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Abstract: This study aimed at examining the effects of rumen inoculum of steers receiving different
combinations of ionophore and probiotics in their diets on in vitro gas production of corn silage.
The fitting of gas production was performed with five mathematical models and its kinetics was
evaluated. Four crossbred steers (403.0 ± 75.5 kg body weight) with ruminal cannula were as-
signed to a 4 × 4 Latin square design. The additives used were Monensin sodium (Rumensin® 100,
3 g/day), Bacillus toyonensis (Micro-Cell Platinum® 109, 1 g/day) and Saccharomyces cerevisiae boulardii
(ProTernative®20, 0.5 g/day). Additives were arranged into the following treatments, supplied daily
into total mixed diet: (1) Monensin; (2) Monensin + B. toyonensis; (3) Monensin + S. boulardii; and
(4) B. toyonensis + S. boulardii. The gas production data were fitted into the models of Gompertz,
Groot, Ørskov, Brody, Richards, and Dual-pool Logistic. A perfect agreement between observed
and predicted values in curves of accumulated in vitro gas production was observed in the Groot
and Richards models, with higher coefficient of determination (R2 = 0.770 and 0.771, respectively),
concordance correlation coefficient (CCC = 0.871 and 0.870, respectively), and root mean square
error of prediction (RMSEP = 1.14 and 1.15, respectively). Evaluating the feed additives throughout
the Groot model, the B. toyonensis + S. boulardii treatment presented higher VF (12.08 mL/100 mg
of DM; p = 0.0022) than Monensin and Monensin + S. boulardii (9.16 and 9.22 mL/100 mg of DM,
respectively). In addition, the fractional rate of gas production (k) was higher (p = 0.0193) in B.
toyonensis + S. boulardii than in Monensin, not presenting a statistical difference (p > 0.05) from the
other two treatments. Additionally, with the time of beginning to gas production, the lag time (λ), was
greater (p < 0.001) with Monensin and Monensin + B. toyonensis than with Monensin + S. boulardii and
B. toyonensis + S. boulardii. The combination of Monensin and probiotics (B. toyonensis + S. boulardii)
resulted in better kinetics of degradation of corn silage, being that the Groot and Richards models
had the best fit for estimates of the in vitro gas production data of corn silage tested with different
feed additive combinations.

Keywords: gas production technique; ionophore; mathematical models; natural feed additive; ruminants

1. Introduction

Over the years, several mathematical models have been developed to describe biologi-
cal phenomena. For instance, Brody [1] proposed a model to describe the growth after an
inflection point or inhibition act on growth, commonly related to human growth after birth.
However, to study growth on plants, an adaptation of an existing model used for animal
growth was necessary [2], resulting in Richard’s model [3]. Despite being old, the model
developed by Benjamin Gompertz in 1825 to study the laws of mortality and natality in

Fermentation 2021, 7, 298. https://doi.org/10.3390/fermentation7040298 https://www.mdpi.com/journal/fermentation

https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0002-4877-0800
https://orcid.org/0000-0001-6895-8483
https://orcid.org/0000-0003-4267-9421
https://orcid.org/0000-0001-5911-369X
https://doi.org/10.3390/fermentation7040298
https://doi.org/10.3390/fermentation7040298
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fermentation7040298
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation7040298?type=check_update&version=1


Fermentation 2021, 7, 298 2 of 12

humans [4] was considered one of the most used models to describe growth of animals,
embryos, plants, tumors and populations of organisms [5].

From these proposed models, it was necessary to expand and elucidate new analysis
techniques, through the development of new specific models, such as the models that
explain the kinetics of in vitro gas production in research with ruminants [6–8]. This
variety of mathematical models is still used to fit in vitro gas production of cattle feeds,
additives or diverse conditions due to that its complexity of biological factors fit perfectly
in one single model for posterior statistical analysis of the studied treatments. However,
the Dual-pool Logistic model [8] has been widely used to fit the in vitro gas production of
feedstuffs and diets for ruminants [9–13]. Nevertheless, it should be noted that a single
model should not be used for all types of feed; rather, it is essential that different models
be adjusted for each nutritional situation [14].

