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Introduction

Three in vitro experiments were conducted to evaluate the effects of increasing levels of Enterococcus faecium and Saccharomyces cerevisiae (DFM1) and increasing levels of Bacillus licheniformis and Bacillus subtilis (DFM2) on in vitro ruminal fermentation parameters in three different dietary scenarios.





Methods

For Exp. 1, the basal diet consisted of 25:75 roughage:concentrate ratio (R:C) and was composed by 5 treatments: control (no additive), 2 levels of DFM1 (1X = 1.9 mg and 5X = 9.0 mg), and 2 levels of DFM2 (1X = 3.8 mg and 5X = 19 mg). The Exp. 2 consisted of a 41:59 R:C diet and was composed by 5 treatments: control (no additive) and 2 levels of DFM1 (1X = 3.8 mg and 5 X = 19 mg) and 2 levels of DFM2 (1X = 5.6 mg and 5X = 28 mg). The Exp. 3 consisted of a 100:0 R:C diet [Brachiaria (syn. Urochloa brizantha)] and was composed by the same treatments described in Exp. 1. The DFM1 contained 3.5 × 109 CFU per g of Enterococccus faecium and Saccharomyces cerevisiae, whereas the DFM2 contained Bacillus licheniformis and Bacillus subtilis at 3.2 × 109 CFU per g. In each Exp., an in vitro gas production (GP) system with 43-bottles (AnkomRF) was used in four consecutive 48 or 72-h fermentation batches to evaluate total GP (TGP), kinetics and fermentation profiles, methane (CH4), and carbon dioxide (CO2).





Results

For Exp 1, DFM1 increased quadratically TGP at 24 and 48-h, which reflected in a greater in vitro organic matter digestibility (IVOMD). The concentrations of ammonia-N, CH4, and CO2 (mmol/g of IVOMD) reduced quadratically as DFM1 increased. For Exp. 2, DFM1 inclusion reduced butyrate concentration and acetate to propionate ratio. Regarding GHG emissions, DFM1 and DFM2 quadratically reduced CH4 and CO2 emission per IVOMD (mmol/g of IVOMD). For Exp. 3, DFM1 increased quadratically TGP at 48h with no impact on IVOMD. Otherwise, DFM2 increased linearly TGP at 24 and 48h which reflected in a greater IVOMD. The inclusion of DFM1 increased linearly iso-valerate and branched-chain volatile fatty acids (BCVFA) concentration and DFM2 addition increased BCVFA quadratically.





Discussion

Overall, addition of DFM1 [Enterococccus faecium (5 × 109 CFU per g) + Saccharomyces cerevisiae (5 × 109 CFU per g)] or DFM2 [Bacillus licheniformis + Bacillus subtilis (3.2 × 109 CFU per g)] might enhance the fermentation process in the rumen and decrease greenhouse gas emissions in a dose-dependent manner, though the results are contingent on the specific type of diet.
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1 Introduction

As potential alternatives to antibiotic feeding, there has been an increasing interest in direct-fed microbials (DFM) for beef and dairy cattle (Krehbiel et al., 2003). Direct-fed microbials must contain live microorganisms (bacteria and/or yeast) that support health (FAO/WHO, 2001) and rumen function of the host. Due to their direct effects on microbial communities and cellular function, DFM were primarily studied regarding their impact on immune modulation in the gastrointestinal tract (Krehbiel et al., 2003; Ballou et al., 2019). However, positive effects of DFM on rumen fermentation have also been reported in the literature (Nocek et al., 2003; Qiao et al., 2010; Lettat et al., 2012; Mamuad et al., 2019; Dias et al., 2022; Wang et al., 2022).

Saccharomyces cerevisiae is among the most studied microorganisms used as DFM for ruminants (Ban and Guan, 2021). Among the beneficial effects of S. cerevisiae supplementation, the supply of growth factors for cellulolytic and amylolytic bacteria, inhibition of lactic acid accumulation in the rumen, improvement of microbial protein synthesis, and modulation of rumen fermentation characteristics are highlighted (Pinloche et al., 2013; Jiang et al., 2017; Dias et al., 2018; Amin and Mao, 2021); however, results may vary depending on dietary forage to concentrate ratio (Williams et al., 1991; Carro et al., 1992; Desnoyers et al., 2009). Enterococci have also been used as a DFM for ruminants (Shridhar et al., 2022), presenting two potential benefits to the rumen environment: 1) adapting microbes to the presence of lactic acid and 2) stimulating the growth of lactic acid-utilizing bacteria (Yoon and Stern, 1995; Seo et al., 2010). Lastly, Bacilli, such as B. licheniformis and B. subtilis, are spore-forming bacteria recognized through their ability to produce enzymes and secondary metabolites (Schallmey et al., 2004; Bernardeau et al., 2017). Moreover, these microbes also have direct inhibitory effects against potentially harmful bacteria (Lim et al., 2021), while also positively impacting rumen nutrient digestibility, volatile fatty acids (VFA) production, and microbial protein synthesis (Qiao et al., 2010; Sun et al., 2013; Pan et al., 2022; Cappellozza et al., 2023).

Altogether, DFM may improve feed efficiency of the herd by reducing energy losses through rumen fermentation towards propionate production (Ban and Guan, 2021; Dias et al., 2022). Because propionate has higher enthalpy than acetate and can be oxidized by the animal, more feed energy is available for productive purposes (Russel and Strobel, 1989). From a sustainability perspective, propionate production in the rumen may also reduce H2 availability for enteric methane production by the methanogenic microbes (Wang et al., 2018). In addition, DFM may stimulate ruminal lactate-utilizing bacteria (Pinloche et al., 2013; Jiang et al., 2017), which compete for H2 in the rumen, decreasing its availability for methanogenesis.

