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			Abstract | This study evaluated the combined effects of micromineral supplementation and protected palm fatty acid distillate (PFAD) on rumen fermentation, methane (CH₄) mitigation, digestibility, gas production, and energy partitioning in vitro. A 4 × 4 factorial design was applied with four PFAD levels (0, 1, 2, 3% DM) and graded doses of selenium, copper, and zinc. Diets based on elephant grass and concentrate (60:40) were incubated using the Tilley and Terry two-stage method, along with a parallel Hohenheim gas test. Rumen pH (6.83–7.07) and protozoa populations (6.30–6.35 log CFU/mL) showed no significant changes, indicating stable fermentation conditions. PFAD supplementation modified VFA patterns by decreasing acetate and increasing propionate, thereby lowering the acetate-to-propionate ratio. Moderate PFAD levels enhanced glucogenic fermentation and reduced estimated methane output. However, PFAD inclusion at 2–3% DM maintained adequate acetate supply needed for milk fat synthesis while preserving improved fermentation balance. Ammonia-N decreased from 9.76 to 5.90 mM, suggesting enhanced nitrogen utilization. Dry and organic matter digestibility (61–67%) were unaffected, whereas gas production declined with higher PFAD, reflecting altered fermentation pathways rather than reduced nutrient degradation. Energy partitioning (DE, ME, NEl) showed no significant differences, confirming stable energy recovery. In conclusion, protected PFAD at 2–3% DM combined with microminerals supports balanced rumen fermentation, moderates methane formation, and maintains digestibility without disrupting microbial stability, offering a sustainable feeding strategy for dairy systems. 
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			INTRODUCTION

			Ruminant nutrition research increasingly focuses on strategies to improve feed efficiency while mitigating greenhouse gas (GHG) emissions (Janssen, 2010; Jayanegara et al., 2021). Dairy cattle are of particular concern due to their high energy requirements during lactation and their significant contribution to methane (CH₄) emissions (Battini et al., 2016; Despal et al., 2017). Methane production represents an energetic loss of 2–12% of gross energy intake (Blaxter and Clapperton, 1965; Wang et al., 2025), thereby lowering feed efficiency (Waghorn and Hegarty, 2011). Moreover, methane has a global warming potential ~28 times higher than CO₂ (Battini et al., 2016). Therefore, nutritional interventions that redirect hydrogen (H₂) away from methanogenesis toward more efficient fermentation pathways are crucial for sustainable dairy production (Janssen, 2010). 

			One promising approach involves dietary fat supplementation (Despal et al., 2022; Riestanti et al., 2024; Zahera et al., 2024). Lipids not only increase dietary energy density (Jayanegara et al., 2021; Riestanti et al., 2021; Zahera et al., 2024) but also alter microbial populations and serve as alternative H₂ sinks through biohydrogenation (Kjeldsen et al., 2024). Palm fatty acid distillate (PFAD), a low-cost by-product of the palm oil industry, has been identified as a potential feed supplement for ruminants (Moate et al., 2004; Riestanti et al., 2021). However, free unsaturated fatty acids can impair fiber digestion and microbial activity (Despal et al., 2022; Riestanti et al., 2024). To minimize this risk, protection technologies such as calcium soap formation are used to bypass ruminal degradation (Riestanti et al., 2023; Zahera et al., 2024). Protected fats not only improve energy supply in lactating cows but may also affect volatile fatty acid (VFA) patterns particularly acetate (C2) and propionate (C3) thereby influencing glucogenic efficiency and methane formation (Rabiee et al., 2012).

			Trace minerals such as selenium (Se), copper (Cu), and zinc (Zn) play important roles in rumen metabolism and microbial antioxidant defense. Selenium supports glutathione peroxidase activity to maintain cellular oxidative balance (Calamari et al., 2011), while Cu and Zn are key components of superoxide dismutase and other antioxidant metalloenzymes that protect rumen microbes from oxidative stress (Uchida et al., 2001). Adequate supplementation of these minerals has been shown to enhance microbial protein synthesis and fermentation stability, particularly when dietary lipids are included (Nocek et al., 2006). In the present experiment, Se, Cu, and Zn were supplied at three graded inclusion levels following the recommendations of Nasem (2021): 0.15–0.60 mg/kg DM for Se, 6–24 mg/kg DM for Cu, and 25–100 mg/kg DM for Zn. These inclusion levels remain well below established toxicity thresholds for ruminants (Suttle, 2010) and are not expected to induce mineral antagonism, as interactions among Se, Cu, and Zn are minimal when provided within recommended physiological ranges. Therefore, the combined supplementation of these minerals is expected to strengthen antioxidant capacity and support more stable rumen fermentation.

			The integration of these microminerals with PFAD supplied in calcium soap form (protected PFAD) is expected to improve rumen fermentation efficiency, stabilize microbial populations, and mitigate methane emissions by redirecting reducing equivalents (H₂) toward propionate formation (Li et al., 2019; Nocek et al., 2006; Razzaghi et al., 2022), although systematic evaluations of their combined effects under in vitro conditions remain limited. 

			Although both protected fat and microminerals have been individually studied in ruminant nutrition, their potential synergistic effects on rumen fermentation remain poorly described. The complementary roles of protected PFAD and microminerals are proposed to support rumen fermentation through related biochemical pathways in the rumen. PFAD, when converted to calcium soap, acts as a hydrogen sink during the biohydrogenation of unsaturated fatty acids, thereby reducing the available hydrogen for methanogenesis and shifting volatile fatty acid production toward propionate formation (Jenkins, 1993; Sun et al., 2022). Meanwhile, Se, Cu, and Zn function as cofactors for redox and antioxidant enzymes (e.g., glutathione peroxidase, superoxide dismutase, cytochrome oxidase) (Spears, 2003; Vigh et al., 2023), maintaining microbial oxidative balance and stabilizing the rumen’s redox potential (Suttle, 2010). Consequently, the combined supplementation of PFAD and trace minerals is expected to enhance microbial fermentation stability, reduce oxidative stress, and sustain nutrient digestibility and energy recovery within the rumen ecosystem.

			Therefore, this study was conducted to evaluate the combined effects of micromineral mixtures and protected PFAD supplementation on rumen fermentation (pH, protozoa, VFA, NH₃), methane mitigation, in vitro digestibility, gas production, and energy partitioning. 