One common research line for cattle is the feed additives. Monensin sodium, or
just monensin, is an ionophore widely used as a nutritional feed additive for improve-
ment on feed efficiency, cattle performance, rumen modulation and methane emission
reduction [15–17]. However, in 2006 the Europe Union prohibited its use as a feed additive
for cattle, instigating researchers to test alternative feed additives in order to sustain a high
animal production demand [18].

Probiotics are natural feed additives, related to improved health, increased feed intake
and nutrient digestibility [19–22]. Saccharomyces cerevisiae boulardii, a fungus kingdom
member, has been related to increasing in vitro rumen degradability of forages and as-
sociated with the ability of yeast to stimulate growth and activity of fiber degradation
bacteria [23,24]. In addition, the inclusion of S. cerevisiae in high concentrate or high
fiber substrate diet and different process of the probiotic (inactivated yeast extract or live
yeast cell) presented a diet-dependent effect of yeasts, been more evident in high fiber
substrate [25].

Bacillus toyonensis, a bacterial kingdom member, has not been much studied in rumi-
nants, especially in cattle, even though it has been released by the European Food Safety
Authority since 2012 and reevaluated in 2014 [26]. Sheep who received Bovine herpesvirus
type-5 vaccine and were supplemented with B. toyonensis had an improvement at vaccine
immune response [27].

Due to probiotics being related to improvements in high fiber diets, and the corn silage
being considered the most common food used as roughage by dairy cows and feedlot cat-
tle [23,28,29], we studied the effects of different combinations of ionophore and probiotics
in steer diets on the kinetics of in vitro gas production of corn silage. This study aimed to
evaluate the kinetics of in vitro gas production and fit mathematical models of corn silage,
using rumen liquid of steers fed different combinations of ionophore and probiotics.

2. Material and Methods

The study was carried out at College of Veterinary Medicine and Animal Science of
the Federal University of Mato Grosso do Sul, Campo Grande, MS, Brazil (20◦26′50′ ′ S,
54◦50′21′ ′ W, altitude 417 m). In this study, all procedures involving the animals were
in accordance with the Brazil’s National Council for the Control of Animal Experimenta-
tion [30] guidelines under the institutional Ethics Committee on Animal Use case of Federal
University of Mat Grosso do Sul (protocol 1186/2021).

2.1. Animals, Experimental Design and Treatments

The rumen inoculum was obtained from four crossbred steers (Bos taurus indicus x Bos
taurus taurus) with average initial body weight of 403 ± 75.5 kg, provided with ruminal
cannula and housed individually in covered stalls (3 m × 4.5 m) with concrete floors,
concrete feed bunkers and ad libitum waterer. They were assigned to a 4 × 4 Latin square
design, consisting of four twenty-one day periods and four treatments.

Once a day at 09 h00 min, steers received a total mix ration containing 300 g/kg
corn silage and 700 g/kg concentrate (Table 1) plus the additives, allowing 10% of orts.



Fermentation 2021, 7, 298 3 of 12

The feed additives used were Monensin sodium (Rumensin® 100, Eli Lilly do Brasil Ltda,
São Paulo, SP, Brazil; 3 g/day), Bacillus toyonensis (Micro-Cell Platinum® 109, Lallemand
Brazil; 1 g/day) and Saccharomyces cerevisiae boulardii (ProTernative®20, Lallemand Brazil;
0.5 g/day). Additives were arranged into the following treatments, supplied daily into
total mixed diet: (1) Monensin; (2) Monensin + B. toyonensis; (3) Monensin + S. boulardii;
and (4) B. toyonensis + S. boulardii supplied in the total mixed diet.

Table 1. Composition of experimental diet offered to steers without the feed additives.