As few studies have explored the potential of different DFM supplementation on gas production, methane (CH4) and carbon dioxide (CO2) and volatile fatty acids (VFA) profile in the same study of ruminants fed different diets, the objective of the present study was to evaluate different combinations and levels of DFM [(DFM1 (E. faecium + S. cerevisiae) and DFM2 (B. licheniformis + B. subtilis)] on in vitro ruminal fermentation, gas production kinetic, and CH4 and CO2 emissions in high-grain, medium-grain, and forage-based diets. We hypothesized that the individual aforementioned effects of S. cerevisae and E. faecium and the effects of B. licheniformis and B. subtilis may act synergically when blended in a dose-dependent-manner, improving the in vitro ruminal fermentation and gas production kinetic, reducing CH4 and CO2 emissions regardless of the diet.




2 Materials and methods



2.1 Experimental location and ethic approval

The experiment was carried out at the Instituto de Zootecnia, Beef Cattle Research Center, located in Sertãozinho, SP, Brazil. The experiment was approved by the Animal Use Ethics Committee of the Instituto de Zootecnia under the protocol n° 363-2022.




2.2 Experimental designs and chemical analysis

Three experiments were conducted to evaluate the effects of two DFM when added in different levels into three different diets. For each of the Experiments reported below, two doses of each DFM (DFM1 and DFM2) were tested independently (1X and 5X). The total amount of each DFM incubated in the 1X diets followed the manufacturer recommendation; however, we hypothesized that increasing this dose by 5 times the response could be better, especially on in vitro studies that for some specific additives require higher dose to be effective, due to the short period on fermentation. In addition, this level of spacing between these doses could improve our power to detect any difference among them, providing us with an accurate answer to be employed on farm. The DFM1 (Probios® Precise; Chr. Hansen A/S, Hørsholm, Denmark) was a combination of three strains of Enterococccus faecium and one strain of Saccharomyces cerevisiae (3.5 × 109 CFU per g), whereas the DFM2 (Bovacillus™; Chr. Hansen A/S) contained Bacillus licheniformis and B. subtilis (3.2 × 109 CFU per g). The viability, identity, and concentration of probiotic strains utilized in the current study were not tested prior to use. However, since all tested DFM products are commercially available, the manufacturer did perform quality assurance on each batch utilized in the present experiments.

In Exp. 1, the basal diet consisted of a typical finishing beef cattle diet (25:75 roughage:concentrate ratio) and was composed by the following treatments: Control (basal diet with no additive; CON), DFM1 at 1X and 5X (1.9 and 9.0 mg, respectively), and DFM2 at 1X and 5X (3.8 and 19 mg, respectively). In the Exp. 2, the basal diet consisted of a typical lactating dairy cow diet (40:60 roughage:concentrate ratio) and was composed by the following treatments: CON (basal diet with no additive), DFM1 at 1X and 5X (3.8 and 19.0 mg, respectively), and DFM2 at 1X and 5X (5.6 and 28 mg, respectively). Finally, in Exp. 3, the basal diet consisted of a forage-based diet (100:0 roughage:concentrate ratio) and was composed by the same treatments as in Exp. 1. In all Exp., the DFM dosages were calculated proportionally considering a rumen capacity of 80 L.

The diet of Exp. 1 was formulated to meet the nutrient requirements of a non-castrated beef steer with an estimated averaged daily gain (ADG) of 1.6 kg (NASEM, 2016). In Exp. 2, the diet was formulated to meet the nutrient requirements of a lactating dairy cow producing 40 kg of milk/d (NASEM, 2021). For the Exp. 3, an exclusive low-quality forage-based diet was utilized with the aim of simulating pasture conditions during the dry season in tropical regions. The nutritional profile of the diets used in Exp. 1, 2, and 3 is reported in Table 1.


Table 1 | Ingredients and chemical composition of Exp. 11, Exp. 22, and Exp. 33 diets.



For all Exp., a 43-bottle automated in vitro gas production (GP) system (Ankom Technology, Macedon, NY, USA) equipped with wireless pressure sensors connected to a computer was used to evaluate the ruminal fermentation pattern of tested ingredients. Thus, treatments were evaluated at 24-, 48-, or 72-h fermentation incubations to assess the in vitro GP profiles and ruminal fermentation parameters. The experimental units were the fermentation batches (true replicates; n = 4/experiment) and were the mean of four 250-mL bottles that were randomly arranged in the incubator. In addition, 3 flasks were used as blanks (only rumen/mineral/buffer solution), totaling 160 observations. A fermentation batch was performed 1 d after the previous fermentation batch ended.

All ingredients were ground through a 1-mm screen using a Wiley mill (TE 650; Tecnal® Piracicaba, SP, Brazil) prior to incubations and for further analyses. Samples were analyzed for dry matter (DM; method 930.15; AOAC, 1990), ash (method 942.05; AOAC, 1990), crude protein (CP; Dumatherm®; Gerhardt GmbH & Co, Königswinter, Germany; method 990.13; AOAC, 2005) and ether extract (EE; method 2003.05; AOAC, 1990). The organic matter (OM) was calculated as the difference between DM and ash contents. For neutral detergent fiber (NDF), samples were treated with alpha thermo-stable amylase without sodium sulfite (van Soest et al., 1991) and adapted for a Fiber Analyzer (TE 149; Tecnal®).




2.3 Ruminal fluid collection and buffer solutions preparation

The rumen fluid from three Nellore steers cannulated in the rumen (average body weight of 640 kg) were mixed prior to use in the incubations. Steers were adapted for 21 d prior to the first batch and maintained during the incubation batches on a total mix diet of 60% corn silage and 40% concentrate (ground corn grain, citrus pulp pellet, soybean meal, and mineral mixture) for Exp. 1 and 2. For Exp., 3 three steers were adapted for 21 d prior to the first batch and maintained during the incubation batches on pasture with brachiaria grass (Syn. Urochloa) the same brachiaria that was used as substrate in Exp. 3. For all Exp., two hours after feeding, 2,000 mL of rumen fluid was collected from each animal, immediately filtered through 4 layers of cheesecloth, placed into pre-warmed (39°C) thermal bottles, and immediately transported to the laboratory (Yáñez-Ruiz et al., 2016). The incubations were performed within 30 min after rumen fluid collection. In addition, a fermentation batch was performed 1 d after the previous fermentation batch ended.

