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Simple Summary: The livestock sector contributes a considerable proportion of greenhouse gas
emissions. Mechanisms must be developed in this sector to reduce these gases” emissions. This
generates a demand for studies that evaluate plant species or their extracts to define their potential
in modulating ruminal fermentation with the objective of reducing enteric methane emissions. The
yerba mate extract (YME) is obtained from a plant widely consumed in the southern region of Brazil
for its biological properties, with few studies on rumen fermentation, meat quality, and production
parameters. For this reason, this study sought to evaluate the inclusion of different levels of YME
and analyze its effects on ruminal fermentability, methane emissions, and animal performance.
Our results show that the inclusion of YME does not affect ruminal fermentation parameters or
apparent digestibility.

Abstract: The inclusion of plant extracts that contain secondary compounds with the potential to
modulate rumen fermentation and improve animal performance has gained attention in recent
years. The aim of this study was to evaluate the effect of the inclusion of yerba mate extract (Ilex
paraguariensis ST. Hilaire) (YME) on the ruminal parameters. Eight castrated cattle were divided into
four groups, a control without YME (0%) and three treatment groups with 0.5, 1 and 2% inclusion of
YME in the dry matter. The inclusion of YME did not show differences in ruminal methane emissions
(CHy), and total apparent digestibility (p = 0.54). Likewise, YME did not modify ruminal pH, but
positively affected NH3-N, which decreased linearly as the extract level in the diet increased (p = 0.01).
No short chain fatty acids (SCFA) were influenced by YME, except isovaleric acid (p = 0.01), which
showed a lower concentration in the inclusion of 2% YME. Our results show that up to 2% YME does
not affect digestibility, ruminal fermentation parameters, or the concentration of short-chain fatty

acids in the rumen.

Keywords: greenhouse gases; llex paraguariensis; natural additive; diet digestibility; nutrient utilization

1. Introduction

Livestock have been an important component of the total gross domestic product
(GDP) in developing countries. For example, livestock production contributed to around
8.1% of total Brazilian GDP [1]. However, the livestock production system contributes to
the increase in global warming, emitting considerable amounts of greenhouse gases (GHG),
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as a result of ruminal fermentation and the decomposition of feces [2] and a source of waste
of energy of the diet, which can vary from 2 to 12% of losses of the total diet” energy [3].
Therefore, the strategic feeding of ruminants is particularly interesting to increase rumen
efficiency, improve feed utilization and reduce environmental contamination [4].

Several studies have shown that the use of herbs or plant extracts can manipulate
ruminal ecology in terms of improving feed efficiency and reducing CHy emissions [4,5].
An interesting plant candidate as a natural additive for ruminants’ nutrition is the yerba
mate (Ilex paraguariensis St. Hilaire), a plant widely used in southern Brazil and other
countries in South America [6]. Yerba mate is characterized by having a complex chemical
composition, found in greater proportion polyphenols (chlorogenic acid) and xanthines
(caffeine and theobromine), followed by purine alkaloids (caffeic acid, 3, 4-dicaffeoylquinic
acid, 3, 5-dicaffeoylquinic acid), flavonoids (quercetin, kaempferol and rutin), amino acids
and minerals [7-9]. Previous studies where yerba mate was used in dairy cattle, showed that
the inclusion did not affect dry matter intake, milk production or its composition [10]. On
the other hand, Po et al. [11], carried out the supplementation of growing lambs, monitoring
consumption, live weight and conversion, in addition to antioxidant capacity and wool
growth, no significant differences were obtained. In the area of ruminal fermentability,
yerba mate supplementation to dairy cows seems to affect the degradation of fiber and
protein in the rumen, being able to decrease ammonia production and increase protein
availability for productive purposes, given the presence of tannins in the yerba mate
composition [12]. In order to obtain conclusive data, the objective of this study was to
evaluate the inclusion and effects of yerba mate extract in the diet of Nellore cattle, on
digestibility, methanogenesis and fermentation kinetics.

2. Materials and Methods

The procedures that use animals were approved by the Institutional Animal Care and
Use Committee of the Faculty of Animal Science and Food Engineering of the University of
Sao Paulo (protocol code: 5190160318/2018). The experiment was conducted from 9th April
to 4th June 2018 at the cannulated animal sector of the Department of Animal Science of the
Faculty of Animal Science and Food Engineering (FZEA) of the University of Sao Paulo.

2.1. Treatments and Experimental Design

Eight castrated rumen-cannulated Nellore cattle (Bos indicus L.) steers with initial body
weight (LWI) of 401.6 & 32.3 kg were used. The animals were housed in individual pens of
approximately 10 m? with individual access to water and feed. The experimental design
used was a replicated contemporary Latin square, with four levels of YME inclusion in the
diet: 0, 0.5, 1 and 2% based on DM. The animals were randomly assigned to each of the
experimental treatments. The experimental unit was the animal within each Latin square.
Thus, the experiment had 32 experimental units referring to 8 animals divided into 2 Latin
squares and 4 periods. Each period was comprised of 21 days, consisting of 14 days of
adaptation followed by 7 days of sample collection, i.e., the experimental period.

2.2. Diet

The animals were fed twice a day at 8:00 h and 15:00 h. The diets were calculated
following the nutritional requirements for maintaining beef cattle, according to the NRC,
(2000), with a forage:concentrate ratio of 70:30, and following the recommendations of 104 g
crude protein and 659 g total digestible nutrients (TDN) per kg of DM. The feed offered
and refused were weighed daily to determine the daily DM intake, allowing 10% refusal.
Diet samples were collected from day 15 to 21 of each experimental cycle before the diet
supply. About 300 g of sample were immediately packed in plastic bags, identified for each
animal and experimental period, and frozen at —20 °C. Later, the samples were thawed,
placed in identified aluminum trays and put for dry in a forced circulation oven at 65 °C
for 72 h. The samples were then homogenized into a composite sample from each animal
in each period, ground in a mill with a Imm sieve, and wrapped in plastic bags for further
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analysis. The samples were analyzed for AOAC (1990) dry matter (DM, method 934.01),
ash (ASH, method 923.03), crude protein (CP, method 920.87) and ether extract (EE, method
920.85). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) determinations were
performed according to the methodology proposed by Van Soest et al. (1991). Regarding
the gross energy analyses, the content was determined by the complete oxidation of the
samples in a calorimetric bomb (C200 System, IKA®, Staufen, Germany). The ingredients
and chemical composition of the diets are presented in Table 1.

Table 1. Experimental diets of Nellore cattle fed increasing levels of yerba mate extract.