Item Diet

Ingredient (% DM of diet)

Corn silage (Roughage) 30.0
Concentrate a

Ground corn 45.500
Soybean meal 8.517
Soybean hull 14.000

Starea® 0.817
Mineral 1.166

Chemical composition of diet (g/kg DM of diet)

Dry matter 604.938
Organic matter 953.388
Crude protein 152.441

Ethereal extract 22.919
Neutral detergent fiber 381.568

Acid detergent fiber 208.071
a Warranty levels of concentrate: Humidity (max.) 120.00 g/kg; Crude protein (min.) 150.00 g/kg; Ethereal
extract (min.) 31.00 g/kg; Crude fiber (max.) 110.00 g/kg; Mineral matter (max.) 39.00 g/kg; Calcium 5.00 to
7.00 g/kg; Phosphorus (min.) 2600.00 mg/kg; TDN (total digestible nutrients; min.) 740.00 g/kg; NDF (neutral
detergent fiber) 140.00 g/kg; Cobalt (min.) 0.62 mg/kg; Copper (min.) 15.30 mg/kg; Sulfur (min.) 195.00 mg/kg;
Iodine (min.) 0.80 mg/kg; Magnesium (min.) 78.40 mg/kg; Manganese (min.) 12.48 mg/kg; Selenium (min.)
0.20 mg/kg; Sodium (min.) 1230.00 mg/kg; Zinc (min.) 51.00 mg/kg; Vitamin A (min.) 3300.00 UI/kg; Vitamin D
(min.) 412.50 UI/kg; Vitamin E (min.) 15.00 UI/kg.

Steers were randomly distributed on treatments every period, in a way that all animals
received all treatments by the end of trial. Treatments were: (1) Monensin; (2) Monensin +
B. toyonensis; (3) Monensin + S. boulardii; and (4) B. toyonensis + S. boulardii.

2.2. Chemical Analysis of Silage

Sample of corn silage was dried in forced-air oven at 55 ◦C for 72 h, then grounded
in a Wiley mill with a 1 mm screen and stored in plastic bags. The sample was analyzed
for DM (method 930.15), Ash (method 942.05) and CP (method 955.04) according to the
methodologies of AOAC [31]; EE was analyzed with ANKOMXT15 Extractor (ANKOM
Technology, Macedon, NY, USA) according the manufacture’s instruction; while aNDF
and ADF were analyzed with Tecnal TE-149 fiber analyzer (Tecnal, Piracicaba, SP, Brazil)
according to the methodology of Van Soest et al. [32] using thermostable α-amylase. The
non-fibrous carbohydrate (NFC) was calculated according Sniffen et al. [33]: NFC = 1000 −
(CP + EE + Ash + NDF)

2.3. In Vitro Gas Production Data

In each period, approximately 500 mL of rumen liquid was obtained from steers by
collecting throughout rumen cannula, filtered through layers of gauze and placed into
individual pre-warmed thermal bottles to maintain at 39 ◦C. The rumen liquid of each
animal in each period was used as inoculum in the in vitro gas production analysis.

The ANKOM RF Gas Production System (ANKOM Technology, Macedon, NY, USA)
containing 12 modules was used to measure in vitro gas production. For each rumen liquid
obtained from the four steers, in each period was prepared 2 bottles with silage samples
and 1 blank, just with buffer and inoculum. Sample of corn silage was dried at 55 ◦C for
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48 h and grinded in a Wiley mill with a 1 mm screen. Samples (500 mg) were accurately
weighed into 250 mL serum bottle, and heated with 100 mL of phosphate bicarbonate
buffer [34], then 25 mL of rumen liquid was added as inoculum; after being prepared they
were placed in an incubator (MA093 Dubnoff metabolic bath model with agitation, Marconi
Ltd.a, Piracicaba, SP, Brazil) and connected to the fully automatic system of ANKOM RF
Gas Production System, and data were recorded every 5 min for 48 h. The pressure data in
terms of volume were converted for cumulative gas production and corrected for blanks.

2.4. Models and Curve-Fitting

In vitro gas data were fitted into five mathematical models (Table 2). The sigmoidal
models Gompertz and Dual-pool Logistic equations are described by Schofield et al. [8].
Groot et al. [6] and Richards [3] describe sigmoidal model’s equations. The exponential
models Ørskov, Brody and Richards are described by Ørskov and McDonald [7] and
Brody [1], respectively.

Table 2. Nonlinear models considered in this study to describe the in vitro gas production of corn
silage combined with different feed additives.