The buffer mineral solutions of all Exp. were prepared according to Menke and Steingass (1988). The buffer solution was kept in a water bath at 39°C and purged continuously with nitrogen (N2) for 30 min. Resazurin was used as color indicator to control the buffer pH and N2 saturation (oxidation-reduction potential). The rumen fluid was mixed with the buffer solution (1:2 v/v) in water bath at 39°C under anaerobic conditions by flushing N2 (Menke and Steingass, 1988).




2.4 In vitro gas production and digestibility

The AnkomRF system bottle valves were set to be vented. Each bottle (250-mL) was filled with 0.5 g (DM basis) of each diet. Diet samples were hydrated with deionized water to avoid particle dispersion. Bottles were inoculated with 75 mL of rumen/buffer solution keeping the headspace of bottle continuously flushed with N2 for 1 min per bottle. After inoculation, bottles were closed and placed in the air-ventilated shaker incubator (EI-450T, ENGCO, Piracicaba, SP, Brazil) under controlled temperature (39°C) and agitation (83 rpm). The data acquisition software (Gas Pressure Monitor, Ankom Technology, NY, USA) was set to monitor the cumulative pressure every 5 min and data were recorded every 60 min for 48 h in Exp. 1 and 2 and for 72 h for Exp. 3. Valves were set to automatic release the gas when the pressures reached 3.4 kPa (F. Tagliapietra et al., 2010).

The cumulated gas pressures – total GP (TGP) – at 24 and 48 in Exp. 1 and 2, and 24, 48, and 72 h in Exp. 3 were converted into mL according to Tagliapietra et al. (2011) as follows:

GP, mL = (Pc / Po) × Vo,

where Pc is the cumulated pressure change (kPa) in the bottle headspace, Po is the atmospheric pressure read by the equipment at the beginning of the measurement, and Vo is the bottle headspace volume (95 mL).

The bottle final TGP volumes were corrected for inoculum contribution by subtracting the final TGP of the blank bottles. For TGP over time, the cumulative pressure values were adjusted to assess biological values using the following dual-pool model (Schofield et al., 1994):

Vt = [V1 / (1 + e2 + 4 × [K1 × (L - Time)])] + [V2 / (1 + e2 + 4 × [K2 × (L - Time)])],

where: Vt = gas volume produced up to the specific time, mL; V1 and V2 = maximum gas volume achieved from complete digestion of each pool, mL; K1 and K2 = specific rate of digestion of each pool, h-1; L = lag time, h. The solution pH was measured (Accumet™ AP61, Fisher Scientific, Atlanta, GA) at the beginning and at the end of each incubation (48 h - Exp. 1 and 2; 72 h - Exp. 3).

The in vitro OM digestibility (IVOMD) was calculated according to Menke and Steingass (1988), as follows:

IVOMD (g/kg DM) = 31.55 + 0.8343 × GP200,

where GP200 is the net gas production (mL/200 mg of DM incubated) at 24 and 48 in Exp. 1 and 2, and 24, 48, and 72 h in Exp. 3.

For ammonia-nitrogen (NH3-N) and volatile fatty acids (VFA) analysis, subsamples of 15 mL from the rumen/buffer solution before incubation and from each bottle at 48 h were filtered through four layers of cheesecloth. Then, 0.2 mL of a 500 mL/L of a H2SO4-based solution was added for determination of NH3-N and VFA. Samples were centrifuged for 15 min at 4°C and 10,000 g, then the supernatant was centrifuged for 30 min at 4°C and 20,0000 g (Avanti JXN-26, Beckman Coulter, Nyon, Switzerland). The VFA concentrations were determined using gas chromatography (Nexis GC-2030; Shimadzu, Japan) equipped with a glass capillary (Supelco Nukol™; 30,000 cm × 0.53 mm i.d.) and coupled to a flame detector ionization and N2 was used as a carrier gas. The NH3-N concentration was determined by colorimetry as described by Chaney and Marbach (1962). The total VFA and NH3-N concentrations were calculated by subtracting the values measured on the initial content of the components in the rumen/buffer solution (blank bottles without treatments) from the final concentrations of each bottle (Tagliapietra et al., 2013). The pH of the solution was measured (Accumet™ AP61, Fisher Scientific, Atlanta, GA) at the beginning and at the end of each incubation (48 or 72 h).




2.5 Methane and carbon dioxide

For these analyses, the AnkomRF system bottle valves were set to be closed. All other procedures and design were the same as reported for the TGP assay. After inoculation, bottles were sealed and then placed into an air-ventilated shaker incubator (39°C). At the end of each fermentation batch 48 h for Exp. 1 and 2; and 72 h for Exp. 3, CO2 and CH4 production were measured from the headspace using a gas chromatograph (Nexis GC-2030, Shimadzu) equipped with a GS-Carbonplot capillary (Agilent Technologies Inc.; 30,000 cm × 0.32 mm i.d) coupled to a discharge ionization detector and helium (999.9 mL/L) was used as the carrier gas. The CH4 and CO2 production was corrected for inoculum contribution by subtracting the final GP of the blank bottles.




2.6 Statistical analysis

All statistical analyses were performed in SAS version 9.4 (SAS Institute Inc., Cary, NC). All results were assessed for residual normality and variance homogeneity. For all Exp., data were collected and analyzed in a completely randomized design by fitting the data using the GLIMMIX procedure of SAS, considering treatments as fixed factors and bottle (incubation) as a random factor. The average values obtained from the bottles within each incubation was considered as the experimental unit for all analyses reported herein. Non-linear model (NLIN procedure) was used to estimate the fermentation rate and gas pool size. The parameters of the nonlinear functions as well as all other variables were fitted through a generalized mixed model and compared by using the test of Tukey and polynomial linear regressions. The DFM dosages (1X and 5X) were also analyzed for linear and quadratic responses using the following model:

Yij = B0 + B1Xi + B2Xi2 + Pj + eij,

where Yijk is the observed measurement of the ith level of additive in the diet of the jth incubation, and of the kth bottle; i = 1, 2, and 3 (levels of inclusion of additive), B0, B1, B2 = regression parameters of the model; Xi = effect of ith level of fixed quantitative factor (inclusion of additive); Ak(Pj) = random effect of incubation assuming Pj ~ N (0, Pj2); eijk = residual error, assuming eijk ~ N (0, σe2). As DFM doses were non-equidistant, orthogonal contrasts were obtained using the interactive matrix language (IML procedure). For all the analyses, differences detected at P ≤ 0.05 were considered significant, and differences at 0.05< P ≤ 0.10 were considered a tendency toward statistical significance.