Treatments (%)

Variables
0 0.5 1 2
Ingredients, g kg DM ™!
Corn silage 700 700 700 700
Ground corn 186 186 186 186
Soybean meal 75 75 75 75
Salt 8.7 8.7 8.7 8.7
Mineral mix ! 5.3 5.3 5.3 5.3
Yerba mate extract 0 5 10 20
Kaolin 2 25 20 15 5
Chemical composition 3
DM% 50.17 50.17 50.07 49.97
ASH, % DM 7.53 7.31 6.96 6.12
CP, % DM 11.04 1143 11.12 11.38
EE, % DM 3.56 3.63 3.57 3.58
NDE, % DM 34.94 35.00 34.47 34.42
ADF, % DM 21.31 21.35 20. 20.93
GE, Mcal kg DM 4.30 4.32 994.34 448

! Mineral mix: Minerthal 160 MD®, which has the following guaranteed levels per kilogram of product: Ca
(min)-208 g, Ca (max.)-218 g, Co-148 mg, Cu—2.664 mg, S-64 g, FI-1.600 mg, P-160 g, I-141 mg, Mn-2220 mg,
Se-37 mg, Zn-7992 mg. 2 Kaolin: was used as an inert ingredient to replace the yerba mate extract and maintain
a constant nutrient concentration across experimental diets. 3 DM: dry matter, ASH: mineral matter, CP: crude
protein, EE: ethereal extract, NDF: neutral detergent fiber, ADF: acid detergent fiber, GE: gross energy.

The YME was produced by Centro Flora (Botucatu, SP, Brazil), from fresh leaves of Ilex
paraguariensis by water:ethanol 75:25 v/v extraction at 90 °C, which were freeze dried until
they reached 91.8% dry matter. The extract supplied to the animals in this investigation
was the same product previously used by Zawadzki et al. [13], who reported that in its
composition the presence of saponins, methylxanthines and phenolic compounds. The
most relevant phenolic compounds, expressed in mg g~ !, in the extract are chlorogenic acid
(12.30 £ 0.01), 1, 5-dicaffeoilquinic acid (6.01 & 0.01), caffeic acid (0.813 =+ 0.002), quinic
acid (0.877 £ 0.006), shikimic acid (0.0012 £ 0.0001) and gallic acid (0.0179 % 0.004).

2.3. Sampling, Measurements, and Analysis
2.3.1. Methane Sample Collections

The Sulphur hexafluoride tracer gas (SF¢) technique was used to measure CHy emis-
sions, as described by Johnson et al. [14], evaluated daily for 24 h for five consecutive
days in each experimental period (days 16 to 21). Before the CH, sampling, a seven-day
adaptation period to the equipment was used, to allow the steers to get used to it. After the
adaptation period, the animals were equipped with halters and canisters (PVC U-yokes
under vacuum and attached to the neck of the animal). The U-yokes (with an average
weight of 1.5 kg) were attached to the animal’s neck using Velcro straps around the U-
yokes and halter. Samples (blanks) were also collected at two spots that represented the
experimental environment air, and where the animals did not have access to. The CHy
and SFy concentrations obtained in the environmental samples were discounted in the
calculations of the emissions of the evaluated animals, which was considered as a blank for
calculation purposes.
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2.3.2. Analysis of Methane Emissions

For the chromatographic analysis, the yokes were pressurized with N, to approxi-
mately 10% above atmospheric pressure and the analysis was performed in a Shimadzu
model GC-2014 chromatograph (Shimadzu Corporation, Japan) following the method
described by Johnson et al. [14]. Calibration curves were established using standard gas
certified by “White Martins” (a Praxair Company) with CHy concentrations in parts per
million (ppm) (4.85 £ 5%, 9.96 + 1.65% and 19.1% =+ 3.44%), and SF in parts per trillion
(ppt) (34 £ 9.0, 91.0 = 9.0 and 978.0 & 98.0), as according to Westberg et al. [15].

The CH4 emissions were calculated as the proportion of CHy to SFg in the canister,
with each of the gases being adjusted for blank concentration, together with the pre-
determined permeation rate of SFy capsules, following the same methodology used by
Meéo-Filho et al. [14]. The CH, emission potential was expressed in different units, namely:
kg CH, year~!, g CHy day !, kg CHy kg DMI™!, and g CHy kg LW 1. The percentage of
gross energy lost in the form of CHy, represent by percentage yield of methane (YM%), is
the percentage ratio between the energy lost in the form of methane and the gross energy
intake, which was calculated according to Méo-Filho et al. [16].

2.4. Fermentation Kinetics

On the 21st day of each cycle, ruminal samples were collected at time 0 (immediately
before feeding) and 3, 6, 9 and 12 h after morning feeding. Ruminal content was collected
manually from three different points (frontal, median and caudal portion) via the ruminal
cannula. The content was then pressed through two layers of cheesecloth for ruminal fluid
extraction, which was used to evaluate ruminal fermentation parameters: pH, short-chain
fatty acids (SCFA) and ammonia nitrogen (NH3-N). Ruminal pH values were determined
immediately after collection of the ruminal fluid samples by a portable potentiometer
(HANNA Instruments HI 8424, Brazil), calibrated with pH 4.0 and pH 7.0 buffers solutions.

For the SCFA determination, 2 mL of filtered rumen liquor aliquot was collected and
packed in a plastic microtube, identified, and stored in a freezer (—20 °C) immediately after
collection. The samples were analyzed by gas chromatography (GC-2014, Shimadzu, Japan)
using a capillary column (Stabilwax®, Restek, Bellefonte, PA, USA) at 145 °C (isothermal)
and a split/splitless injector and dual FID detector at 250 °C, according to the method
described by Erwin et al. [17] and adapted by Getachew et al. [18]. Helium gas was used as
a carrier gas, synthetic air as an oxidizer and hydrogen as fuel. The material was thawed
and centrifuged (14500 g for 10 min) and 0.8 mL of supernatant was removed along with
0.2 mL of formic acid (98-100%) and 0.1 mL of the internal standard (100 mM 2-ethylbutyric
acid, ChemService, West Chester, PA, USA).

The external standard was prepared with acetic, propionic, isobutyric, butyric, iso-
valeric and valeric acids (ChemService, West Chester, PA, USA). For the determination of
NH3-N, 2 mL of the filtered rumen liquor aliquot was collected and stored in an identi-
fied glass vials containing 1 mL of 1 N sulfuric acid, corked, and after stored in a freezer
until the determination of ammoniacal nitrogen. Analyses were measured by colorimetry
using enzymatic urea commercial kit UREIA UV K056 (Bioclin®, Belo Horizonte, Brazil),
according to the method described by Kulasek et al. [19] and adapted by Foldager [20].

2.5. Total Apparent Digestibility

To determine the total apparent digestibility of DM and nutrients, from day 15 to 21,
300 g of the feed refusal was sampled once a day, before morning feeding, within each
experimental period. Feces were sampled every 12 h, directly from the animals’ rectum,
from day 15 to 19. Thus, on the first day the sampling started at 7:00 am, on the second at
10:00 am, on the third at 1:00 pm and on the fourth day at 4:00 pm to ensure the collection
of representative samples for the period [21]. The procedure of collection, storage, drying,
grinding and homogenization of feed refusal and feces for further analysis, followed the
same protocol for diet samples as described above.
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The total feces production of the animals was estimated using indigestible neutral de-
tergent fiber (iNDF) and indigestible acid detergent fiber (iADF) as internal indicators [20].
For this purpose, three castrated and ruminal cannulated Nellore cattle with 524 £ 13 kg
initial LW were used for the analysis of iNDF and iADF in the diets, refusal, and feces.
These animals belonged to the same group of eight cattle that were subjected to the nu-
tritional experiment, as previously described. The cattle were housed in a paddock, fed
twice a day, at 8:00 h and 15:00 h, and received only free corn silage with free access to
water, minerals, and pasture. This stage lasted 26 days, of which 14 days were necessary
for adaptation to the diets and the last 12 days were used for sample incubation.