Models Equation N◦ of Parameters

Gompertz P(t) = VF e(−b.e(−kt)) 3
Groot P(t) = VF/(1 + (bk/tk)) 3

Ørskov P(t) = VF + b(1 − e(−kt)) 3
Brody P(t) = VF (1 − b.e(−kt)) 3

Richards P(t) = VF (1 − b.e(−kt))m 4
Dual-pool Logistic P(t) = V1F/(1 + e(2−4.k1(t−λ))) + V2F/(1 + e(2−4.k2(t−λ))) 5

Where V(t) is cumulative gas production (mL/100 mg of DM) in time t, VF is maximum potential of gas production
(mL/100 mg of DM), V1F is final volume of gases derived from the degradation of the rapid digestion soluble
fraction (fractions A+ B1 of the Cornell System) when T→∞, V2F is final volume of gases derived from the
degradation of the slow digestion insoluble fraction (fraction B2 of the Cornell system) when T→∞, k represents
fractional rate of gas production (%/h), k1 is specific gas production rate due to the degradation of the soluble
fraction (%/h), k2 is specific gas production rate due to the degradation of the insoluble fraction (%/h), t is
incubation time (h), λ is lag time (h), b represents interaction constant, m is a shape parameter, e is exponential
and ε is experimental error associated to each observation.

2.5. Statistical Analysis

The parameters of models Gompertz, Groot, Ørskov, Brody and Dual-pool Logistic
were estimated by the method of Gauss Newton modified by the NLIN procedure of
SAS (SAS University Edition, Sas Institute Inc., Cary, NC, USA). The maximum number
of interactions used was 100 (one hundred). Due the difficulty of adjustment of Richards
models by the Gauss Newton, because of the non-convergence of the interactive process,
the Marquardt algorism was used at interaction of adjustment, and 300 (three hundred)
interactions were used as the maximum number.

The coefficient of determination (R2) and the F test for the identity of parameters
(β0 = 0 e β1 = 1) of regression of the observed data were used on the predicted values;
the concordance correlation coefficient (CCC); the root mean square error of prediction
(RMSEP); and the decomposition of mean square error of prediction (MSEP) in mean error
(ME), systematic bias (SB) and the random error (RE) were used as criteria to evaluate the
models. Comparison between models on their accuracy were carried out by the analysis
of mean square error of prediction (MSEP) and the precision utilized the delta of Akaike
information criterion (AIC) [35].

The statistical calculations of evaluation and comparison of models were made by
the program Model Evaluation System version 3.2.2. Once the model was chosen that
best described the medium curve of in vitro gas production of treatments, the parameters
of selected model were submitted to a variance analysis by the PROC GLM procedure
and means were compared by the Tukey test on SAS program (SAS University Edition,
Sas Institute Inc., Cary, NC, USA). A significance level of 5% in all statistical analyses
was adopted.
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The in vitro gas production parameters were analyzed by a one-way ANOVA using
the General Linear Models procedure of the SAS statistical package (SAS University Edi-
tion, Sas Institute Inc., Cary, NC, USA) in a Latin square design. The means among the
treatments were compared by the Tukey test at α = 0.05 probability using the following
statistical model:

Yijk =µ + Ai + Pj +Tk + eijk

where: µ = general mean; Ai = animal effect i, with i ranging from 1 to 4; Pj = period effect j,
with j ranging from 1 to 4; Tk = treatment effect k, with k ranging from 1 to 4; eijk = random
error associated with each observation.

3. Results

The chemical composition of corn silage incubated on in vitro gas production pre-
sented: Dry matter (DM) 310.27 g kg−1 on natural matter; Ash 62.39 g kg−1 at DM; Crude
protein 97.70 g kg−1 at DM; Ethereal extract 12.56 g kg−1 at DM; neutral detergent fiber
assayed with α-amylase 606.75 g kg−1 at DM; acid detergent fiber 428.19 g kg−1 at DM;
non-fibrous carbohydrate 220.60 g kg−1 at DM.