3 Results



3.1 Experiment 1: feedlot diet

The effect of DFM1 and DFM2 inclusion on in vitro rumen fermentation characteristics using a high-grain feedlot diet is presented in Table 2. After 24 h of fermentation, TGP tended to increase (P = 0.09) quadratically with increasing DFM1 dose. Corroborating these results, after 48 h of fermentation, TGP quadratically increased (P = 0.03) in response to DFM1 addition (Table 1). In vitro organic matter digestibility increased quadratically (P = 0.03) according to DFM1 inclusion, reflecting the gas production results. The addition of DFM1 at 1X increased IVOMD by 4.6 and 11.9% IVOMD compared with CON and 5X (P ≤ 0.01), respectively. Ammonia-N concentration tended to decrease quadratically (P = 0.09) by DFM1 inclusion, in which 1X dose decreased NH3-N levels by 50.4% and 27.0% when compared with CON and 5X, respectively. Other rumen fermentation variables such as pH, total VFA, VFA profile, and BCVFA were not affected by DFM1 (P > 0.05). On the other hand, DFM2 doses (P = 0.10) had no impact on any other fermentation variable evaluating a feedlot diet in this present study.


Table 2 | Effect of direct-fed microbials (DFM) inclusion on in vitro ruminal fermentation variables1 in gas production system using a high-concentrate feedlot diet (Exp. 1).



The effect of DFM1 and DFM2 inclusion on in vitro rumen fermentation kinetics using a feedlot diet (Exp. 1) is presented in Table 3 and Figure 1. The TGP on the first and second pools (V1 and V2, respectively) had a quadratic increase and a tended to linearly reduction as DFM1 dose increased (P = 0.05 and P = 0.08, respectively). Control, 1X, and 5X of DFM1 reached the maximum gas volume of the first pool 6, 9, and 6 h after the beginning of the fermentation assay, respectively. The DFM1 at 1X had the greatest TGP on the first pool vs. CON and 5X, but on the second pool, lower TGP productions were detected for DFM1 at 1X and 5X vs. CON. Specific rates of digestion for the first and second pools (k1 and k2) reduced quadratically as DFM1 dose increased (P = 0.01 and trend P = 0.08, respectively). Only a linear decrease was detected for DFM2 on k2 specific rate (trend P = 0.07).


Table 3 | Effect of additives inclusion on in vitro kinetic variables1 in gas production system using a feedlot diet (Exp. 1).






Figure 1 | Effects of additives (DFM1 and DFM2) inclusion on in vitro gas production in Exp. 1 (feedlot diet).



Methane and CO2 production per IVDOM had a quadratic reduction according to DFM1 addition (P = 0.01 and trend P = 0.07, respectively; Figure 2). The DFM1 at 1X dose reduced CH4 production per IVDOM by 9.5 and 12.0% compared with CON and 5X, respectively. Regarding CO2 production per IVDOM, a 3.2 and 10.4% reduction was observed in 1X when compared with CON and 5X. The DFM2 supplementation did not affect GHG emission in Exp. 1.




Figure 2 | Effects of additives (DFM1 and DFM2) inclusion on in vitro methane (CH4) and carbon dioxide (CO2) production per digestible organic matter (DOM) in Exp. 1 (feedlot diet). Symbol “Ƚ” indicates linear effect and symbol “Ɋ” indicates quadratic effect for levels of additive inclusion at P ≤ 0.05. Symbol “Ƚ*” indicates linear effect and symbol “Ɋ*” indicates quadratic effect for levels of additive inclusion at 0.05 > P< 0.10. The control treatment was used as having 0 mg level in both polynomial regressions (DFM1 and DFM2).






3.2 Experiment 2: dairy cattle diet

The effect of DFM1 and DFM2 inclusion on in vitro rumen fermentation characteristics using a dairy cow diet is presented in Table 4. Total GP at 24 h of incubation tended to increase (P = 0.06) quadratically by adding DFM1. Further, quadratic increases were detected for TGP 48 h and IVOMD (P = 0.03 and P = 0.002, respectively) with increasing doses of DFM1. Butyrate proportion decreased linearly as DFM1 increased (P = 0.05). Ammonia-N concentration had a quadratic decrease (P< 0.0001) according to DFM1 inclusion.


Table 4 | Effect of direct-fed microbials (DFM) inclusion on in vitro ruminal fermentation variables1 in gas production system using a dairy cattle diet (Exp. 2).



The TGP at 48 h after incubation increased quadratically (P = 0.03) by DFM2 inclusion. The effect detected for TGP at 48 h reflected on IVOMD results, which had a similar quadratic increase (P = 0.0007). Propionate proportion tended to quadratically increase (P = 0.07) according to DFM2 inclusion, which also reflected the quadratic response on acetate to propionate ratio (P = 0.03). The highest propionate proportion and the lowest acetate to propionate ratio values were detected for DFM2 at 1X. Ammonia-N reduced quadratically (P = 0.0008) according to DFM2 addition, in which the lowest concentration was found with the 1X dose.