To obtain the levels of NDFi and ADFi in the feed, refusal and feces, each pre-dried
sample were analyzed in triplicate been placed in non-woven bags (100 g m?~1) with
dimensions of 5 x 5 cm, according to the ratio of up to 20 mg of dry matter per cm? of
surface [21]. The bags were then packed in Raschel nets coupled to a counterweight to
ensure that the bags do not float into the rumen. The samples were incubated for 288 h
in the rumen of the three animals previously adapted. After removing the bags from
the rumen, they were rinsed with running water. Then, the samples were subjected to
NDF and ADF analysis in fiber analyzer equipment Mertens, [22] adapted to Tecnal®’s
recommendations, Piracicaba-SP, Brazil, for 1 h each. After this period, they were washed
with hot water and subsequently with acetone, dried in an unventilated oven (105 °C for
4 h), placed in a desiccator and weighed, thus obtaining the iNDF and iADF concentration.
The apparent digestibility coefficients of dry matter and nutrients were estimated by
Cochran and Galyean [23].

2.6. Statistical Analysis

Data were analyzed using the Statistical Analysis System 9.3 package (SAS Inst. Inc.,
Cary, NC, USA). The presence of outliers and the normality of the residues were tested
(Shapiro-Wilk) using the PROC GLM procedure.

Digestibility, nutrient intake and CH, were analyzed using the PROC MIXED pro-
cedure, fitting a model that included the fixed effects of treatments (i=1, ... , 4), square
(j=1,2), and period (k =1, ..., 4) within squares, random effect of animal i=1, ..., 8)
within squares, and the error term. Fermentative kinetics data (pH, SCFA and NH3-N)
were processed using the PROC MIXED procedure for time-repeated mixed models. The
model of these variables included fixed effects of treatment (i=1, ... ,4), time (t=1,...,5),
interaction between treatment and time, square (j = 1, 2), and period (k =1, ... , 4) within
squares, random effect of animal (i=1, ... , 8) within squares, and the error term. The effect
of the level of inclusion was analysed by using orthogonal polynomials, separating the
effects into linear and quadratic. The coefficients for the trend tests used PROC IML because
the inclusion levels were not evenly spaced. Finally, the mean values of the treatments
were generated using the LSMEANS option (SAS Inst. Inc., Cary, NC), and compared, if
necessary, using Tukey’s test. Statistical significance was declared when p < 0.05.

3. Results
3.1. Apparent Digestibility Coefficients

The DM was not influenced by the extract (Table 2). Similarly, the apparent di-
gestibility coefficients were not influenced by the inclusion of YME in any of the nutrients
evaluated (Table 3).

3.2. Rumen Methane Production Evaluation

No differences (p > 0.58) were observed between the treatments for the CH4 emission
values (Table 4) expressed in g day !, g kg DMI !, g kg LW~! nor YM%.

3.3. Fermentation Kinetics

In general, the inclusion of YME did not affect the production of SCFA between the
inclusion levels, in Table 5 the average values of the five times evaluated are presented.
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The isovaleric acid showed a quadratic effect (p = 0.03), and it was also observed a trend of
lower production of isobutyric (p = 0.1163) and butyric (p = 0.0815) acid with increasing the
level of YME inclusion.

Table 2. Dry matter intake of Nellore cattle fed increasing levels of yerba mate extract.

Treatments (%) p-Value 3
Variables ! SE 2
0 0.5 1 2 Diet Linear Quadratic
Intake
DM. kg.day ! 7.510 7.736 7.831 7.737 0.206 0.6741 0.4504 0.3435
DM. g~ ! kg LW.day 16.185 16.594 16.906 16.644 0.468 0.6483 0.4355 0.3204
DM. g~ ! kg LWO7 day 75.092 77.099 78.477 77.222 2.021 0.6425 0.4461 0.3077
CP. kg.day~! 0.826 0.892 0.872 0.887 0.025 0.1758 0.1441 0.2681
CP. g~ ! kg LW.day 1.780 1.912 1.885 1.902 0.054 0.2033 0.1590 0.2246
CP. g~ ! kg LW?7°day 8.257 8.884 8.754 8.832 0.235 0.1954 0.1586 0.2168
EE. kg~ ! day 0.278 0.29 0.292 0.288 0.008 0.5772 0.4228 0.2837
EE. g~ ! kg LW.day 0.599 0.622 0.632 0.623 0.197 0.5722 0.3727 0.2878
EE. g~ ! kg LWY75 day 2.779 2.890 2.928 2.887 0.083 0.5647 0.3888 0.2737
NDE. kg~! day 2.606 2.685 2.677 2.643 0.073 0.8430 0.8398 0.4393
NDF. g ! kg LW.day 5.603 5.752 5.766 5.672 0.172 0.8422 0.8427 0.4092
NDF. ¢! kg LW?7 day 26.011 26.732 26.766 26.330 0.744 0.8356 0.8533 0.4040
ADEF kg~! day 1.594 1.645 1.638 1.620 0.045 0.8321 0.8096 0.4439
ADF. g~ ! kg LW.day 3.427 3.524 3.526 3.468 0.106 0.8391 0.8072 0.4223
ADE. g~ ! kg LW%75 day 15.909 16.379 16.372 16.139 0.458 0.8306 0.8183 0.4139

1 LW: Liveweight, DM: Dry matter, EE: Ether extract, NDF: Neutral detergent fiber, ADF: Acid detergent fiber.
2 SEM: Standard error of the mean. 3 Linear: Linear probability effect, Quadratic: Square probability effect.

Table 3. Apparent nutrient digestibility coefficients of diets with levels of yerba mate extract fed to
Nellore cattle.