			MATERIALS AND METHODS 

			Diet and supplement preparations 

			The basal substrate was formulated according to NRC (2001) requirements for lactating dairy cows. The diet consisted of 60% elephant grass (Pennisetum purpureum) and 40% concentrate (Anzhany et al., 2022). Palm fatty acid distillate (PFAD) was processed into calcium soap form to provide a protected fat source similar to the method used by Zahera et al. (2024). Four levels of PFAD were tested: 0, 1, 2, and 3% of diet DM. Nutrient content of the diet after protected PFAD supplementation is shown in Table 1.

			The micromineral mixture was specifically formulated to deliver three graded supplementation levels of selenium (Se), copper (Cu), and zinc (Zn). In this formulation, selenium was provided as organic selenium yeast (Sel-Plex), copper was sourced from copper sulfate pentahydrate (CuSO₄·5H₂O), and zinc was supplied in the form of zinc oxide (ZnO). The detailed mineral supply per kilogram of diet DM for each dose (D0–D3) is presented in Table 2. 

			Table 1: Nutrient content of the treatment ration. 

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							PFAD (%)

						
							
							Nutrient and energy content

						
					

					
							
							Dry matter (%)

						
							
							Ash (% DM)

						
							
							Crude protein (% DM)

						
							
							Ether extract (% DM)

						
							
							Crude fiber (% DM)

						
							
							ADF (%)

						
							
							NDF (%)

						
							
							Hemi-cellulose (%)

						
							
							Gross energy (MJ/kg DM)

						
					

					
							
							0

						
							
							90.56

						
							
							9.56

						
							
							13.20

						
							
							3.50

						
							
							20.66

						
							
							27.16

						
							
							49.84 

						
							
							22.68

						
							
							17.18

						
					

					
							
							1

						
							
							90.65

						
							
							9.46

						
							
							13.07

						
							
							4.46

						
							
							20.45

						
							
							26.87

						
							
							49.31 

						
							
							22.44

						
							
							17.41

						
					

					
							
							2

						
							
							90.75

						
							
							9.37

						
							
							12.94

						
							
							5.43

						
							
							20.25

						
							
							26.61

						
							
							48.83

						
							
							22.22

						
							
							17.63

						
					

					
							
							3

						
							
							90.84

						
							
							9.27

						
							
							12.80

						
							
							6.40

						
							
							20.04

						
							
							26.33

						
							
							48.32

						
							
							22.00

						
							
							17.85

						
					

				
			

			Note: DM= dry matter, MJ= Mega joule, ADF= acid detergent fiber, NDF= neutral detergent fiber, PFAD= Palm fatty acid distillate.

			Table 2: Composition of micromineral substrates at different doses.

			
				
					
					
					
					
					
					
				
				
					
							
							No.

						
							
							Component

						
							
							Micromineral

						
					

					
							
							Dose 0

						
							
							Dose 1

						
							
							Dose 2

						
							
							Dose 3

						
					

					
							
							1

						
							
							Selenium  (mg/kg)

						
							
							0

						
							
							0.15

						
							
							0.30

						
							
							0.60

						
					

					
							
							2

						
							
							Copper (mg/kg)

						
							
							0

						
							
							6

						
							
							12

						
							
							24

						
					

					
							
							3

						
							
							Zinc (mg/kg)

						
							
							0

						
							
							25

						
							
							50

						
							
							100

						
					

				
			

			In vitro preparation and incubation 

			Fresh rumen inoculum was collected from three fistulated Friesian Holstein bulls housed in the Dairy Nutrition Division Closed-House Barn, Faculty of Animal Science, IPB University. Samples were taken before morning feeding, strained through four layers of cheesecloth, and immediately mixed with a mineral–carbonate buffer (1:2, v/v) under continuous CO₂ flushing. 

			In vitro incubations followed the two-stage method of Tilley and Terry (1963) with modifications. Substrates (0.5 g) were incubated with buffered rumen fluid at 39 °C for 48 h (Stage 1), followed by 48 h digestion with pepsin–HCl (Stage 2). Dry matter (IVDMD) and organic matter digestibility (IVOMD) were determined from dried and ashed residues. Each treatment was run in duplicate with blanks, and the experiment was repeated on separate donor days. 

			Fermentation characteristics measured after 4 h of Stage 1 incubation included pH (digital pH meter), ammonia-N (Conway diffusion), total VFA (steam distillation), and partial VFA (acetate, propionate, butyrate, isoacids) determined by gas chromatography (Yulistiani et al., 2017). Methane (CH₄) was estimated from VFA profiles using the stoichiometric equation CH₄ = 0.45 × acetate – 0.275 × propionate + 0.40 × butyrate (Moss et al., 2000). Protozoa were enumerated microscopically (log CFU/mL) before terminating fermentation with saturated HgCl₂. 

			A parallel set of 100-ml calibrated glass syringes was used for the Hohenheim gas test, with gas volume recorded at 24 h. Digestible energy (DE), metabolizable energy (ME), net energy for lactation (NEl), and methane energy were estimated from gas production and diet composition using (Menke et al., 1979): DE = ME/0.82; ME = 0.145 × GP + 4.12 × CP + 6.5 × CP² + 20.6 × EE + 1.54; NEl = 0.096 × GP + 0.0038 × CP + 0.000173 × EE² + 0.54; and methane energy = CH₄ × 0.089. Here, DE, ME, and NEl are expressed in MJ/kg DM; CP and EE are crude protein and ether extract (g/g DM); GP is 24-h gas production (ml/200 mg DM); and CH₄ is methane concentration (mmol/50 ml) estimated from stoichiometry. 

			Design experiment and data analysis 

			The study used a 4 × 4 factorial experiments arranged under a randomized complete block design (RCBD). Two experimental factors were tested: micromineral dose (four levels: 0, 1, 2, and 3) as Factor A, and protected palm fatty acid distillate (PFAD; 0, 1, 2, and 3% of dry matter) as Factor B, experiment structure shown in Figure 1. The experiment consisted of four replications, with each replication corresponding to one incubation run using rumen fluid collected weekly. At each sampling, rumen fluid was collected from two donor cows and composited in equal proportions to form a homogeneous inoculum. The sampling week was treated as the blocking factor to account for potential variation in rumen microbial activity across collection periods. 

			All variables were analyzed using two-way ANOVA to determine the main effects of PFAD, micromineral dose, and their interaction (PFAD × mineral). When significant differences were detected (p < 0.05), mean comparisons were performed using orthogonal contrasts to separate linear and quadratic effects across PFAD levels (0–3%). Polynomial regression analysis was used to identify quadratic trends and to estimate the optimum inclusion level by solving the vertex of the fitted model (x = –b/2a). The goodness of fit of each model was evaluated based on the coefficient of determination (R²). The model was descriptive; inferences relied on two-way ANOVA.