The evaluation of models fitting the criteria presented means close to the observed data
(Table 3), although standard deviations were lower when fitted into models. The Groot and
Richards models presented the higher coefficient of determination (R2) indicating better fit
of these equations to the in vitro data. In addition, the concordance correlation coefficient
(CCC) presented the same pattern as R2, with the Groot and Richards models closer to
ideal coefficient than other models, reflecting precision and accuracy.

Table 3. Evaluation of models fitting to estimate the in vitro gas production of corn silage combined with feed additives.

Model Mean SD R2 p-Value CCC RMSEP
Decomposition of MSEP (%)

ME SB RE

Gompertz 7.88 2.02 0.736 0.664 0.845 1.23 0.007 0.100 99.893
Groot 7.87 2.10 0.770 0.999 0.871 1.14 0.000 0.000 100.000

Ørskov 7.87 2.08 0.751 0.999 0.858 1.19 0.000 0.000 100.000
Brody 7.87 2.08 0.751 0.999 0.858 1.19 0.000 0.000 100.000

Richards 7.87 2.10 0.771 0.998 0.870 1.15 0.000 0.000 100.000
Dual-pool Logistic 7.88 2.05 0.700 0.569 0.865 1.16 0.009 0.140 99.85

Observed data 7.87 2.40 - - - - - - -

SD, standard deviation; R2, coefficient of determination; p-value, probability value associated with the simultaneous F test for the identity
of parameters (β0 = 0 and β1 = 1) of the regression of the observed data on the predicted values; CCC, concordance correlation coefficient;
RMSEP, root mean square error of prediction; MSEP, mean square error of prediction; ME, mean error; SB, systematic bias; RE, random error.

When observing the root mean square error (RMSEP), the absolute measure for fit
of models, the lower value was presented by the Groot model, followed by the Richards
and Dual-pool Logistic models (Table 3). After the decomposition of mean square error
of prediction (MSEP), it was possible to address the error of prediction, and the models
Groot, Ørskov, Brody and Richards presented one hundred percent (100%) random error
(RE), while Gompertz and Dual-pool Logistic models, in addition to the RE, also presented
mean error (ME) and systematic bias (SB).

The comparison between models, for accuracy and precision, showed that the models
of Groot and Richards did not differ from each other and were more precise (p < 0.05) and
accurate (p < 0.05) than other models.

Perfect agreement between observed and predicted curves of accumulated in vitro
gas production was observed in Groot and Richards models (Figure 1). Predictions from
models Brody, Gompertz and Ørskov predicted a gas production starting around 2 mL of
gas/100 mg DM, mismatching the intercept and curve shape with observed data (Figure 1).
The Dual-pool Logistic model almost fit the data, although the intercept was also overesti-
mated and a slight inflection point predicted, but not observed (Figure 1).
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Figure 1. Curves of accumulated in vitro gas production of corn silage with probiotics and ionophore
combination fitted in different models.

Exploring in vitro gas production data throughout the Groot model for evaluation of
feed additives, the estimated parameters presented statistical differences between treat-
ments, as presented in Table 4. The B. toyonensis + S. boulardii treatment presented higher
VF (12.08 mL/100 mg of DM; p = 0.0022) than Monensin and Monensin + S. boulardii
(9.16 and 9.22 mL/100 mg of DM, respectively). In addition, the fractional rate of gas
production (k) was higher (p = 00193) in B. toyonensis + S. boulardii than in Monensin, not
presenting statistical difference (p > 0.05) from the other two treatments. Additionally, the
time from the beginning to gas production and the lag time (λ) was greater (p < 0.001) with
Monensin and Monensin + B. toyonensis than with Monensin + S. boulardii and B. toyonensis
+ S. boulardii.

When exploring the data using the Dual-pool Logistic model, which is the most used
to this kind of evaluation (Table 5), all coefficients of determination adjusted for degrees
of freedom, (R2), had values higher than 0.95, evincing that the obtained data from gas
production fitted correctly on the Dual-pool Logistic equation. When comparing the gas
production parameter of treatments, the volume of gas derived from the rapid degradation
fraction (V1F) and the lag time (λ) of rumen microorganisms starting the degradation of
incubated matter presented higher values (p = 0.024) on B. toyonensis + S. boulardii than
Monensin treatment (Table 5). However, the parameters’ degradation rate (k1 and k2), and
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V2F did not present statistical difference between treatments. Despite that the maximum
potential of gas production (VF) did not differ between treatments (p = 0.76), demonstrated
in Table 5 and Figure 2, numerically the Monensin + B. toyonensis treatment had higher
gas production (12.29 mL) and Monensin + S. boulardii had the lowest gas production
(11.15 mL).