The effect of DFM1 and DFM2 inclusion on in vitro rumen fermentation kinetics using a lactating dairy cow diet is presented in Table 5 and Figure 3. The TGP on the first pool (V1) had a linear negative effect as DFM1 inclusion increased (P = 0.05). Control, 1X, and 5X reached the maximum gas volume of the first pool at 6, 8, and 6 h after the beginning of the fermentation, respectively. Although DFM1 at 1X had the greatest TGP, a linear negative effect was significant for these results. The TGP production on the second pool (V2) tended to show a linear negative response following DFM2 addition (P = 0.09).


Table 5 | Effects of additive source and level of inclusion on in vitro kinetic variables1 in gas production system using a dairy cattle diet (Exp. 2).






Figure 3 | Effects of additives (DFM1 and DFM2) inclusion on in vitro gas production in Exp. 2 (dairy cattle diet).



Methane and CO2 production per digestible organic matter (DOM) had a quadratic reduction following DFM1 (P = 0.01 and trend P = 0.07, respectively) and DFM2 addition (trend P = 0.08 and P = 0.02, respectively; Figure 4). The addition of DFM1 at 1X reduced CH4 production per IVDOM by approximately 15.7 and 6.5% compared with CON and 5X, respectively. Similarly, for CO2 production per DOM, DFM1 at 1X reduced CO2 production per DOM by 13.1 and 5.8% vs. CON and 5X, respectively. The DFM2 at 1X dose reduced CH4 production per IVDOM by 9.8 and 4.9% when compared with CON and 5X, respectively. Regarding CO2 (mmol/g IVDOM), DFM2 at 1X reduced CO2 production by approximately 10.5 and 3.8% when compared with CON and 5X, respectively.




Figure 4 | Effects of additives (DFM1 and DFM2) inclusion on in vitro methane (CH4) and carbon dioxide (CO2) production per digestible organic matter (DOM) in Exp. 2 (dairy cattle diet). Symbol “Ƚ” indicates linear effect and symbol “Ɋ” indicates quadratic effect for levels of additive inclusion at P ≤ 0.05. Symbol “Ƚ*” indicates linear effect and symbol “Ɋ*” indicates quadratic effect for levels of additive inclusion at 0.05 > P< 0.10. The control treatment was used as having 0 mg level in both polynomial regressions (DFM1 and DFM2).






3.3 Experiment 3: forage-based diet

The effect of DFM1 and DFM2 inclusion on in vitro rumen fermentation characteristics using a forage-based diet is presented in Table 6. The TGP at 48 h showed a quadratic increase (P = 0.03) according to DFM1 addition; however, this effect was not observed at 72 h for TGP and IVOMD (P = 0.10 and P = 0.11, respectively). The pH value had a quadratic increase (P = 0.002) effect according to DFM1 inclusion, in which the 1X dose presented the highest value compared to CON and the 5X dose. Iso-valerate proportion increased and BCVFA concentration tended to increase linearly by DFM1 addition (P = 0.003 and P = 0.06, respectively). Ammonia-N reduced quadratically (P = 0.001) by increasing DFM1 doses, in which at 1X dose was detected the lowest NH3-N concentration in comparison with CON and 5X.


Table 6 | Effects of direct-fed microbials (DFM) inclusion on in vitro ruminal fermentation variables1 in gas production system using a forage-based diet (Exp. 3).



The TGP at 24, 48, and 72 h after incubation had a quadratic increase with increasing doses of DFM2 (P = 0.08, P = 0.03, and P = 0.06, respectively). The TGP findings reflected on the IVOMD results, which also had a tendency of quadratic increase (P = 0.06) according to DFM2 addition. The BCVFA and NH3-N concentration had a tendency of quadratic increase and quadratic reduction, respectively (P = 0.09 and P = 0.06, respectively) with increasing doses of DFM2.

The effect of DFM1 and DFM2 inclusion on in vitro rumen fermentation kinetics using a forage-based diet is presented in Table 7 and Figure 5. There was no effect of either DFM1 or DFM2 inclusion on rumen fermentation kinetic parameters and CH4 and CO2 production (P > 0.10, Figure 6).


Table 7 | Effects of additive source and level of inclusion on in vitro kinetic variables1 in gas production system using a forage-based diet (Exp. 3).






Figure 5 | Effects of additives (DFM1 and DFM2) inclusion on in vitro gas production in Exp. 3 (forage-based diet).






Figure 6 | Effects of additives (DFM1 and DFM2) inclusion on in vitro methane (CH4) and carbon dioxide (CO2) production per digestible organic matter (DOM) in Exp. 3 (forage-based diet). Symbol “Ƚ” indicates linear effect and symbol “Ɋ” indicates quadratic effect for levels of additive inclusion at P ≤ 0.05. Symbol “Ƚ*” indicates linear effect and symbol “Ɋ*” indicates quadratic effect for levels of additive inclusion at 0.05 > P< 0.10. The control treatment was used as having 0 mg level in both polynomial regressions (DFM1 and DFM2).







4 Discussion

In recent years, dietary supplementation of cattle with direct-fed microbials (DFM) has emerged as a strategy to improve the efficiency of production, as well as to mitigate some of the environmental impacts of ruminant production systems. Particularly, Bacillus spp., Enterococcus faecium, and Saccharomyces cerevisiae have been shown to improve milk and meat production, reduce CH4 emission, inhibit potentially harmful bacteria, and hence, enhance digestive health in ruminants (Seo et al., 2010). The findings of our in vitro study indicate that DFM1 (E. faecium and S. cerevisiae) and DFM2 (B. licheniformis and B. subtilis) may modulate in vitro rumen fermentation characteristics in a diet-dependent manner. Although in vitro systems have some nuances compared to in vivo studies, such as the lack of VFA translocation through the ruminal epithelium, these systems have shown to be efficient in screening new technologies on ruminant nutrition, such as DFM’s, nutritional additives, and different diets (Vinyard and Faciola, 2022). Further, an in vitro system requires low investment compared to in vivo settings.