			All analyses were conducted in SPSS (version 25, IBM Corp., Armonk, NY, USA), and mean comparisons followed Steel and Torrie (1980) for a valid interpretation of treatment effects. 

			[image: ]

			Figure 1: Overview of the 4×4 factorial design for micromineral dose and protected PFAD treatments.

			RESULTS AND DISCUSSION

			In vitro conditions and fermentation product 

			The effects of combined micromineral mixtures and protected PFAD supplementation on in vitro fermentation of dairy cattle diets are summarized in Table 3. Rumen pH values remained stable (6.83–7.07) across treatments, indicating that supplementation neither induced acidification nor disrupted the microbial ecosystem. A pH above 6.2 is considered optimal for fibrolytic bacterial activity, and the buffering system in vitro likely contributed to maintaining this stability (McDonald et al., 2021). These observations are consistent with previous in vitro studies (Anzhany et al., 2022; Despal et al., 2022; Riestanti et al., 2024), which also highlighted the importance of buffering systems in sustaining ruminal pH balance.

			Protozoa count showed no significant differences across treatments (6.30–6.35 log CFU/mL), indicating that neither protected PFAD nor mineral supplementation measurably suppressed their growth. Although unsaturated fatty acids are toxic to protozoa (Anzhany et al., 2022; Jenkins, 1993; Riestanti et al., 2024), the protected PFAD likely mitigated this effect. At rumen pH (6.0–7.0), Ca-soaps are relatively insoluble, reducing the release of free fatty acids into the aqueous phase and thereby limiting direct membrane toxicity. Their lower availability to microbial lipases and hydrogenating bacteria further decreases the risk of protozoal inhibition. Once in the abomasum (pH < 6), soaps dissociate and release fatty acids for digestion. This protection enabled protozoa

			Table 3: In vitro conditions and fermentation products of dairy cow rations supplemented with a mixture of minerals and protected PFAD.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							Micro-mineral dose

						
							
							0% PFAD

						
							
							1% PFAD

						
							
							2% PFAD

						
							
							3% PFAD

						
							
							Mean (Dose)

						
					

					
							
							pH

						
							
							Dose-0

						
							
							6.86 ± 0.18

						
							
							7.07 ± 0.06

						
							
							6.89 ± 0.10

						
							
							6.88 ± 0.12

						
							
							6.93 ± 0.12

						
					

					
							
							Dose-1

						
							
							6.85 ± 0.14

						
							
							6.88 ± 0.39

						
							
							6.89 ± 0.13

						
							
							6.87 ± 0.14

						
							
							6.92 ± 0.22

						
					

					
							
							Dose-2

						
							
							6.89 ± 0.12

						
							
							6.88 ± 0.17

						
							
							6.92 ± 0.18

						
							
							6.83 ± 0.28

						
							
							6.87 ± 0.18

						
					

					
							
							Dose-3

						
							
							6.90 ± 0.15

						
							
							6.88 ± 0.16

						
							
							6.87 ± 0.22

						
							
							6.88 ± 0.20

						
							
							6.90 ± 0.17

						
					

					
							
							Mean (PFAD)

						
							
							
							6.88 ± 0.14

						
							
							6.93 ± 0.22

						
							
							6.89 ± 0.15

						
							
							6.87 ± 0.18

						
							
					

					
							
							Protozoa (log CFU/mL)

						
							
							Dose-0

						
							
							6.36 ± 0.28

						
							
							6.38 ± 0.16

						
							
							6.37 ± 0.23

						
							
							6.33 ± 0.11

						
							
							6.36 ± 0.19

						
					

					
							
							Dose-1

						
							
							6.22 ± 0.13

						
							
							6.29 ± 0.21

						
							
							6.31 ± 0.17

						
							
							6.34 ± 0.28

						
							
							6.29 ± 0.19

						
					

					
							
							Dose-2

						
							
							6.41 ± 0.14

						
							
							6.22 ± 0.08

						
							
							6.37 ± 0.22

						
							
							6.23 ± 0.22

						
							
							6.31 ± 0.18

						
					

					
							
							Dose-3

						
							
							6.21 ± 0.19

						
							
							6.41 ± 0.20

						
							
							6.18 ± 0.43

						
							
							6.50 ± 0.19

						
							
							6.32 ± 0.28

						
					

					
							
							Mean (PFAD)

						
							
							
							6.30 ± 0.20

						
							
							6.33 ± 0.17

						
							
							6.31 ± 0.26

						
							
							6.35 ± 0.21

						
							
					

					
							
							Total VFA (mM)

						
							
							Dose-0

						
							
							103.90 ± 16.34

						
							
							123.44 ± 16.01

						
							
							107.44 ± 18.52

						
							
							124.01 ± 43.64

						
							
							114.70 ± 25.36

						
					

					
							
							Dose-1

						
							
							141.64 ± 44.89

						
							
							125.35 ± 18.50

						
							
							113.08 ± 35.47

						
							
							134.78 ± 22.32

						
							
							128.71 ± 30.74

						
					

					
							
							Dose-2

						
							
							141.80 ± 36.34

						
							
							136.19 ± 25.63

						
							
							101.88 ± 9.69

						
							
							118.62 ± 24.05

						
							
							124.62 ± 28.14

						
					

					
							
							Dose-3

						
							
							106.53 ± 32.96

						
							
							102.74 ± 28.32

						
							
							134.19 ± 26.21

						
							
							124.70 ± 32.79

						
							
							117.04 ± 30.13

						
					

					
							
							Mean (PFAD)

						
							
							
							123.47 ± 35.97

						
							
							121.93 ± 23.82

						
							
							114.15 ± 25.22

						
							
							125.53 ± 29.11

						
							
					

					
							
							Ammonia-N (NH₃–N)

						
							
							Dose-0

						
							
							9.76 ± 2.79

						
							
							9.72 ± 4.32

						
							
							7.67 ± 2.53

						
							
							8.05 ± 1.54

						
							
							8.80 ± 2.83

						
					

					
							
							Dose-1

						
							
							8.23 ± 2.95

						
							
							8.07 ± 1.09

						
							
							6.92 ± 0.86

						
							
							7.03 ± 1.01

						
							
							7.56 ± 1.65

						
					

					
							
							Dose-2

						
							
							7.47 ± 2.20

						
							
							7.41 ± 1.68

						
							
							7.21 ± 0.76

						
							
							7.37 ± 1.70

						
							
							7.36 ± 1.50

						
					

					
							
							Dose-3

						
							
							7.52 ± 5.31

						
							
							6.46 ± 1.12

						
							
							5.90 ± 2.80

						
							
							7.83 ± 3.33

						
							
							6.93 ± 3.21

						
					

					
							
							Mean (PFAD)

						
							
							
							8.25 ± 3.29

						
							
							7.92 ± 2.51

						
							
							6.92 ± 1.89

						
							
							7.57 ± 1.91

						
							
					

				
			

			Note: Values represent mean ± standard deviation (SD) of four replicates. PFAD = protected palm fatty acid distillate; micromineral = mixture of Se, Cu, and Zn.

			to maintain their role in fiber degradation while still contributing hydrogen for methanogenesis (Despal et al., 2022). Previous studies also reported that inclusion of Ca-soap or protected fats up to 2–3% of dietary dry matter is safe and does not impair microbial growth, fermentation, or digestibility (Behan et al., 2024; Riestanti et al., 2023; Zahera et al., 2024). Collectively, these findings confirm that protected PFAD provides effective rumen protection, ensuring energy delivery without compromising protozoal populations or fermentation stability.