Treatments (%) p-Value 3
Variables (%) ! SEM 2
0 0.5 1 2 Diet Linear Quadratic
DMD 66.8 66.7 66.4 65.7 0.008 0.7376 0.2856 0.8741
CPD 65.8 66.9 65.2 64.1 0.009 0.2003 0.0881 0.4912
EED 79.6 80.2 80.4 76.3 0.012 0.1185 0.0553 0.1332
NDFD 43.3 43.5 41.8 41.0 0.011 0.2603 0.0737 0.9576
ADFD 40.8 42.8 40.8 40.7 0.011 0.3489 0.5423 0.5108
1 DMD: Dry matter digestibility, CPD: Crude protein digestibility, EED: Ether extract digestibility, NDFD: Neutral
detergent fiber digestibility, ADFD: Acid detergent fiber digestibility. > SEM: Standard error of the mean. 3 Linear:
Linear probability effect, Quadratic: Square probability effect.
Table 4. Methane emissions by Nellore cattle fed increasing levels of yerba mate extract.
Treatments (%) p-Value 3
Variables ! SEM 2 : : :
0 0.5 1 2 Diet Linear Quadratic
CH,GD, g day ! 230 238 238 237 8.94 0.7648 0.5417 0.5276
CH4DMI, g kg~! 30.8 31.0 30.8 30.6 0.94 0.9861 0.8313 0.8604
CH4IW, g kg™ ! 0.497 0.509 0.514 0.505 0.15 0.8489 0.7729 0.4148
YM, % 9.60 9.60 9.50 9.50 0.28 0.9783 0.6838 0.9284

1 CH4GD: Methane emission in g per day, CH4DMI: Methane emission in g per kg of dry matter intake, CH4LW:
Methane emission in g per kg bodyweight, YM,%: Percentage of gross energy in feed converted to methane.
2 SEM: Standard error of the mean. 3 Linear: Linear probability effect, Quadratic: Square probability effect.

The pH values were influenced by time (p < 0.0001), decreasing linearly with increasing
time for the four treatments analyzed (Table 6). On the other hand, the production of SCFA
(%) and NH3-N in mg dL.~! were influenced (p < 0.0001) by the times evaluated after
feeding (Table 6). This variation over time showed a quadratic effect (p < 0.0001), for acetic,
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isobutyric, valeric, isovaleric, and propionic acids and the acetate: propionate ratio (Table 6),
although butyric acid presented variations over time, showed no linear or quadratic effect.
For its part, isovaleric acid was the SCFA (%) influenced by diet.

Table 5. Average short-chain fatty acid production of Nellore cattle fed increasing levels of yerba
mate extract.

. Treatments (%) p-Value 2
Variables (%) SEM 1
0 0.5 1 2 Diet Linear Quadratic
Acetic 62.91 62.47 63.27 62,81 0.1594 0.7474 0.8954 0.8080
Propionic 18.05 19.09 19.41 19.41 0.1972 0.4668 0.2082 0.3578
Isobutyric 1.28 1.3 1.31 1.23 0.0166 0.1403 0.1163 0.0812
Butyric 14.66 13.98 13.01 13.66 0.1211 0.0754 0.0815 0.0559
Isovaleric 1.82 1.871 1.82 1.60 0.0257 0.0015 0.0005 0.0304
Valeric 1.29 1.30 1.25 1.30 0.0175 0.8076 0.9203 0.5566
Acet: Prop * 3.55 3.32 3.33 3.33 0.0407 0.6183 0.3927 0.4018
* Acetate: Propionate ratio. ! SEM: Standard error of the mean. ? Linear: Probability of linear effect; Quadratic:
Probability of square effect.
Table 6. Short chain fatty acids, pH, and NH3-N production average from Nellore cattle fed increasing
levels of yerba mate extract at five different times.
Variables
Time (h) Treatment (%) . L . . . . 5 N-NH;
pH Acetic Propionic Isobutiric Butyric  Isovaleric Valeric Acet:Prop (mg dL-1)5 4
0 7.00 64.83 16.55 1.34 14.32 1.96 0.97 3.97 9.21
0 0.5 6.94 63.92 17.32 1.37 14.31 2.02 1.06 3.73 11.2
1 7.04 65.27 17.49 141 12.78 2.06 0.99 3.75 8.31
2 6.93 64.60 17.41 1.31 13.75 1.85 1.07 3.76 10.51
0 6.68 61.98 18.31 1.25 14.98 2.01 1.45 3.41 15.59
3 0.5 6.64 62.20 18.87 1.26 14.19 2.01 1.46 3.32 14.13
1 6.69 63.08 18.97 1.25 13.33 1.97 1.39 3.34 9.74
2 6.67 62.75 18.94 1.20 14.00 1.70 1.40 3.37 10.22
0 6.70 62.65 17.78 1.36 15.16 1.80 1.24 3.56 9.20
6 0.5 6.77 62.69 18.51 1.35 14.40 1.86 1.19 3.42 10.02
1 6.74 63.48 18.67 1.31 13.51 1.82 1.20 3.42 7.93
2 6.67 62.55 19.34 1.26 13.94 1.60 1.29 3.32 9.16
0 6.31 61.94 19.28 1.32 14.15 1.78 1.53 3.25 16.26
9 0.5 6.35 61.39 20.62 1.37 13.24 1.85 1.52 3.00 14.73
1 6.31 61.74 20.67 1.39 12.86 1.82 1.52 3.00 13.83
2 6.31 61.63 21.08 1.25 13.06 1.49 1.48 3.00 13.17
0 6.25 63.15 18.31 1.12 14.66 1.55 1.21 3.54 5.68
12 0.5 6.25 62.13 20.11 1.15 13.74 1.61 1.25 3.12 7.97
1 6.32 62.32 20.43 1.11 13.31 1.61 1.22 3.08 6.59
2 6.44 62.50 20.24 1.10 13.57 1.34 1.24 321 5.75
SEM ! 0.06 0.61 0.75 0.07 0.50 0.10 0.05 0.15 1.21
p-Value 2
Diet 0.9665 0.7474 0.4688 0.1403 0.0754 0.0015 0.8076 0.6183 0.0637
Time <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Diet vs. Time 0.2093 0.2913 0.4096 0.9707 0.9668 0.7664 0.6231 0.3130 0.2985
Linear <0.0001 <0.0001 <0.0001 0.0018 0.3018 <0.0001 <0.0001 <0.0001 0.0129
Quadratic 0.2546 <0.0001 <0.0001 <0.0001 0.0782 0.0362 <0.0001 <0.0001 <0.0001

1 SEM: Standard error of the mean. ? Linear: Probability of linear effect. Quadratic: Probability of square effect.
3 Acet: Prop: acetate: Propionate ratio. 4 NH3-N (mg dL~1): Ammonia nitrogen.

4. Discussion
4.1. The Apparent Digestibility Coefficients

According to Beauchemin et al. [24], condensed tannin extract used in the proportions
0, 1 and 2% of DM in Angus cattle, fed with a 70:30 forage: concentrate ratio, did not
influence nutrient intake in relation to body weight. In this study, the inclusion of YME
also did not affect intake variables. A study by Aemiro et al. [25] evaluated the effect
of Sunphenon 30S-O, a compound taken from green tea leaves, and demonstrated that
nutrient intake was not affected when it was used at low levels (1 to 2.5% of additive per
kg of DM). However, when the Sunphenon 305-O dose was increased to 4% per kg of
DM, the intake of DM, NDF and ADF decreased by 15.6% and CP intake decreased by
13.9%. Dschaak et al. [26] also reported reductions in the intake of DM, CP, NDF and ADF
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in dairy cows ingesting 3% of tannin per kilogram of DM. Probably, nutrient intake is
not affected by the low inclusion of extract in the diet. As the inclusion of plant extracts
containing tannins and other phenolic compounds increases, the animals linearly decrease
their dietary intake [27].