To the best of our knowledge, few studies have explored the potential of different DFM on ruminal fermentation traits of ruminants fed different diets based on corn silage, corn finely ground, and soybean meal. Jiao et al. (2021) studied the effects of several proportions of S. cerevisiae and E. faecium on in vitro rumen fermentation and reported different fermentation results according to the diet (high-grain or high-forage; based on barley silage and dry-rolled barley grain proportions) and media pH (5.8 and 6.5). For a high-forage diet, the DFM improved in vitro gas production at pH 6.5, but also increased DM disappearance and VFA concentration regardless of media pH. When a high-grain diet was evaluated, increased acetate along with a reduced propionate proportion was observed following the addition of the live yeast and bacteria combination on a pH 6.5, which, in turn, increased the acetate:propionate ratio. Additionally, for high-grain diets, greater NH3-N was observed when S. cerevisiae and E. faecium was added. Dhakal et al. (2023) reported slight differences in ruminal fermentation pattern when a blend of Lactobacillus animalis, Propionibacterium freudenreichii, B. licheniformis, and B. subtilis was incubated in an in vitro batch culture with corn silage and grass silage. After 3 h of fermentation, the DFM incubation improved total gas production of grass silage, but no differences were observed when a corn silage-based diet was used (Dhakal et al., 2023). Moreover, no DFM effect was observed on VFA and methane production, regardless of the diet (Dhakal et al., 2023).

In the present study, considering a feedlot (Exp. 1) and a dairy cow (Exp. 2) diet, a quadratic increase in TGP was detected after 24 and 48 h of fermentation for the combination of S. cerevisiae and E. faecium, at the lowest combination dose. Additionally, in a forage-based diet (Exp. 3), a quadratic increase of TGP was detected after 48 h of fermentation, at the lowest DFM inclusion. The combined effect of S. cerevisiae and E. faecium may have been effective in improving the ruminal environment leading to a better microbial activity and, hence, an improved nutrient degradation in vitro. Saccharomyces cerevisiae supplementation is recognized for positively modulating the rumen environment by supplying soluble growth factors for cellulolytic and amylolytic microbes (amino acids, organic acids, and B vitamins), inhibiting lactic acid accumulation, improving microbial protein synthesis, and increasing VFA concentration (Pinloche et al., 2013; Jiang et al., 2017; Dias et al., 2018; Amin and Mao, 2021). In addition, Enterococci (lactate-producing bacteria) may adapt some microbes to lactic acid as well as stimulate lactic acid-utilizing bacteria (Yoon and Stern, 1995; Seo et al., 2010). Further, Enterococci may change the microbial community abundance and composition of ruminal fluid despite of acting as a fumarate reductase-producing bacteria, in which fumarate that is an intermediate compound in the succinate–propionate pathway, plays an important role sinking H2 in the rumen, producing higher propionate, butyrate, and total VFA concentrations along with reducing CH4 concentration (Kim et al., 2016; Mamuad et al., 2019). Altogether, these effects may justify the findings detected herein for total gas production and DOM estimated from these outcomes. We can hypothesize that DFM1 at a lower dose can modulate the microbial community abundance and composition in the rumen, increasing the efficiency of nutrient use.

Increased fermentability of diets boost ammonia absorption and support increased microbial protein synthesis within the rumen (NASEM, 2016). As NH3-N reduced quadratically as DFM1 increased, we hypothesized that the microbial community may have benefited from DFM1 inclusion by increasing their microbial protein synthesis, improving N bioassimilation either in low, intermediate, or high forage inclusion diets. Therefore, reduced N losses may be expected from DFM1-supplemented ruminants at 1X dose both through urine and feces excretion, decreasing the environmental impact from N compounds. Interestingly, the highest DFM1 dosage was not effective in improving several rumen fermentation variables through different diets. These quadratic effects detected herein are important findings since we described the optimal biological dose of DFM1 that may improve animal performance taking into account the economic factor for its effective use on farms.

Improved nutrient digestibility, total VFA production, and microbial protein synthesis in the rumen have been reported for B. licheniformis and B. subtilis supplementation (Qiao et al., 2010; Sun et al., 2013; Pan et al., 2022; Cappellozza et al., 2023). In our study, DFM2 (B. licheniformis + B. subtilis) supplementation increased quadratically and linearly TGP of both cattle dairy diet and forage-based diet, respectively. Qiao et al. (2010) reported improved ruminal fiber digestion when supplemented B. licheniformis, which the authors justified these findings due to the provision of vitamins, glucose, lactate, malate, formate, succinate, and aspartate once lysis occurs by Bacillus cultures. These facts may explain the absence of DFM2 effect on high-grain diet total gas production since this diet does not depend on fiber digestion to improve its fermentability. Nonetheless, Bacillus spp. also produce several digestive enzymes, including proteases and amylases, that may be corroborated to the greater nutrient digestibility reported herein (Schallmey et al., 2004).

The VFA profile of the feedlot diet (Exp. 1) was not influenced by DFM’s supplementation. Otherwise, butyrate reduced linearly as DFM1 increased in the dairy cattle diet (Exp. 2). In addition, for this same diet, an increased quadratic effect was observed of DFM2 inclusion on propionate proportion along with quadratic reduction on acetate:propionate ratio. We have no explanation for butyrate reductions detected when DFM1 was supplemented in a dairy cattle diet; however, the ruminal fermentative pathway may have been modified by its inclusion through increased lactate-utilizing bacteria populations, in which H2 and CO2 may have been redirected to lactate and, hence propionate formation (Cao et al., 2011). A similar explanation may be given for the positive quadratic effect of DFM2 on propionate proportion in the dairy cattle diet; however, more research is needed to confirm such findings, as we did not measure lactate concentration as well as the microbiome modulation.

Regarding the forage-based diet, DFM1 inclusion increased linearly iso-valerate proportion and BCVFA concentration. In addition, BCVFA concentration had a quadratic positive effect as DFM2 was included. Branched-chained volatile fatty acids occur as a consequence of branch-chained amino acid deamination. Microbes responsible for cellulose and hemicellulose degradation in the rumen have recognized requirements for BCVFA (Andries et al., 1987; Terry et al., 2019). In this present study, DFM1 and DFM2 increased BCVFA, which may have impacted the increased gas production for both DFM’s in this diet scenario. Taking NH3-N and BCVFA concentrations together, it may be hypothesized that BCVFA may have been used as microbial energy source since NH3-N reduced as DFM1 and DFM2 increased.