Table 4. Estimation of in vitro gas production parameters of corn silage with different feed additive combinations obtained
by the Groot model.

Parameters

Treatments
p-Value SEM

Monensin Monensin + B.
toyonensis

Monensin + S.
boulardii

B. toyonensis +
S. boulardii

VF 9.16 b 11.11 ab 9.22 b 12.08 a 0.0022 0.433
k 3.15 b 5.24 a 4.01 ab 4.40 a 0.0193 0.452
λ 1.07 a 1.11 a 0.66 b 0.81 b <0.001 0.038

VF, maximum potential of gas production (mL/100 mg of DM); k, fractional rate of gas production (%/h); λ, lag time (h); SEM, standard
error of mean. Means with superscripts in each line differ by Tukey test (α = 0.05).

Table 5. Estimation of in vitro gas production parameters of corn silage with different feed additive combinations obtained
by the Dual-pool Logistic model.

Parameters

Treatments
p-Value SEM

Monensin Monensin + B.
toyonensis

Monensin + S.
boulardii

B. toyonensis +
S. boulardii

V1F 3.966 b 4.767 ab 4.364 ab 4.829 a 0.024 0.114
k1 0.513 0.506 0.535 0.482 0.921 0.026
λ 0.279 b 0.440 ab 0.345 ab 0.569 a 0.045 0.039

V2F 7.559 7.519 6.782 6.860 0.758 0.329
k2 0.040 0.038 0.034 0.034 0.731 0.002
VF 11.525 12.286 11.146 11.689 0.762 0.378
R2 0.958 0.980 0.972 0.981 - -

V1F, final volume of gases derived from the degradation of the rapid digestion soluble fraction (mL/100 mg of DM); k1, specific gas
production rate due to the degradation of the soluble fraction (%/h); λ, lag time (h); V2F, final volume of gases derived from the degradation
of the slow digestion insoluble fraction (mL/100 mg of DM); k2, specific gas production rate due to the degradation of the insoluble fraction
(%/h); VF, maximum potential of gas production (mL/100 mg of DM); R2, coefficient of determination adjusted for degrees of freedom;
SEM, standard error of mean. Means with superscripts in each line differ by Tukey test (α = 0.05).
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4. Discussion

According to NRCS [36], to be classified as roughage the feed must have crude protein
lower than 18%, therefore corn silage is considered a roughage. The NRC [37] brings
a slightly different classification, where silage is a class of feed apart from forages and
roughage due to the ensiling process.

The chemical composition of corn silage can be affected by a variety of elements, such
as the soil fertility, weather conditions and genetics of seeds, that may interfere in final
feed composition. The DM (310.27 g kg−1 at NM), OM (937.61 g kg−1 at DM) and EE
(12.56 g kg−1 at DM ) obtained in this work were lower than that presented in a meta-
analysis of corn silage cultivated in Brazil (DM 325.20 g kg−1 at NM; OM 949.80 g kg−1 at
DM; EE 28.40 g kg−1 at DM), although CP (97.70 g kg−1 at DM), NDF (606.75 g kg−1 at
DM) and ADF (428.19 g kg−1 at DM) contents were slightly higher than the meta-analysis
(CP 75.60 g kg−1 at DM; NDF 548.2 g kg−1 at DM; ADF 299.30 g kg−1 at DM) [29]. This
pattern was also observed in the NRC (2021) and the North America typical corn silage
database, where DM was slightly lower, but Ash, CP, NDF and ADF were above the mean
values (DM 354 g kg−1 at NM; Ash 38 g kg−1 at DM; CP 77 g kg−1 at DM; NDF 409 g kg−1

at DM; ADF243 g kg−1 at DM).
The CP having higher than mean values (NRC, 2021; Zardin et al., 2017) may be due to

the nitrogen fertilization level applied to the crop, as enlightened by Nematpour et al. [38]
when studying different irrigation regimes and nitrogen fertilizer levels on different silage
crops, and found that higher doses of nitrogen fertilizer result in higher crude protein
in silages.