This complex of tannins and proteins is dissociated by the low pH of the abomasum,
making proteins available for intestinal absorption [28]. Hartemink et al. [12] reported
that yerba mate pellets supplementation in the diet of grazing dairy cows affects fiber and
protein degradation inside the rumen, due to the combined processes of solubilization
and degradation. However, tannins in feed form complexes with proteins, carbohydrates,
and with digestive enzymes, resulting in lower nutrient digestibility [29]. Similar results
were reported by Aguiar et al. [30] studying the effects of phenolic compounds present in
propolis, who identified positive effects on protein metabolism in the rumen as a result of
the inclusion of propolis in diets for dairy cows.

Apparent digestibility coefficients were not affected by the inclusion of the extract.
This is a similar result to those reported by Santos et al. [10], who observed that inclusion
of dried yerba mate leaves did not affect digestibility of DM, CP and NDF at doses of 250,
500 and 750 g day ! for Holstein cows, but decreased EE digestibility by 2.8%, resulting
from the inhibitory effect of yerba mate saponins on lipase activity. The inclusion of
phenolic compounds (3.81 mg kg~') from propolis in diets for dairy cows showed higher
DM, CP and NDF digestibility compared with inclusion of 1.93 mg kg ! [30], unlike the
present study which showed that the 2% extract inclusion tended to decrease the CP and
EE digestibility, and the 1 and 2% inclusion tended to decrease the NDF digestibility. Many
plants phenolic compounds are polymerized into larger molecules, such as condensed
tannins [31], that binds to protein and are regarded as “antinutritional” compounds which
reduce protein digestibility [32]. The discrepancies in responses of tannins among different
studies are attributed to the different chemical structures and concentrations of tannins, and
type of diets [33]. The results observed in this study suggest that increasing the inclusion
of YME in the diet to more than 2% could affect nutrient digestibility.

4.2. Coefficients Enteric Methane Production

Even though the CHy variables did not show differences among levels of inclusion,
there are no studies in the literature that investigated the emission of methane from rumi-
nants receiving YME in the diet. The average CH; emission values in g day ! obtained
(234 g day’1 animal 1) were higher than those reported by Johnson and Johnson [14] for
beef cattle (164 to 194 g day~! animal~!). However, they are similar to those found by
Canesin et al. [34], of 226 g CH, day ! for Nellore cattle with an average live weight of
383 kg and daily DMI of 7.87 kg, fed Urochloa brizantha and a supplement. The same
study also reported values of 28.42 g per kg of DMI and 0.59 g of CH4 per kg of average
live weight were observed, similar to our values of 30.8 and 0.506 g kg~!, respectively.

Green tea is an extremely popular plant throughout the world and has medicinal
properties. Like yerba mate, it is also rich in phenolic compounds, tannins and saponins.
The latter two are known for their capacity to mitigate ruminal methane production [35].
According to Nasehi et al. [36], the partial replacement of alfalfa by green tea leaves in the
diets of lambs in an in vitro experiment was responsible for reducing methane emissions
from 20.57 ml1 200 mg~—! DM for the control treatment to 17.18 and 18.01 m1 200 mg~! DM
when using 40 and 60 g of green tea per kg instead of alfalfa DM, respectively.

Even though there was no difference observed among the levels of inclusion, the YM%
variable is important in determining the amount of raw energy lost in the form of methane
with an average accepted value of 6.5% of the gross energy ingested [37]. YM is expressed
as a percentage and varies mainly depending on the live weight of the animal and the
composition of the diet and can range from 2 to 12% of methane energy loss [14]. The
values observed in this experiment were within this range with an average value of 9.6%.

The secondary metabolites present in plants, such as tannins and saponins, can im-
prove the degradation of protein and fiber, and reduce the loss of energy ingested via the
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emission of enteric methane [38,39]. In their review, Naumann et al. [40] and Min et al. [41]
showed the impact of tannins on methanogenesis and the consequent reduction in enteric
methane emissions by ruminant animals. The inclusion of phenolic compounds such as
caffeic acid in a forage-based diet can inhibit in vitro methanogenesis and rumen fermen-
tation; however, in more concentrated diets, an opposite effect was observed [38]). An
explanation for the lack of differences between treatments in the enteric methane variables
in the present study is the percentage of inclusion of YME and the restricted amount of dry
matter ingested (maintenance).

4.3. Fermentation Kinetics

The pH value is a highly relevant variable in ruminal fermentation since it is respon-
sible for maintaining ruminal motility and fiber degradation [42]. Therefore, given the
average pH values found in the evaluated groups, it is possible to affirm that the YME
does not affect the ruminal pH. According to Qrskov [43], the recommended values for
maintaining these conditions are between 6.2 and 7.1, and any change in these values
reflects changes in the growth rate of bacteria and protozoa [44], which may have an impact
on rumen bacterial communities and consequently in the products of ruminal fermentation,
motility and absorption [45].

A pH between 6.0 and 6.2 is indicative of healthy ruminal conditions and values below
this favor the growth of lactic acid-producing bacteria [46]. The values found in this study
are within the normal range presented by Jrskov [43] and expected for diets with a higher
proportion of forage. Some studies evaluating the effect of plant phenolic compounds and
tannins, such as green tea, coffee and Oolong tea, demonstrate that these substances are
also unable to alter ruminal pH [36]. Ruminal pH is associated with methane emissions
in the rumen and SCFA production [47]. These findings support the lack of change in pH
among treatments.

According to Satter and Slyter [48], the minimum NH3-N to satisfy the growth needs
of the microbial population is 5 mg dL~!, so the animals in the current study were above
the recommended minimum. Similarly, the information reported by Busquet et al. [49] also
showed a linear reduction in NH3-N values as the concentration of phenolic compounds
and tannins and saponins increased in the ruminant diet. This can be explained by the
possible formation of complexes between the tannins and saponins in YME and the protein
available in the rumen, thus decreasing protein deamination as the extract is added to the
diet [50,51].

Just as no differences in methane in methane production reported in this study, SCFA
production did not differ, except for isovaleric acid. Isovaleric acid is produced in low
amounts, but together with isobutyric acid they are responsible for the growth of microor-
ganisms in the rumen [52]. High concentrations of isovaleric and isobutyric acid favor the
assimilation of NH3-N by microorganisms, that is to say that the greater proportion of SCFA,
the concentrations of NH3-N decrease, producing greater numbers of microorganisms in
the rumen, reducing the microbial protein to be synthesized by the rumen [53].

5. Conclusions

The YME was not able to promote changes in the dry matter intake, apparent di-
gestibility coefficients, enteric methane emissions, or the production of most short-chain
fatty acids. Future studies are needed with a greater number of animals, experimental
period, and levels of extract inclusion. In order to understand the effects that yerba mate
hason animal performance, and whether a greater presence of tannins and phenolic com-
pounds for a longer period can have a different effect on rumen fermentation and thus on
enteric methane emission.