For Exp. 1 (feedlot diet) the energy expenditure from the first pool (V1) was higher for DFM1 at 1X dose compared to control and DFM1 at 5X dose. But linear reduction was detected in the second pool (V2) as DFM1 increased. The specific rate of digestion reflected the findings of the V1 and V2 for this treatment, in which lower k1 and K2 were detected for DFM1 at 1X dose. These outcomes must be carefully interpreted since a lower rate of digestion does not mean inferior digestion, but the curve takes longer to change its slope, starting the V2 degradation. It seems that DFM1 at 1X improved the efficiency of nutrient extraction of the microbes since a higher TGP 48h was detected for this treatment in all experiments herein reported. It may be explained as earlier mentioned, the effects of S. cerevisae summed to the effects of E. faecium, DFM1 at a lower dose, can modulate the microbial community abundance of the rumen, increasing the efficiency of nutrient use. Regarding the DFM2 outcomes, increased k1 was detected for 1X dose, demonstrating faster slope change from V1 to V2 pool; however, for Exp. 1, no effects were detected on total gas production for this treatment. The DFM1 inclusion in the Exp. 2 (dairy cattle diet) at 1X mg/d dose was effective in improving the energy extraction from V1 compared to control and 5X mg/d. Otherwise, linear reduction was detected for DFM2 inclusion on the V2 pool. The kinetic variables may take the reader to a bias of interpretation since these outcomes must be interpreted as a measure in time. For example, we must interpret the time to change the slope curve from V1 to V2 pool. It cannot be interpreted as a gas production variable by itself, as these variables may not always match data of total gas production.

For Exp. 1 (feedlot diet), DFM1 inclusion reduced quadratically CH4 and CO2 emissions by DOM incubated. The same results were detected for the intermediate-grain diet. In addition, in the Exp. 2 (dairy cattle diet), DFM2 inclusion reduced quadratically CH4 and CO2 emissions by DOM incubated. The stoichiometric math involved in propionate formation through H2 available in the rumen cannot be used to explain the reduced CH4 detected for DFM1 inclusion for both high and intermediate-grain diets (Exp. 1 and 2). It is because propionate proportion was not influenced in these treatments. However, some studies compiled by Doyle et al. (2019) reported reduced CH4 emission through direct effect of lactate acid bacteria on methanogenesis through bacteriocins or due to the reduction of substrates available to methanogenesis provided by rumen microbes. Additionally, yeast cultures may reduce ruminal CH4 production by reducing protozoa numbers; by increasing butyrate or propionate production, and by promoting acetogenesis (Newbold et al., 1998). Corroborating, Chaucheyras et al. (1995) in an in vitro study demonstrated that Saccharomyces cerevisiae extracts increased hydrogen utilization by acetogens and decreased CH4 emission. However, as a weakness of this present study, the findings presented should be interpreted with caution because we did not evaluate several variables, reported herein from the literature, used to support our discussion.

Otherwise, the effect of DFM2 on CH4 emissions in the dairy cattle diet (Exp. 2) may be explained partially by the slight increase in propionate proportion detected. The production of propionate in the rumen competes with the production of methane for the hydrogen (H2) available. As a result, when propionate formation increases, methane production may decrease in a proportional manner (Pereira et al., 2022). As herein reported, this leads to a reduction in the ratio of acetate to propionate in the rumen (Krehbiel et al., 2003; Seo et al., 2010). The effect of Bacillus on rumen microbe modulation may be attributed to their bacitracin production, which is a broad-spectrum cyclopeptide antibiotic complex originally isolated from B. licheniformis and B. subtilis. Bacitracin exhibits a wide range of antimicrobial activity, rapid excretion rate, limited absorption in livestock, and the ability to block the cell wall synthesis of numerous gram-positive bacteria as well as certain gram-negative bacteria (Zhu et al., 2023). Russell and Strobel (1988) reported that the addition of bacitracin to an in vitro fermentation system using corn as the substrate led to an increase in propionate production. The study also found that bacitracin had similar effects to monensin on ruminal fermentation in vitro. Therefore, the changes in rumen fermentation observed in this study may be attributed to alterations in the microbial population of the rumen. Certain types of bacteria that produce lactate, butyrate, formate, and H2 were found to be susceptible to these compounds, while others involved in succinate production and lactate fermentation were not affected. As a result, the microbial community exhibited reduced production of acetate, butyrate, and methane, but increased production of propionate (Chen and Wolin, 1979; Dennis et al., 1981). The CO2 emission followed a similar pattern effect detected for CH4 emission, demonstrating a redirecting on metabolic pathways increasing other metabolites (propionate, for example) or just reducing its production according to DFM1 or DFM2 supplementation in the different diet types herein studied. Again, as a weakness of this present study, the findings presented should be interpreted with caution because we did not evaluate several variables reported herein from the literature, such as bacitracin production and microbial community profile among treatments, which were used to support our discussion.




5 Conclusion

Considering a feedlot diet (25% corn silage) or a dairy cattle diet (40.9% corn silage), the treatment DFM1 at dose 1X was effective in increasing TGP after 24 and 48 of fermentation process, which reflected in increased IVOMD. However, in a forage-based diet (100% grass hay), the increased TGP was only detected after 48h of fermentation process for the DFM1 treatment, which did not reflect on IVOMD. Otherwise, DFM2 increased TGP and IVOMD in both intermediate-grain (at 1X dose) and forage-based diets (at 5X dose). Regarding emission of greenhouse gases, DFM1 reduced CH4 and CO2 emission by DOM in both feedlot and dairy cattle diets; however, DFM1 inclusion did not affect CH4 and CO2 in a forage-based diet. Moreover, DFM2 only reduced CH4 and CO2 emission in a dairy cattle diet. Overall, DFM1 [Enterococccus faecium (5 × 109 CFU per g) + Saccharomyces cerevisiae (5 × 109 CFU per g)] and DFM2 [Bacillus licheniformis + Bacillus subtilis (3.2 × 109 CFU per g)] supplementation may improve ruminal fermentation and reduce GHG emissions in a dose-dependent manner, but the outcomes are dependent upon diet type.
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OEBPS/Images/table6.jpg
Treatments P-values®