Another factor that changes a plant’s composition is their maturity. The interference
of maturity on the chemical composition of corn silage may be the reason for the slight
difference from the analyzed sample compared to that described in the literature. It has
been demonstrated that when comparing immature corn silage to mature corn silage data,
is it possible to observe that the immature silage presents a high humidity, resulting in low
DM and higher CP, NDF, ADF and Ash [37,39,40]. The stage of maturity when harvesting
together with the level of nitrogen fertilization used on the crop could be the reason that
leads to differences in chemical composition of the corn silage used in this study.

Regarding the mathematical models, non-sigmoidal shapes assume that gas produc-
tion rates decrease continuously, while sigmoidal shapes work first with an increased gas
production rate, reaching a maximum rate and then decreasing [41], and differences are
expected between their estimation due to how data are interpreted. Because of the wide
variety of elements submitted to an in vitro gas production test, and conditions made in
tests, its kinetics and gas production are not equal.

Mjoun [42] evaluated the fit of several feeds for ruminants using eight models (Expo-
nential, Logistic, Dual-pool Logistic, France, Gompertz, Dual-pool Gompertz, Groot, and
McDonalds–Ørskov) and obtained the best fit of corn silage with the Dual-pool Logistic
model. In comparison to Mjoun [42], the chosen models to be evaluated in this study
only included the Dual-pool Logistic and Gompertz, which were not the best fits to our
data. The evaluated criterions by the Dual-pool Logistic model were good (R2 = 0.700;
CCC = 0.865; RMSEP = 1.16), but the Groot and Richards model were better (R2 = 0.770 and
0.771, CCC = 0.871 and 0.870, RMSEP = 1.14 and 1.15, respectively). Mello et al. [43] also
found a better fitting of in vitro gas production of corn silage with the Dual-pool Logistic
model after comparing to the models of Brody, Von Bertalanffy, Gompertz, France, Logistic
and Modified Logistic.

However, despite the good fit, the Richards model showed convergence problems
in the iterative process, requiring the use of the Marquardt algorithm and an increase
in the number of iterations, possibly because this model needs to estimate an additional
parameter. According to Gurgel et al. [14], some researchers have also reported convergence
difficulties using the Richards model. In addition, a model with three parameters—as is the
case with the Groot model—will exhibit more degrees of freedom in the estimates, which
can be important when a curve displays a smaller amount of information or data [14]. It is
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also important that all parameters have biological significance. In this respect, the Groot
and Dual-pool models have advantages over the other functions in that they do not assume
a constant fractional rate of fermentation [6].

As demonstrated by Mjoun [42], each type of feed had a kinetic of gas production,
matching with different models, so it is possible that Monensin and the two probiotics (S.
boulardii and B. toyonensis) diluted into the rumen liquid used as inoculum in this study
may have interfered with the kinetics and gas production of the corn silage. This interfer-
ence by feed additives at in vitro gas production was observed by Elghandour et al. [44]
evaluating three cultures of Saccharomyces cerevisiae, when the addition of two of the cul-
tures was responsible for an increase on VF parameter (control = 359.5 mL g−1 of DM vs.
S. cerevisiae = 409.6 and 428.8 mL g−1 of DM).

When comparing in vitro gas production, high attention to detail is necessary, because
of the natural diversity of corn silage, rumen fluid and the interference of treatments
submitted to the in vitro test. Macome et al. [45] evaluated the influence of corn silage
maturity in gas production with the inoculum of Holstein cows adapted to a diet ratio of
80:20 of roughage:concentrate, and they found a corn silage DM = 318 g kg−1 at NM and
VF = 101.38 mL g−1 of DM estimated by the Groot model [6], with the corn harvest with
32% of DM, similar to the findings of this study, where DM = 310.27 g kg−1 at NM and VF
estimated by Groot model was 91.6 to 120.8 mL g−1 of DM. However, Zhang et al. [46],
using inoculum from dairy cows receiving a diet ratio around 55:45 of roughage:concentrate,
obtained a high VF (VF = 137.6 mL g−1 of DM), estimated by the France model [47], when
compared to our study.

