater with the increasing inclusion of crude glycerin in the diets
(Table 1).

The effects of crude glycerin inclusion on total and individual VFA
are significant. Although no changes in molar concentrations of pro-
pionic and valeric acids were observed, the proportion of both VFA in
relation to total VFA was notably altered (from 21.4% to 34.4% for
propionic acid and from 1.2 to 2.4% for valeric acid). Total VFA de-
crease was also observed by Polizel et al. (2013), but it was not ob-
served by Ramos and Kerley (2012), feeding continpous fermenters, nor
by Chanjula et al. (2014), working with goats.

Although the absolute yield of propionate was not affected by the
increasing inclusion of crude glycerin, a linear increase in the propor-
tion of propionate was observed. The change in the relative proportion
of propionate was, probably, due to fermentation characteristics of
glycerin, which is fermented, mainly by bacteria of genus Selenomonas
and it is mostly used by animals in the first 4 or 6 h after ingestion
(Ferraro et al., 2009; Mach et al., 2009). On the other hand, the linear
decrease in acetic acid concentration contributed to the linear decrease
in C2:C3 ratio, and was due, mainly, to the deleterious effect of crude
glycerin on rumen fibrolytic microorganisms, as described by Abo El-
Nor et al. (2010) and confirmed by the decrease in fiber fraction in vitro
total tract digestibility observed in the present study. Previous studies,
using even low concentrations of crude glycerin fed to dairy cows re-
ported commensurable results (Boyd et al., 2013).

4.2. In vitro total tract digestibility

The linear increase in IVDMD obtained in this trial disagrees with
results reported by Abo El-Nor et al. (2010), which fed in vitro fer-
menters up to 10% crude glycerin and did not observe any difference in
this variable. Chanjula et al. (2014) feeding up to 20% crude glycerin to
goats, also did not observe effects on DM digestibility. However, most of
results in literature are discrepant due to the differences in feed in-
gredients, diets, and methods of analysis used.

Wang et al. (2009) fed steers low concentrations of glycerol (up to
3.3%) and observed a linear increase of OM and CP total tract digest-
ibilities. These authors suggest that glycerol modulates the digestive
microorganisms or enzymes in a dose-dependent manner, promoting
changes in ruminal environment and, consequently, the digestibility of
nutrients.

The decreased NDF in vitro total tract digestibility observed in gly-
cerin treatments is consistent with results reported previously when
beef cattle were fed crude glycerin at up to 30% (van Cleef et al., 2014),
and even at low concentrations, as demonstrated by Parsons and
Drouillard (2010), which included up to 4% in diets for beef heifers and
observed linear reduction of fiber digestibility.

The same effect was observed when dairy cows were fed up to 15%
glycerin (Donkin et al., 2009; Shin et al., 2012). Glycerin inclusion
reduces the number of microorganisms involved in fiber digestion
(Roger et al., 1992), promoting a reduced acetic acid concentration in
the rumen, as observed in present trial. However, the mechanisms in-
volved are not completely clarified, and are probably related to changes
in rumen osmolarity, the physical protection of the feed particles, or the
competition or preference for another substrate by microorganisms, and
in this case the glycerol (van Cleef et al., 2014).

4.3. Gas measurements

The linear reduction of total gas (mL/g degraded) and CO2 pro-
duction (mL/g and mL/g degraded) observed with increasing inclusion
of crude glycerin is probably due to the lower ruminal fermentation and
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VFA formation of glycerin treatments (Table 2). According to Owens
and Basalan (2016), the VFA formation is directly associated with the
amount of gas production in the rumen, as feed fermentation results in
VFA, as well as CO2 and H2.

Previous studies have shown that the total gas production, resulted
from crude glycerin inclusion in the diets, is reduced mainly by the
reduction of ruminal CO2 (Lee et al., 2011; van Cleef et al., 2015).
Homem Junior et al. (2017) evaluated in vitro gas production of dif-
ferent feed ingredients and observed that crude glycerin promoted less
gas compared with corn grain, citrus pulp, soybean hulls and corn si-
lage, mainly by the lowest ruminal CO2 production. In the present trial,
the production of CO2 (mL/g degraded) were 3.1 (G10), 6.3 (G20), and
19.2% (G30) lesser than the treatment without crude glycerin, re-
flecting in lesser values of total gas production for glycerin treatments.

The tendency for a linear reduction of CH4 production (mL/g de-
graded) observed can be due to a detrimental effect of crude glycerin on
the growth of structural carbohydrate fermenting bacteria
(AbuGhazaleh et al., 2011), resulting in reduced fiber digestibility and
CH4 production, when the by-product is fed at up to 10 or 30%, re-
spectively to dairy or beef cattle (Shin et al., 2012; van Cleef et al.,
2015). And the linear reduction of molar concentration of acetic acid in
the rumen, observed in this trial, support that hypothesis (Table 2).

4.4. In situ ruminal degradability

The increase observed in fraction “a” of dry matter of the diets could
be explained by the high solubility of crude glycerin, as reported by
Donkin (2008). Thus, increasing a highly soluble substrate, it is ex-
pected to increase soluble fraction of DM of total diet, and conse-
quently, to decrease, proportionally, its undegradable fraction. In ad-
dition, with the inclusion of crude glycerin in the diets, the
concentration of acid detergent fiber (ADF) of experimental diets line-
arly decreased, ranging from 18.2% in control treatment (without crude
glycerin addition), and 15.5% for G30. This decrease was due to the
removal of corn cracked grain (4.5% ADF) and of soybean hulls (50%
ADF), with the concomitant addition of crude glycerin, which does not
contain any fiber in its composition.

Previous study evaluating degradation of OM and NDF reported no
differences, when crude glycerin was added at up to 12% in diets for
lambs in vitro (Peripolli et al., 2014). However, even at low con-
centration crude glycerin seems affect in situ ruminal degradation
parameters of steers. Wang et al. (2009), reported a quadratic effect on
the degradation rate of fraction “b” of DM and NDF with increasing
concentration of crude glycerin supplementation for steers.

In the present study, the linear increase of fraction “a” of NDF was
probably due to the increasing contribution, in percentage, of soybean
meal in the glycerin diets, which presents a NDF solubility of around
32% (Valadares Filho et al., 2017).

The tendency of increased potential degradation is against the
premise that crude glycerin promotes a negative effect on the digest-
ibility and ruminal degradability of the fibrous fraction of the diets and
ingredients, when the animals were fed crude glycerin as energy source
(Abo El-Nor et al., 2010; D’Aurea, 2010; Schneider, 2010; van Cleef,
2012; van Cleef et al., 2014), and it might be also that the high solu-
bility of the crude glycerin compensates for the decrease in fiber de-
gradation, which ends up with higher total degradability of the diet.

5. Conclusions

The replacement of corn cracked grain by crude glycerin (up to 30%
DM) changes rumen fermentation parameters, decreasing VFA pro-
duction, in vitro total gas production and CH4. Additionally, the po-
tential and effective degradation as well as the in vitro DM digestibility
of diets are improved, while fiber digestibility is impaired.
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