DFM1 Pooled SEM DFM1 DFM2
Control Linear  Quadratic  Linear Quadratic

TGP? 24h, mL/g DM 357 39.0 340 365 416 322 036 020 0.08 0.88
TGP? 48h, mL/g DM 895 66.4 58.4 63.1 68.5 447 0.32 0.03 0.03 0.55
TGP? 72h, mL/g DM 69.5 ‘ 748 69.1 72.1 77.3 4.68 0.55 0.10 0.06 071
IVOMD?, g/kg 40f 440.1 4494 4393 4447 4540 7.84 0.54 0.11 0.06 0.73
pH 6.71 6.75 6.71 6.73 6.73 0.01 0.25 0.002 0.40 0.45
NH;-N, mg/dL 117 8.07 854 9.59 9.41 0.001

0.69 0.02 0.06 0.06

Total VFA, mM 81.6 83.1 82.7 82.6 80.9 078 0.54 0.23 0.28 0.28

VFA profile, mol/100mol

Acetate 76.8 76.9 769 76.8 76.9 0.11 0.96 0.46 0.59 0.84

Propionate 15.0 14.9 14.8 14.9 15.0 0.09 0.48 0.65 0.88 0.50
Iso-butyrate 077 0.78 0.78 0.78 0.78 0.01 0.67 0.97 0.72 0.62
Butyrate 549 545 5.50 4.49 5.39 0.05 0.64 0.54 0.10 0.76
Iso-valerate 0.77 0.77 0.79 0.78 0.78 0.01 0.003 0.31 0.75 0.16
Valerate 1.19 119 122 121 1.20 0.01 0.12 0.44 0.92 0.25
BCVFA, mM 1.26 1.28 130 129 1.26 0.01 0.06 0.47 0.47 0.09
Acetate : Propionate 513 517 5.17 517 5.14 0.04 0.55 0.58 0.99 0.54

"The control treatment was used as having 0 mg level in both polynomial regressions (DEMI and DEM2).
*Total gas production.
*The in vitro organic matter was calculated according to Menke and Steingass (1988): 31.55 + 0.8343 x GPago.
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OEBPS/Images/table3.jpg
Treatments P-values?®

DFM1 Pooled SEM DFM1 DFM2
Control 1X 5X 1X 5X Linear Quadratic Linear = Quadratic
Vi 44.59 69.30 49.29 54.22 62.32 8.99 0.79 0.05 0.18 0.60
V2 97.65 86.33 76.77 87.12 86.66 7.10 008 047 038 036 ‘
k1 I 0.178 0.115 0.173 0 0.157 0.133 0.02 0.52 0.01 0.07 0.60 ‘
k2 0.041 0.035 0.040 0038 0036 0.002 082 0.08 0.13 040 ‘
L 272 233 213 224 212 045 045 0.66 0.41 054 ‘

'V, and V, = Maximum gas volume of each pool, mL; K, and K, = Specific rate of digestion of each pool, h™'; L = lag time, h.
>The control treatment was used as having 0 mg level in both polynomial regressions (DEM1 and DEM2).
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Treatments
DFM1
Control 1X 5X

P-values?®

Vi 18.28 19.51 20.24
V2 51.33 56.83 46.28
k1 0.079 0.081 0.065
k2 0.020 0.021 0.019

6.21 5.13 6.69
L

15.30

54.71

0.094

0.021

6.50

17.32

57.31

0.106

0.021

6.46

Pooled SEM DFM1 DFM2
Linear Quadratic Linear Quadratic
3.25 0.72 084 0.99 047 ‘
4.66 0.29 0.29 0.50 0.71 ‘
0.02 | ous 0.82 033 v 061 ‘
0.001 | o2 057 0.80 043 ‘
0.77 0.22 ' 0.79 ‘

041 0.89

'V, and V, = Maximum gas volume of each pool, mL; K, and K, = Specific rate of digestion of each pool, h™; L = lag time, h;
>The control treatment was used as having 0 mg level in both polynomial regressions (DEM1 and DEM2).
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Ingredients, %DM

Corn silage 250 40.9 -
Brachiaria grass hay - - 100
Corn finely ground 50.0 23.8 -
Soybean meal 10.0 19.5 -
Citric pulp 146 5.69 =
Whole cottonseed - 10.1 -
Urea 0.4 - -
I Chemical composition, % DM
DM, % of as fed 735 74.1 96.9
Ash 7.3 8.9 7.0
Ccp 13.7 17.9 54
NDF 24.8 39.4 84.1
EE 38 4.8 0.95
Starch 399 34.7 -

"Finishing beef diet scenario; Lactating dairy diet scenario; >dry season pasture scenario.





OEBPS/Images/table5.jpg
Treatments P-values?®

DFM1 Pooled SEM DFM1 DFM2
Control 1X 5X 1X 5X Linear Quadratic Linear Quadratic
Vi 45.06 59.73 33.78 54.11 42.79 6.56 0.05 0.11 0.51 0.29
V2 92.87 78.92 83.09 81.63 78.75 4.89 041 0.14 0.09 023 ‘
ki 0.143 0.120 0.167 0.133 0.140 0.02 025 043 0.99 075 \
k2 0.039 0.035 0.034 0035 0036 0.003 049 064 0.70 057 ‘
L 1.94 1.88 2.69 ‘ 175 223 047 ‘ 0.19 078 0.52 070 ‘

'V, and V, = Maximum gas volume of each pool, mL; K, and K, = Specific rate of digestion of each pool, h™'; L = lag time, h.
>The control treatment was used as having 0 mg level in both polynomial regressions (DEM1 and DEM2).