			Total volatile fatty acid (VFA) concentrations ranged from 102.7 to 141.8 mM, with mean values of 114.2–125.5 mM. Compared with the control (114.7 mM), supplementation tended to increase total VFA at Dose-1 (128.7 mM) and Dose-2 (124.6 mM), though variability among replicates limited consistency. These findings suggest that protected lipid and mineral supplementation did not compromise fermentability and may enhance microbial activity at certain dose combinations (Riestanti et al., 2021; Zahera et al., 2024). The micromineral mix enhances microbial activity because trace minerals serve as vital enzyme cofactors (Calamari et al., 2011), protect microbes from stress (Uchida et al., 2001), and improve energy metabolism (Overton and Yasui, 2014). Together with protected fat, they create a more favorable fermentation environment, supporting higher total VFA production. This indicates a complementary synergy between protected PFAD and microminerals, where PFAD regulates hydrogen flow through biohydrogenation while trace minerals maintain microbial redox balance under the altered fermentation environment. 

			Ammonia-N (NH₃-N) concentrations ranged from 5.90 to 9.76 mM, with means of 6.92–8.25 mM. Supplementation consistently lowered NH₃-N compared with the control (8.25 mM), yielding values within the optimal range (5–8 mM) for microbial growth and indicating more efficient nitrogen utilization and microbial protein synthesis (Despal et al., 2023). This effect likely reflects improved capture of NH₃-N by microbes when sufficient energy is available, supported by protected fat that sustains microbial activity and enhances nitrogen assimilation. In addition, microminerals such as Zn, Cu, Mn, Co, and Fe act as cofactors for nitrogen-metabolizing enzymes (e.g., glutamate dehydrogenase, glutamine synthetase), facilitating conversion of NH₃ into organic compounds. Although the effects of microminerals were modest, slightly lower NH₃-N at higher doses was consistent with their enzymatic role in nitrogen metabolism (Bach et al., 2005).

			Overall, supplementation-maintained rumen pH and protozoa within normal ranges, while improving VFA production and optimizing ammonia utilization. These results highlight the potential of this strategy to enhance rumen fermentation efficiency without disturbing microbial stability. 

			Volatile fatty acid profile and estimate methane production 

			The effects of combined micromineral mixtures and protected PFAD supplementation on the partial volatile fatty acid (VFA) profile and estimated methane production are presented in Table 4. Acetate concentrations showed a significant difference (p<0.05) across treatments, with the lowest value at 1% PFAD (51.5%) and higher values at 0% (63.1%) and 3% PFAD (62.4%). Propionate showed the opposite trend, with a significant increase at 1% PFAD (29.0%), compared to only 21.6% and 21.9% at 0% and 3% PFAD, respectively. These results indicate that moderate PFAD supplementation promotes a shift toward propionate formation. For dairy cattle, however, maintaining a sufficient acetate supply is crucial since acetate is the main precursor for milk fatty acid synthesis (Yu et al., 2024). Thus, while propionate improvement enhances glucogenic energy, too low acetate levels may compromise milk fat yield if not properly balanced (Seymour et al., 2005; Suttle, 2010; Sutton et al., 2003). 

			The acetate-to-propionate (C₂:C₃) ratio varied significantly among treatments, reaching its lowest value at 1% PFAD (1.95) and the highest at 0% PFAD (3.22). The observed range of ratios aligns closely with previous in vitro findings reported by Anzhany et al. (2022) and Rosmalia et al. (2022), confirming the consistency of the fermentation pattern across similar experimental conditions. A lower ratio reflects increased propionate production and reduced hydrogen availability for methanogenesis, which can improve energy efficiency (Beauchemin et al., 2008), but may risk insufficient acetate for milk fat synthesis if the ratio falls below 2.0 (Bauman and Griinari, 2001). In contrast, the control diet exceeded the recommended range of 2.5–3.0 for optimal energy utilization (Firkins and Mitchell, 2023), indicating an excessive acetate-to-propionate ratio. The 2% PFAD treatment (2.52) was well aligned with this optimal range, suggesting a balanced supply of acetate and propionate for both milk fat and lactose synthesis. Similarly, 3% PFAD (3.06) remained within the upper end of the range, maintaining sufficient acetate for milk fat synthesis while still enhancing energy efficiency (Allen, 2000). These findings indicate that protected PFAD supplementation at 2–3% inclusion provides the most favorable rumen fermentation balance for sustaining both milk yield and milk fat content. 

			Estimated methane production varied significantly among treatments, with the lowest value observed at 1% PFAD (20.5 mM) compared with 0% (26.7 mM) and 3% PFAD (26.4 mM). This pattern corresponded with a lower acetate-to-propionate ratio, indicating that increased propionate formation acts as an alternative

			Table 4: Partial VFA profile as affected by the treatments.  