Author Contributions: Conceptualization, R.V,, .C.S.B., L.S.S. and R.L.; methodology, Y.A.P-B., R.V,,
LS.S., PM.-F, G.B.,, CM., V.B. and C.G.L,; software, R.V. and 1.C.S.B.; validation, R.V,, Y.A.P-B,,
R.L.and L.S.S,; formal analysis, R.V., PM.-F,, V.B., CM,, Y.A P.-B. and A L.; investigation, R.V. and
G.B,; resources, I.C.S.B.; data curation, C.G.L., R.V,, YA.P-B., L.S.S. and PM.-F,; writing—original



Animals 2022, 12, 2997 10 of 12

draft preparation, R.V,; YA.P-B., LS.S.,, PM.-F, A L. and R.L.; writing—review and editing, PM.-F.,,
Y.A.P-B. and L.S.S; visualization, R.V. and L.S.S.; supervision, I.C.S.B.; project administration, I.C.S.B.
and A.B.; funding acquisition, .C.S.B., A.B. and L.M.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Sao Paulo Research Foundation for the financial support for
the research, grant number (FAPESP 2018/10308-6). Support in writing up the work was greatly
received by the Biotechnology and Biological Sciences Research Council (BBSRC) through the research
program Soil to Nutrition (52N; BBS/E/C/00010320) and Developing Metrics and Use of Long-Term
Datasets in Grassland Systems (BB/N022408/1) at Rothamsted Research.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
committee of Faculty of Animal Science and Food Engineering—University of Sao Paulo (protocol
code: 5190160318/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: All authors ensure that all data and materials support the findings
and comply with field standards. The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to thank you the Coordenagao de Aperfeicoamento de Pessoal
de Nivel Superior for the award of a fellowship (CAPES finance code 001).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cepea Centro de Estudos Avangados Em Economia Aplicada (CEPEA). Available online: https://www.cepea.esalq.usp.br/br/
pib-do-agronegocio-brasileiro.aspx (accessed on 21 April 2021).

2. Wanapat, M.; Kang, S.; Polyorach, S. Development of Feeding Systems and Strategies of Supplementation to Enhance Rumen
Fermentation and Ruminant Production in the Tropics. J. Anim. Sci. Biotechnol. 2013, 4, 32. [CrossRef]

3.  Tapio, L; Snelling, T.J.; Strozzi, F.; Wallace, R.J. The Ruminal Microbiome Associated with Methane Emissions from Ruminant
Livestock. J. Anim. Sci. Biotechnol. 2017, 8, 7. [CrossRef]

4. Cherdthong, A.; Prachumchai, R.; Wanapat, M.; Foiklang, S.; Chanjula, P. Effects of Supplementation with Royal Poinciana Seed
Meal (Delonix Regia) on Ruminal Fermentation Pattern, Microbial Protein Synthesis, Blood Metabolites and Mitigation of Methane
Emissions in Native Thai Beef Cattle. Animals 2019, 9, 625. [CrossRef]

5. Wanapat, M.; Cherdthong, A.; Pakdee, P.; Wanapat, S. Manipulation of Rumen Ecology by Dietary Lemongrass (Cymbopogon
Citratus Stapf.) Powder Supplementation. J. Anim. Sci. 2008, 86, 3497-3503. [CrossRef]

6.  Burris, K.P; Davidson, P.M.; Stewart Jr, C.N.; Harte, EM. Antimicrobial Activity of Yerba Mate (Ilex Paraguariensis) Aqueous
Extracts against Escherichia Coli O157:H7 and Staphylococcus Aureus. J. Food Sci. 2011, 76, M456-M462. [CrossRef]

7. Heck, C.I; De Mejia, E.G. Yerba Mate Tea (llex Paraguariensis): A Comprehensive Review on Chemistry, Health Implications, and
Technological Considerations. J. Food Sci. 2007, 72, R138-R151. [CrossRef]

8.  Pomilio, A.B.; Trajtemberg, S.; Vitale, A.A. High-Performance Capillary Electrophoresis Analysis of Mate Infusions Prepared
from Stems and Leaves of Ilex Paraguariensis Using Automated Micellar Electrokinetic Capillary Chromatography. Phytochem.
Anal. 2002, 13, 235-241. [CrossRef]

9. Zaporozhets, O.A.; Krushynska, O.A.; Lipkovska, N.A.; Barvinchenko, V.N. A New Test Method for the Evaluation of Total
Antioxidant Activity of Herbal Products. J. Agric. Food Chem. 2004, 52, 21-25. [CrossRef]

10. Santos, ES.; Zeoula, L.M.; dos Santos, G.T.; Lima, L.S.; Dias, A.L.G.; Rufino, M.O.A; Schogor, A.L.B.; De Marchi, EE.; Petit, H.V.
Intake, Digestibility and Milk Production and Composition of Dairy Cows Fed Different Levels of Yerba Mate in the Diet. Anim.
Feed Sci. Technol. 2017, 230, 70-76. [CrossRef]

11. Po, E.; Horsburgh, K.; Raadsma, H.W.; Celi, P. Yerba Mate (Ilex Paraguarensis) as a Novel Feed Supplement for Growing Lambs.
Small Rumin. Res. 2012, 106, 131-136. [CrossRef]

12.  Hartemink, E.; Giorgio, D.; Kaur, R.; Di Trana, A.; Celi, P. The Effect of Yerba Mate (llex Paraguariensis) Supplementation on
Nutrient Degradability in Dairy Cows: An in Sacco and in Vitro Study. Asian-Australas. |. Anim. Sci. 2015, 28, 1606-1613.
[CrossRef]

13. Zawadzki, A.; Arrivetti, L.O.R.; Vidal, M.P,; Catai, J.R.; Nassu, R.T.; Tullio, R.R.; Berndt, A.; Oliveira, C.R.; Ferreira, A.G.;
Neves-Junior, L.F; et al. Mate Extract as Feed Additive for Improvement of Beef Quality. Food Res. Int. 2017, 99, 336-347.
[CrossRef]

14. Johnson, K.A.; Johnson, D.E. Methane Emissions from Cattle. J. Anim. Sci. 1995, 73, 2483-2492. [CrossRef]

15.  Westberg, H.H.; Johnson, K.A.; Cossalman, M.W.; Michal, ]J.]. A SF6 Tracer Technique: Methane Measurement from Ruminants. In

Evaluating Ruminant Livestock Efficiency Projects and Programs; Washington State University: Pullman, WA, USA, 1998; pp. 33-67.


https://www.cepea.esalq.usp.br/br/pib-do-agronegocio-brasileiro.aspx
https://www.cepea.esalq.usp.br/br/pib-do-agronegocio-brasileiro.aspx
http://doi.org/10.1186/2049-1891-4-32
http://doi.org/10.1186/s40104-017-0141-0
http://doi.org/10.3390/ani9090625
http://doi.org/10.2527/jas.2008-0885
http://doi.org/10.1111/j.1750-3841.2011.02255.x
http://doi.org/10.1111/j.1750-3841.2007.00535.x
http://doi.org/10.1002/pca.647
http://doi.org/10.1021/jf0343480
http://doi.org/10.1016/j.anifeedsci.2017.05.019
http://doi.org/10.1016/j.smallrumres.2012.05.016
http://doi.org/10.5713/ajas.15.0206
http://doi.org/10.1016/j.foodres.2017.05.033
http://doi.org/10.2527/1995.7382483x