Faria et al. [48], using corn silage treated or not with Monensin sodium before ensiling
observed that Monensin reduced the accumulated gas production at 48 h of incubation
from 56.59 mL g−1 of DM (just corn silage) to 52.99 mL g−1 of DM (corn silage with
Monensin). In addition, the VF of 96 h of incubation estimated by the France model
went from 62.72 mL g−1 of DM (just corn silage) to 56.58 mL g−1 of DM (corn silage with
Monensin). This was also supported by Shen et al. [49], who found a lower gas production
with the addition of Monensin (181.9 vs. 131.0 mL of gas, control vs. Monensin) in a
total mix ration with a 50:50 ratio (roughage:concentrate) used as an in vitro substrate.
This effect of Monensin was similar to the obtained data in this study fitted by the Groot
model. Monensin treatments presented lower VF than treatment only with probiotics (B.
toyonensis + S. boulardii), but when fitted to the Dual-pool model, no significant difference
was observed at VF parameter (p = 0.762). This result explicitly highlights the need to use
models that fit as perfectly as possible to in vitro gas production data, otherwise treatment
differences may be absent.

The supply of probiotics and Monensin via diet and subsequently sampling rumen
liquid for use as inoculum on in vitro test has successfully resulted in differences in gas
production of a high fiber feed, the corn silage. After submission of gas production data to
models, B. toyonensis + S. boulardii presented higher VF at than Monensin treatment by the
Groot model, and higher VF1 by Dual-pool Logistic model. The addition of S. cerevisiae in
high fibrous feeds (corn stover, oat straw, sugarcane bagasse and sorghum straw) were also
responsible for a high VF compared to control (0 mg of S. cerevisiae) [23]. Corroborating
these results, an increase in VF by the addition of S. cerevisiae yeast live cells or cells extract
was also observed by Rodriguez et al. [50], when compared to the control treatment (0 mg
of S. cerevisiae) using a total mixed ration (50:50, concentrate:roughage ratio).

Due to the small number of studies with Bacillus toyonensis, mainly with the use as
a feed additive to cattle, a comparison of results is difficult. Nonetheless, regarding the
effect of B. toyonensis observed in this study when comparing the treatments Monensin + B.
toyonensis vs. Monensin + S. boulardii, a difference between them was only observed at λ
estimated by the Groot model, with a higher lag time of Monensin + B. toyonensis (1.11 h)
than Monensin + S. boulardii (0.66 h).

It can be inferred that the in vitro evaluation of feed for ruminants is extremely
important for animal nutrition, since feed directly influences the productive performance
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of animals, and this will have a direct impact on the economic performance of the livestock
activity. Thus, in this study, the adjustment of the best models for evaluating silage (Groot
and Dual-pool Logistic models) means that there was an understanding of how the kinetics
of degradation in vitro occurs. This knowledge elucidates the mechanisms in which the
ruminants transform this roughage into an animal product. In addition, a comparison was
made of additives for steers, and the study showed that the combinations of Monensin
with probiotics is the best way to include these additives to obtain better results in the use
of forage feed included in the diet of confined steers.

5. Conclusions

The combination of Monensin and probiotics (B. toyonensis + S. boulardii) can improve
the kinetics of degradation of corn silage, being that the Groot and Richards models had
the best fit for the in vitro gas production data of corn silage tested with different feed
additive combinations.

Further research using concentrates with the combination of Monensin and probiotics
will provide a better insight into the kinetics of degradation on ruminant nutrition. In
addition, the validation using animals in vivo will be interesting to validate these results.
Understanding these relationships might contribute to the development of novel nutritional
strategies based on modifications of the concentrate:roughage ratio in ruminant diets. The
future directions for improving the research are to include different foods and diets in the
evaluation of in vitro degradation kinetics using Monensin and probiotic combinations for
beef and dairy cattle.
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