			
				
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							Micromineral dose

						
							
							0% PFAD

						
							
							1% PFAD

						
							
							2% PFAD

						
							
							3% PFAD

						
							
							Mean (Dose)

						
					

					
							
							Acetate (C₂)

						
							
							Dose-0

						
							
							60.17 ± 12.03

						
							
							50.09 ± 9.19

						
							
							56.74 ± 14.06

						
							
							59.38 ± 11.10

						
							
							56.59 ± 11.26

						
					

					
							
							Dose-1

						
							
							67.86 ± 13.08

						
							
							52.72 ± 11.63

						
							
							60.57 ± 14.81

						
							
							64.75 ± 8.33

						
							
							61.47 ± 12.39

						
					

					
							
							Dose-2

						
							
							59.55 ± 13.65

						
							
							57.20 ± 9.85

						
							
							52.66 ± 17.33

						
							
							65.68 ± 20.08

						
							
							58.77 ± 14.86

						
					

					
							
							Dose-3

						
							
							64.71 ± 14.69

						
							
							46.02 ± 4.51

						
							
							60.43 ± 12.56

						
							
							59.70 ± 14.70

						
							
							57.71 ± 13.21

						
					

					
							
							Mean (PFAD)

						
							
							
							63.07 ± 12.49ᵃ

						
							
							51.51 ± 9.22ᵇ

						
							
							57.60 ± 13.64ᵇ

						
							
							62.38 ± 13.08ᵃ

						
							
					

					
							
							Propionate (C₃)

						
							
							Dose-0

						
							
							22.41 ± 4.47

						
							
							29.40 ± 6.90

						
							
							26.35 ± 5.27

						
							
							24.14 ± 3.17

						
							
							25.57 ± 5.33

						
					

					
							
							Dose-1

						
							
							19.61 ± 5.22

						
							
							28.40 ± 9.38

						
							
							23.07 ± 5.08

						
							
							22.02 ± 2.39

						
							
							23.27 ± 6.35

						
					

					
							
							Dose-2

						
							
							23.41 ± 4.57

						
							
							26.33 ± 7.68

						
							
							26.53 ± 8.18

						
							
							18.93 ± 6.01

						
							
							23.80 ± 6.83

						
					

					
							
							Dose-3

						
							
							20.81 ± 7.63

						
							
							31.85 ± 6.27

						
							
							23.44 ± 4.13

						
							
							22.50 ± 2.67

						
							
							24.65 ± 6.61

						
					

					
							
							Mean (PFAD)

						
							
							
							21.56 ± 5.25ᵇ

						
							
							28.99 ± 7.14ᵃ

						
							
							24.85 ± 5.50ᵃ

						
							
							21.90 ± 3.95ᵇ

						
							
					

					
							
							C₂:C₃ Ratio

						
							
							Dose-0

						
							
							2.81 ± 0.90

						
							
							1.81 ± 0.67

						
							
							2.29 ± 0.97

						
							
							2.53 ± 0.74

						
							
							2.36 ± 0.83

						
					

					
							
							
							Dose-1

						
							
							3.75 ± 1.48

						
							
							2.13 ± 1.20

						
							
							2.81 ± 1.11

						
							
							3.00 ± 0.73

						
							
							2.92 ± 1.20

						
					

					
							
							
							Dose-2

						
							
							2.70 ± 1.12

						
							
							2.36 ± 0.94

						
							
							2.29 ± 1.57

						
							
							4.01 ± 2.30

						
							
							2.84 ± 1.58

						
					

					
							
							
							Dose-3

						
							
							3.61 ± 1.94

						
							
							1.50 ± 0.41

						
							
							2.69 ± 0.95

						
							
							2.69 ± 0.79

						
							
							2.62 ± 1.30

						
					

					
							
							Mean (PFAD)

						
							
							
							3.22 ± 1.36ᵃ

						
							
							1.95 ± 0.83ᵇ

						
							
							2.52 ± 1.08ᵇ

						
							
							3.06 ± 1.33ᵃ

						
							
					

					
							
							Isobutyrate (iC₄)

						
							
							Dose-0

						
							
							2.78 ± 2.35

						
							
							2.88 ± 3.06

						
							
							2.16 ± 1.16

						
							
							2.22 ± 1.56

						
							
							2.51 ± 1.96

						
					

					
							
							
							Dose-1

						
							
							1.73 ± 1.21

						
							
							2.26 ± 0.97

						
							
							2.05 ± 1.07

						
							
							1.68 ± 0.95

						
							
							1.93 ± 0.98

						
					

					
							
							
							Dose-2

						
							
							1.93 ± 1.23

						
							
							2.57 ± 1.22

						
							
							2.02 ± 1.39

						
							
							1.57 ± 1.44

						
							
							2.02 ± 1.24

						
					

					
							
							
							Dose-3

						
							
							1.58 ± 0.80

						
							
							2.51 ± 1.30

						
							
							2.05 ± 1.19

						
							
							2.21 ± 1.85

						
							
							2.09 ± 1.25

						
					

					
							
							Mean (PFAD)

						
							
							
							2.00 ± 1.43

						
							
							2.55 ± 1.66

						
							
							2.07 ± 1.08

						
							
							1.92 ± 1.36

						
							
					

					
							
							Butyrate (nC₄)

						
							
							Dose-0

						
							
							11.18 ± 7.08

						
							
							13.63 ± 4.46

						
							
							11.81 ± 7.33

						
							
							11.32 ± 6.39

						
							
							11.98 ± 5.83

						
					

					
							
							
							Dose-1

						
							
							8.65 ± 6.30

						
							
							13.17 ± 3.26

						
							
							11.52 ± 7.65

						
							
							9.43 ± 4.43

						
							
							10.69 ± 5.39

						
					

					
							
							
							Dose-2

						
							
							12.28 ± 7.34

						
							
							10.91 ± 4.42

						
							
							15.17 ± 9.75

						
							
							11.01 ± 10.20

						
							
							12.34 ± 7.59

						
					

					
							
							
							Dose-3

						
							
							10.28 ± 6.05

						
							
							15.48 ± 5.14

						
							
							11.44 ± 7.19

						
							
							12.13 ± 9.38

						
							
							12.33 ± 6.67

						
					

					
							
							Mean (PFAD)

						
							
							
							10.60 ± 6.16

						
							
							13.30 ± 4.26

						
							
							12.48 ± 7.37

						
							
							10.97 ± 7.18

						
							
					

					
							
							Isovalerate (iC₅)

						
							
							Dose-0

						
							
							2.06 ± 1.35

						
							
							2.28 ± 1.13

						
							
							1.59 ± 0.99

						
							
							1.67 ± 1.02

						
							
							1.90 ± 1.05

						
					

					
							
							
							Dose-1

						
							
							1.26 ± 0.97

						
							
							2.05 ± 1.06

						
							
							1.60 ± 1.14

						
							
							1.16 ± 0.58

						
							
							1.52 ± 0.93

						
					

					
							
							
							Dose-2

						
							
							1.52 ± 1.10

						
							
							1.62 ± 0.39

						
							
							1.93 ± 1.61

						
							
							1.51 ± 1.48

						
							
							1.65 ± 1.12

						
					

					
							
							
							Dose-3

						
							
							1.45 ± 0.97

						
							
							2.16 ± 0.90

						
							
							1.41 ± 0.86

						
							
							2.01 ± 2.17

						
							
							1.76 ± 1.25

						
					