Animals 2022, 12,2997 11 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Meéo-filho, P,; Berndt, A.; Marcondes, C.R.; Pedroso, A F.; Sakamoto, L.S.; Boas, D.EV.; Rodrigues, PH.M.; Rivero, M.].; Bueno,
1.C.S. Methane Emissions, Performance and Carcass Characteristics of Different Lines of Beef Steers Reared on Pasture and
Finished in Feedlot. Animals 2020, 10, 303. [CrossRef]

Erwin, E.S.; Marco, G.J.; Emery, E.M. Volatile Fatty Acid Analyses of Blood and Rumen Fluid by Gas Chromatography. J. Dairy
Sci. 1961, 44, 1768-1771. [CrossRef]

Getachew, G.; Makkar, H.P.S.; Becker, K. Tropical Browses: Contents of Phenolic Compounds, in Vitro Gas Production and
Stoichiometric Relationship between Short Chain Fatty Acid and in Vitro Gas Production. J. Agric. Sci. 2002, 139, 341-352.
[CrossRef]

Kulasek, G. A Micromethod for Determining Urea in Blood Plasma, Whole Blood and Blood Corpuscles with the Use of Urease
and Phenol Reagent. Pol. J. Vet. Sci. 1972, 15, 801-810.

Foldager, J. Protein Requirement and Non-Protein Nitrogen for High Producing Cow in Early Lactation. Ph. D. Thesis, Michigan
State University, East Lansing, MI, USA, 1977.

Sampaio, C.B.; Detmann, E.; Valente, T.N.P.; Souza, M.A.; Filho, S.C.V,; Paulino, M.F. Evaluation of Fecal Recovering and Long
Term Bias of Internal and External Markers in a Digestion Assay with Cattle 1 Recuperagao Fecal e Vicio de Tempo Longo de
Indicadores Internos e Externos Em Ensaio de Digestao Com Bovinos. Rev. Bras. Zootec. 2011, 40, 174-182. [CrossRef]

Mertens, D.R. Gravimetric Determination of Amylase-Treated Neutral Detergent Fiber in Feeds with Refluxing in Beakers or
Crucibles: Collaborative Study. J. AOAC Int. 2002, 85, 1217-1240.

Cochran, R.C.; Galyean, M.L. Measurement of in Vivo Forage Digestion by Ruminants. In American Society of Agronomy; John
Wiley & Sons, Inc.: Hoboken, NJ, USA, 1994; pp. 613-643.

Beauchemin, K.A.; McGinn, S.M.; Martinez, T.F.; McAllister, T.A. Use of Condensed Tannin Extract from Quebracho Trees to
Reduce Methane Emissions from Cattle. J. Anim. Sci. 2007, 85, 1990-1996. [CrossRef]

Aemiro, A.; Hanada, M.; Umetsu, K.; Nishida, T. The Effect of Sunphenon 30S-O on Methane Emission, Nutrient Intake,
Digestibility and Rumen Fermentation. Anim. Feed Sci. Technol. 2016, 214, 34—43. [CrossRef]

Dschaak, C.M.; Williams, C.M.; Holt, M.S.; Eun, ].S.; Young, A.].; Min, B.R. Effects of Supplementing Condensed Tannin Extract
on Intake, Digestion, Ruminal Fermentation, and Milk Production of Lactating Dairy Cows. J. Dairy Sci. 2011, 94, 2508-2519.
[CrossRef]

Yanza, Y.R.; Fitri, A.; Suwignyo, B.; Hidayatik, N. The Utilisation of Tannin Extract as a Dietary Additive in Ruminant Nutrition:
A Meta-Analysis. Animals 2021, 11, 3317. [CrossRef]

Waghorn, G.C.; Ulyatt, M.].; John, A.; Fisher, M.T. The Effect of Condensed Tannins on the Site of Digestion of Amino Acids and
Other Nutrients in Sheep Fed on Lotus Corniculatus L. Br. ]. Nutr. 1987, 57, 115-126. [CrossRef]

Wischer, G.; Boguhn, J.; Steingaf3, H.; Schollenberger, M.; Rodehutscord, M. Effects of Different Tannin-Rich Extracts and Rapeseed
Tannin Monomers on Methane Formation and Microbial Protein Synthesis in Vitro. Animal 2013, 7, 1796-1805. [CrossRef]
Aguiar, 5.C.D.; Paula, EM.D.; Yoshimura, E.H.; Santos, W.B.R.D.; Machado, E.; Valero, M.V.; dos Santos, G.T.; Zeoula, L.M. Effects
of Phenolic Compounds in Propolis on Digestive and Ruminal Parameters in Dairy Cows. Rev. Bras. Zootec. 2014, 43, 197-206.
[CrossRef]

Waghorn, G.C.; McNabb, W.C. Consequences of Plant Phenolic Compounds for Productivity and Health of Ruminants. Proc.
Nutr. Soc. 2003, 62, 383-392. [CrossRef]

McMahon, L.R.; McAllister, T.A.; Berg, B.P.; Majak, W.; Acharya, S.N.; Popp, ].D.; Coulman, B.E.; Wang, Y.; Cheng, K.J. A Review
of the Effects of Forage Condensed Tannins on Ruminal Fermentation and Bloat in Grazing Cattle. Can. J. Plant Sci. 2000, 80,
469-485. [CrossRef]

Patra, A.K.; Saxena, ]. Exploitation of Dietary Tannins to Improve Rumen Metabolism and Ruminant Nutrition. J. Sci. Food Agric.
2011, 91, 24-37. [CrossRef]

Canesin, R.C.; Berchielli, T.T.; Messana, ].D.; Baldi, F.; Pires, A.V,; Frighetto, R.T.S.; Fiorentini, G.; Reis, R.A. Effects of Supplemen-
tation Frequency on the Ruminal Fermentation and Enteric Methane Production of Beef Cattle Grazing in Tropical Pastures. Rev.
Bras. Zootec. 2014, 43, 590-600. [CrossRef]

Ramdani, D.; Chaudhry, A.S.; Seal, C.J. Chemical Composition, Plant Secondary Metabolites, and Minerals of Green and Black
Teas and the Effect of Different Tea-to-Water Ratios during Their Extraction on the Composition of Their Spent Leaves as Potential
Additives for Ruminants. J. Agric. Food Chem. 2013, 61, 4961-4967. [CrossRef] [PubMed]

Nasehi, M.; Torbatinejad, N.M.; Rezaie, M.; Ghoorchi, T. Effects of Partial Substitution of Alfalfa Hay with Green Tea Waste on
Growth Performance and in Vitro Methane Emission of Fat-Tailed Lambs. Small Rumin. Res. 2018, 168, 52-59. [CrossRef]

IPCC, I. Chapter 10 Emissions From Livestock and Manure Management. Intergov. Panel Clim. Chang. 2006, 4, 87.

Jin, Q.; You, W,; Tan, X; Liu, G.; Zhang, X.; Liu, X.; Wan, F.; Wei, C. Caffeic Acid Modulates Methane Production and Rumen
Fermentation in an Opposite Way with High-Forage or High-Concentrate Substrate in Vitro. J. Sci. Food Agric. 2020, 101,
3013-3020. [CrossRef] [PubMed]

Ku-Vera, J.C.; Jiménez-Ocampo, R.; Valencia-Salazar, S.S.; Montoya-Flores, M.D.; Molina-Botero, 1.C.; Arango, J.; Gémez-Bravo, C.A,;
Aguilar-Pérez, C.F; Solorio-Sanchez, EJ. Role of Secondary Plant Metabolites on Enteric Methane Mitigation in Ruminants. Front.
Vet. Sci. 2020, 7, 584. [CrossRef] [PubMed]

Naumann, H.D.; Tedeschi, L.O.; Zeller, W.E.; Huntley, N.F. The Role of Condensed Tannins in Ruminant Animal Production:
Advances, Limitations and Future Directions. Rev. Bras. Zootec. 2017, 46, 929-949. [CrossRef]


http://doi.org/10.3390/ani10020303
http://doi.org/10.3168/jds.S0022-0302(61)89956-6
http://doi.org/10.1017/S0021859602002393
http://doi.org/10.1590/S1516-35982011000100025
http://doi.org/10.2527/jas.2006-686
http://doi.org/10.1016/j.anifeedsci.2016.02.007
http://doi.org/10.3168/jds.2010-3818
http://doi.org/10.3390/ani11113317
http://doi.org/10.1079/BJN19870015
http://doi.org/10.1017/S1751731113001481
http://doi.org/10.1590/S1516-35982014000400006
http://doi.org/10.1079/PNS2003245
http://doi.org/10.4141/P99-050
http://doi.org/10.1002/jsfa.4152
http://doi.org/10.1590/S1516-35982014001100005
http://doi.org/10.1021/jf4002439
http://www.ncbi.nlm.nih.gov/pubmed/23621359
http://doi.org/10.1016/j.smallrumres.2018.09.006
http://doi.org/10.1002/jsfa.10935
http://www.ncbi.nlm.nih.gov/pubmed/33205409
http://doi.org/10.3389/fvets.2020.00584
http://www.ncbi.nlm.nih.gov/pubmed/33195495
http://doi.org/10.1590/s1806-92902017001200009

Animals 2022, 12, 2997 12 0of 12

41.

42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.
53.

Min, B.R; Solaiman, S.; Waldrip, H.M.; Parker, D.; Todd, R.W,; Brauer, D. Dietary Mitigation of Enteric Methane Emissions from
Ruminants: A Review of Plant Tannin Mitigation Options. Anim. Nutr. 2020, 6, 231-246. [CrossRef] [PubMed]

Gunun, P; Wanapat, M.; Anantasook, N. Rumen Fermentation and Performance of Lactating Dairy Cows Affected by Physical
Forms and Urea Treatment of Rice Straw. Asian-Australas. ]. Anim. Sci. 2013, 26, 1295-1303. [CrossRef] [PubMed]

Orskov, E.R. Nutricion Proteica de Los Ruminantes.; Acribia’: Zaragoza, Spain, 1988.

Lavezzo, O.E.N,; Lavezzo, W.; Wechsler, ES. Estadio de Desenvolvimento Do Milho. 3. Avaliagao de Silagens Por Intermédio de
Parametros de Fermentacdo Ruminal. Rev. Bras. Zootec. 1998, 27, 171-178.

Nagaraja, T.G.; Lechtenberg, K.F. Acidosis in Feedlot Cattle. Vet. Clin. N. Am.—Food Anim. Pract. 2007, 23, 333-350. [CrossRef]
Owens, EN.; Goetsch, A.L. Fermentacion Ruminal. In El Ruminante, Fisiologia Digestiva y Nutricion; Church, D.C., Ed.; Acribia:
Zaragoza, Spain, 1993; pp. 159-190.

Lana, R.P; Russell, ].B.; Van Amburgh, M.E. The Role of PH in Regulating Ruminal Methane and Ammonia Production. J. Anim.
Sci. 1998, 76, 2190. [CrossRef] [PubMed]

Satter, L.D.; Slyter, L.L. Effect of Ammonia Concentration on Rumen Microbial Protein Production in Vitro. Br. J. Nutr. 1974, 32,
199-208. [CrossRef] [PubMed]

Busquet, M.; Calsamiglia, S.; Ferret, A.; Carro, M.D.; Kamel, C. Effect of Garlic Oil and Four of Its Compounds on Rumen
Microbial Fermentation. J. Dairy Sci. 2005, 88, 4393—-4404. [CrossRef]

Addisu, S. Effect of Dietary Tannin Source Feeds on Ruminal Fermentation and Production of Cattle; a Review. Online J. Anim.
Feed Res. Sci. Online J. Anim. Feed Res. 2016, 6, 45-56.

Beauchemin, K.A.; Kreuzer, M.; O’Mara, F.; McAllister, T.A. Nutritional Management for Enteric Methane Abatement: A Review.
Aust. ]. Exp. Agric. 2008, 48, 21-27. [CrossRef]

Broesder, J.T.; Barton, R.K.; Al, G.E.T. Microbial Protein Synthesis in Beef Heifers. J. Anim. Sci. 1987, 69, 2590.

Andries, ].I; Buysse, EX.; De Brabander, D.L.; Cottyn, B.G. Isoacids in Ruminant Nutrition: Their Role in Ruminal and
Intermediary Metabolism and Possible Influences on Performances—A Review. Anim. Feed Sci. Technol. 1987, 18, 169-180.
[CrossRef]


http://doi.org/10.1016/j.aninu.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/33005757
http://doi.org/10.5713/ajas.2013.13094
http://www.ncbi.nlm.nih.gov/pubmed/25049912
http://doi.org/10.1016/j.cvfa.2007.04.002
http://doi.org/10.2527/1998.7682190x
http://www.ncbi.nlm.nih.gov/pubmed/9734871
http://doi.org/10.1079/BJN19740073
http://www.ncbi.nlm.nih.gov/pubmed/4472574
http://doi.org/10.3168/jds.S0022-0302(05)73126-X
http://doi.org/10.1071/EA07199
http://doi.org/10.1016/0377-8401(87)90069-1

	Introduction 
	Materials and Methods 
	Treatments and Experimental Design 
	Diet 
	Sampling, Measurements, and Analysis 
	Methane Sample Collections 
	Analysis of Methane Emissions 

	Fermentation Kinetics 
	Total Apparent Digestibility 
	Statistical Analysis 

	Results 
	Apparent Digestibility Coefficients 
	Rumen Methane Production Evaluation 
	Fermentation Kinetics 

	Discussion 
	The Apparent Digestibility Coefficients 
	Coefficients Enteric Methane Production 
	Fermentation Kinetics 

	Conclusions 
	References