					
							
							Mean (PFAD)

						
							
							
							1.57 ± 1.04

						
							
							2.03 ± 0.86

						
							
							1.63 ± 1.08

						
							
							1.59 ± 1.32

						
							
					

					
							
							Valerate (nC₅)

						
							
							Dose-0

						
							
							1.41 ± 0.75

						
							
							1.73 ± 0.80

						
							
							1.36 ± 0.78

						
							
							1.28 ± 0.71

						
							
							1.45 ± 0.70

						
					

					
							
							
							Dose-1

						
							
							0.89 ± 0.67

						
							
							1.40 ± 0.54

						
							
							1.19 ± 0.86

						
							
							0.97 ± 0.49

						
							
							1.11 ± 0.62

						
					

					
							
							
							Dose-2

						
							
							1.30 ± 0.82

						
							
							1.36 ± 0.29

						
							
							1.69 ± 1.35

						
							
							1.29 ± 1.21

						
							
							1.41 ± 0.91

						
					

					
							
							
							Dose-3

						
							
							1.17 ± 0.78

						
							
							1.98 ± 0.95

						
							
							1.23 ± 0.83

						
							
							1.45 ± 1.21

						
							
							1.46 ± 0.92

						
					

					
							
							Mean (PFAD)

						
							
							
							1.19 ± 0.71

						
							
							1.62 ± 0.67

						
							
							1.37 ± 0.90

						
							
							1.25 ± 0.88

						
							
					

					
							
							Estimated CH₄ (mM)

						
							
							Dose-0

						
							
							25.38 ± 3.57

						
							
							19.91 ± 5.84

						
							
							23.01 ± 5.03

						
							
							24.61 ± 3.20

						
							
							23.23 ± 4.60

						
					

					
							
							Dose-1

						
							
							28.60 ± 4.84

						
							
							21.18 ± 7.06

						
							
							25.52 ± 5.06

						
							
							26.85 ± 2.67

						
							
							25.54 ± 5.41

						
					

					
							
							
							Dose-2

						
							
							25.27 ± 4.52

						
							
							22.86 ± 5.23

						
							
							22.47 ± 6.52

						
							
							28.75 ± 6.67

						
							
							24.84 ± 5.80

						
					

					
							
							
							Dose-3

						
							
							27.51 ± 6.70

						
							
							18.14 ± 4.04

						
							
							25.32 ± 4.06

						
							
							25.53 ± 3.46

						
							
							24.13 ± 5.61

						
					

					
							
							Mean (PFAD)

						
							
							
							26.69 ± 4.74ᵃ

						
							
							20.53 ± 5.36ᶜ

						
							
							24.08 ± 4.89ᵇ

						
							
							26.44 ± 4.17ᵃ

						
							
					

				
			

			Note: Values are mean ± standard deviation (SD) of four replicates. PFAD = protected palm fatty acid distillate; micromineral = mixture of selenium, copper, and zinc. Superscripts (a–c) within a row indicate significant differences (p < 0.05) among PFAD levels.

			 

			hydrogen (H₂) sink, thereby reducing substrate availability for methanogenesis (Pereira et al., 2022; Wang et al., 2018). The stoichiometric model of Moss et al. (2000) assumes that H₂ generated during acetate and butyrate formation is used for methane synthesis, while in lipid-supplemented diets part of the H₂ may be diverted to reductive acetogenesis, biohydrogenation, or microbial synthesis (Jenkins, 1993; Patra, 2013). Consequently, methane estimates may be slightly lower than actual values; however, the reduced CH₄ observed at moderate PFAD inclusion indicates an effective redirection of hydrogen flow toward propionate formation and lipid hydrogenation, thereby lowering methane losses and improving rumen energy efficiency.

			The significant differences observed in acetate, propionate, the C2:C3 ratio, and methane production highlight the strong effect of PFAD supplementation on rumen fermentation. A 1% inclusion level shifted fermentation toward a more glucogenic profile and reduced methane production, but it also lowered acetate, which is essential for milk fat synthesis. For dairy cattle, the practical implication is that while lipid supplementation can improve energy efficiency and environmental sustainability, feeding strategies must ensure that acetate supply remains sufficient to sustain optimal milk fat production. 

			Polynomial orthogonal analysis revealed that acetate (C2), propionate (C3), the C2:C3 ratio, and estimated methane (CH₄) all responded quadratically to protected PFAD supplementation (Figure 2). The fitted curves clearly identified extreme points (vertex values) calculated from the first derivative of each quadratic equation.

			[image: ]

			Figure 2: Quadratic responses of rumen fermentation variables to different levels of protected PFAD supplementation in vitro: (A) acetate (C2), (B) propionate (C3), (C) acetate to propionate ratio (C2:C3), and (D) estimated methane (CH₄) production.

			The refined quadratic models generated in this study further reinforce the central pattern that protected PFAD supplementation exerts a consistent curvilinear influence on rumen fermentation. Acetate followed the model Y = 4.0863x² − 11.858x + 62.123 (R² = 0.79), reaching its predicted minimum of approximately 53.5 mol% at around 1.45% PFAD. In contrast, propionate exhibited the opposite trend, with the model Y = −2.5958x² + 7.4739x + 22.199 (R² = 0.77) identifying a maximum of approximately 27.6 mol% at a nearly identical inclusion level of 1.44% PFAD. Consistent with these patterns, the acetate-to-propionate ratio (C₂:C₃) declined sharply along the model Y = 0.4512x² − 1.3461x + 3.1273 (R² = 0.82), achieving its lowest predicted value of ~2.1 at 1.49% PFAD. Methane production also displayed a curvilinear reduction described by Y = 2.1312x² − 6.1146x + 26.147 (R² = 0.76), with the minimum predicted value of approximately 21.8 mM occurring at ~1.44% PFAD. Collectively, these regression outputs clearly converge on a narrow optimal range of roughly 1.4-1.5% PFAD, which represents the point of maximal glucogenic shift in rumen fermentation characterized by the lowest acetate levels, the lowest C₂:C₃ ratio, the most pronounced suppression of methane, and the greatest enhancement of propionate formation.

			This metabolic shift aligns with improved hydrogen utilization efficiency, where reducing equivalents (H₂) are redirected from methanogenesis toward propionate synthesis. However, such an extreme shift toward glucogenic end-products may constrain acetate availability, which is metabolically important for de novo milk fat synthesis. Consequently, although 1.4–1.5% PFAD marks the mechanistic optimum for altering fermentation stoichiometry at the in vitro level, slightly higher inclusion levels (approximately 2–3%) are likely more suitable in practical dairy production because they maintain sufficient acetate output while still providing meaningful methane mitigation. This interpretation is consistent with previous observations by Riestanti et al. (2021, 2023, 2024), who reported that moderate PFAD supplementation supports stable rumen fermentation, maintains milk fat yield, and enhances overall feeding efficiency in dairy cows.

			In vitro digestibility 

			The effects of micromineral mixtures and protected PFAD supplementation on in vitro dry matter digestibility (DMD), organic matter digestibility (OMD), and gas production are presented in Table 5. Dry matter digestibility ranged from 59.9–64.2%, with treatment averages between 61.9–62.9%. There were no significant differences (p > 0.05) among PFAD or micromineral levels, indicating that supplementation did not adversely affect the overall digestibility of dietary dry matter. The relatively consistent digestibility values indicate that protected PFAD did not hinder microbial adherence to fibrous substrates, which is 

			Table 5: Effect of treatments on in vitro digestibility and gas production.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							Micro-mineral dose

						
							
							0% PFAD

						
							
							1% PFAD

						
							
							2% PFAD

						
							
							3% PFAD

						
							
							Mean (Dose)

						
					

					
							
							Dry matter digestibility (DMD, %)

						
							
							Dose-0

						
							
							59.96 ± 5.53

						
							
							61.88 ± 1.04

						
							
							60.41 ± 2.04

						
							
							59.93 ± 3.96

						
							
							60.55 ± 3.31

						
					

					
							
							Dose-1

						
							
							63.77 ± 1.99

						
							
							62.91 ± 3.54

						
							
							62.01 ± 2.82

						
							
							61.39 ± 3.16

						
							
							62.52 ± 2.78

						
					

					
							
							Dose-2

						
							
							63.86 ± 1.93

						
							
							63.32 ± 2.49

						
							
							62.65 ± 3.22

						
							
							62.02 ± 4.60

						
							
							62.96 ± 2.97

						
					

					
							
							Dose-3

						
							
							62.23 ± 1.21

						
							
							62.68 ± 2.35

						
							
							62.45 ± 5.32

						
							
							64.22 ± 2.26

						
							
							62.90 ± 2.95

						
					

					
							
							Mean (PFAD)

						
							
							
							62.45 ± 3.26

						
							
							62.70 ± 2.31

						
							
							61.88 ± 3.31

						
							
							61.89 ± 3.60

						
							
					

					
							
							Organic matter digestibility (OMD, %)

						
							
							Dose-0

						
							
							65.24 ± 4.89

						
							
							66.44 ± 1.15

						
							
							64.49 ± 1.98

						
							
							64.19 ± 4.16

						
							
							65.09 ± 3.18

						
					

					
							
							Dose-1

						
							
							68.40 ± 1.84

						
							
							67.26 ± 3.05

						
							
							66.51 ± 2.60

						
							
							65.63 ± 3.00

						
							
							66.95 ± 2.61

						
					

					
							
							Dose-2

						
							
							68.40 ± 2.11

						
							
							67.78 ± 2.66

						
							
							66.90 ± 3.10

						
							
							66.47 ± 4.52

						
							
							67.39 ± 2.99

						
					

					
							
							Dose-3

						
							
							66.96 ± 1.18

						
							
							67.40 ± 2.54

						
							
							66.85 ± 5.11

						
							
							68.66 ± 2.63

						
							
							67.47 ± 2.95

						
					

					
							
							Mean (PFAD)

						
							
							
							67.25 ± 2.90

						
							
							67.22 ± 2.25

						
							
							66.19 ± 3.21

						
							
							66.24 ± 3.68

						
							
					

					
							
							Gas production (mL / 200 mg DM)

						
							
							Dose-0

						
							
							41.31 ± 3.41

						
							
							40.82 ± 3.34

						
							
							38.07 ± 6.67

						
							
							38.28 ± 0.65

						
							
							39.62 ± 3.48

						
					

					
							
							Dose-1

						
							
							41.36 ± 3.28

						
							
							42.27 ± 5.50

						
							
							42.94 ± 0.18

						
							
							43.93 ± 1.99

						
							
							42.63 ± 2.73

						
					

					
							
							Dose-2

						
							
							41.48 ± 10.38

						
							
							36.15 ± 10.32

						
							
							33.49 ± 6.87

						
							
							28.50 ± 0.13

						
							
							34.91 ± 7.90

						
					

					
							
							Dose-3

						
							
							46.28 ± 3.45

						
							
							36.04 ± 10.15

						
							
							35.89 ± 10.44

						
							
							33.11 ± 6.71

						
							
							37.83 ± 8.20

						
					

					
							
							Mean (PFAD)

						
							
							
							42.61 ± 5.04

						
							
							38.82 ± 6.68

						
							
							37.60 ± 6.52

						
							
							35.96 ± 6.71

						
							
					

				
			

			Note: Values are means ± standard deviation (SD) of four replicates. PFAD = protected palm fatty acid distillate; micromineral = mixture of Se, Cu, and Zn.

			often a concern with lipid supplementation. This finding agrees with previous evidence showing that rumen-protected fats have negligible adverse effects on fiber degradation compared with unprotected oils (Jenkins, 1993). The DMD values obtained in the present work were also in close agreement with earlier reports by Riestanti et al. (2024) and Zahera et al. (2024). 

			Organic matter digestibility (OMD) ranged from 64.2–68.7% with averages of 66.2–67.3%, showing no significant effects (p > 0.05) of PFAD or mineral supplementation. OMD values were slightly higher than DMD, reflecting the greater solubility and fermentability of organic fractions and the exclusion of indigestible ash. Thus, OMD better represents the digestible portion of the feed, while DMD underestimates true fermentability. Higher OMD over DMD was also reported in a previous study (Al-Arif et al., 2017; Salas et al., 2019). 

			Gas production varied between 28.5 and 46.3 ml/200 mg DM, decreasing with increasing PFAD from 42.6 ml at 0% to 36.0 ml at 3%. As in vitro gas yield is widely used to estimate OMD and metabolizable energy (ME) (Menke and Steingass, 1988), this reduction suggests a lower fermentation-derived energy yield. Interestingly, OMD remained relatively stable at ~66–67%, indicating that PFAD did not diminish the proportion of digested organic matter but rather altered fermentation stoichiometry. This outcome is consistent with greater diversion of hydrogen toward non-gaseous sinks particularly biohydrogenation of unsaturated fatty acids thereby reducing gas formation (Jenkins, 1993; Pereira et al., 2022). 

			These findings align with the VFA data, where moderate PFAD inclusion increased propionate and reduced methane estimation. Thus, although gas production decreased, overall fermentation efficiency may have improved, with more energy conserved as VFAs rather than lost as gas. From a dairy cow nutrition perspective, this outcome is favorable as it maintains digestibility while reducing gaseous energy losses (Alvarez-Hess et al., 2019; Yang et al., 2022). 

			 

			Energy partition 

			The effects of micromineral mixtures and protected PFAD supplementation on gross energy, digestible energy, methane energy loss, metabolizable energy, and net energy for lactation are presented in Table 6. Gross energy (GE) values were consistent across treatments (17.2–17.9 MJ/kg DM), reflecting the fixed caloric density of the diets. Digestible energy (DE) ranged from 9.3 to 12.0 MJ/kg DM, with numerically higher values observed at 1% PFAD and lower values at 2–3% PFAD. However, these differences were not statistically significant (p > 0.05), indicating that neither protected PFAD nor micromineral supplementation markedly altered the digestible energy fraction of the diet. The lack of an increase in DE despite PFAD supplementation can be attributed to the low ruminal fermentability of Ca-soap fat, which contributes little to VFA formation in vitro. PFAD may also replace a portion of fermentable carbohydrates, thereby reducing the substrate available for VFA production. This mechanism is 

			Table 6: Energy partition of dairy cattle ration supplemented with micro mineral mix and protected PFAD and different level application.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							Micro-mineral dose

						
							
							0% PFAD

						
							
							1% PFAD

						
							
							2% PFAD

						
							
							3% PFAD

						
							
							Mean (Dose)

						
					

					
							
							Digestible energy 

							(DE, MJ/kg DM)

						
							
							Dose-0

						
							
							10.86 ± 0.60

						
							
							11.01 ± 0.59

						
							
							10.76 ± 1.18

						
							
							11.03 ± 0.11

						
							
							10.91 ± 0.56

						
					

					
							
							Dose-1

						
							
							10.87 ± 0.58

						
							
							11.27 ± 0.97

						
							
							11.62 ± 0.03

						
							
							12.03 ± 0.35

						
							
							11.45 ± 0.64

						
					

					
							
							Dose-2

						
							
							10.89 ± 1.84

						
							
							10.18 ± 1.82

						
							
							9.95 ± 1.21

						
							
							9.30 ± 0.02

						
							
							10.08 ± 1.24

						
					

					
							
							Dose-3

						
							
							11.74 ± 0.61

						
							
							10.16 ± 1.80

						
							
							10.37 ± 1.85

						
							
							10.11 ± 1.19

						
							
							10.60 ± 1.31

						
					

					
							
							Mean (PFAD)

						
							
							
							11.09 ± 0.89

						
							
							10.66 ± 1.18

						
							
							10.67 ± 1.15

						
							
							10.62 ± 1.19

						
							
					

					
							
							Methane energy 

							(MJ/kg DM)

						
							
							Dose-0

						
							
							2.43 ± 0.05

						
							
							1.66 ± 0.78

						
							
							1.97 ± 0.50

						
							
							2.24 ± 0.16

						
							
							2.08 ± 0.47

						
					

					
							
							Dose-1

						
							
							2.85 ± 0.08

						
							
							2.09 ± 0.79

						
							
							2.58 ± 0.09

						
							
							2.33 ± 0.12

						
							
							2.46 ± 0.43

						
					

					
							
							Dose-2

						
							
							2.16 ± 0.35

						
							
							2.35 ± 0.20

						
							
							2.38 ± 0.62

						
							
							2.64 ± 0.18

						
							
							2.38 ± 0.34

						
					

					
							
							Dose-3

						
							
							2.37 ± 0.92

						
							
							1.45 ± 0.22

						
							
							2.22 ± 0.58

						
							
							2.31 ± 0.35

						
							
							2.09 ± 0.59

						
					

					
							
							Mean (PFAD)

						
							
							
							2.46 ± 0.46

						
							
							1.89 ± 0.57

						
							
							2.29 ± 0.44

						
							
							2.38 ± 0.24

						
							
					

					
							
							Metabolizable energy (ME, MJ/kg DM)

						
							
							Dose-0

						
							
							8.91 ± 0.49

						
							
							9.03 ± 0.48

						
							
							8.82 ± 0.97

						
							
							9.04 ± 0.09

						
							
							8.95 ± 0.46

						
					

					
							
							Dose-1

						
							
							8.92 ± 0.47

						
							
							9.24 ± 0.80

						
							
							9.53 ± 0.03

						
							
							9.86 ± 0.29

						
							
							9.39 ± 0.52

						
					

					
							
							Dose-2

						
							
							8.93 ± 1.50

						
							
							8.35 ± 1.50

						
							
							8.16 ± 1.00

						
							
							7.62 ± 0.02

						
							
							8.27 ± 1.02

						
					

					
							
							Dose-3

						
							
							9.63 ± 0.50

						
							
							8.34 ± 1.47

						
							
							8.50 ± 1.51

						
							
							8.29 ± 0.97

						
							
							8.69 ± 1.07

						
					

					
							
							Mean (PFAD)

						
							
							
							9.10 ± 0.73

						
							
							8.74 ± 0.97

						
							
							8.75 ± 0.95

						
							
							8.71 ± 0.97

						
							
					

					
							
							Net energy for lactation 

							(NEl, MJ/kg DM)

						
							
							Dose-0

						
							
							4.51 ± 0.33

						
							
							4.46 ± 0.32

						
							
							4.20 ± 0.64

						
							
							4.22 ± 0.06

						
							
							4.34 ± 0.33

						
					

					
							
							Dose-1

						
							
							4.51 ± 0.31

						
							
							4.60 ± 0.53

						
							
							4.66 ± 0.02

						
							
							4.76 ± 0.19

						
							
							4.63 ± 0.26

						
					

					
							
							Dose-2

						
							
							4.52 ± 1.00

						
							
							4.01 ± 0.99

						
							
							3.76 ± 0.66

						
							
							3.28 ± 0.01

						
							
							3.89 ± 0.76

						
					

					
							
							Dose-3

						
							
							4.98 ± 0.33

						
							
							4.00 ± 0.97

						
							
							3.99 ± 1.00

						
							
							3.72 ± 0.64

						
							
							4.17 ± 0.79

						
					

					
							
							Mean (PFAD)

						
							
							
							4.63 ± 0.48

						
							
							4.27 ± 0.64

						
							
							4.15 ± 0.63

						
							
							3.99 ± 0.64

						
							
					

				
			

			Notes: Values are means ± standard deviation (SD) of four replicates. PFAD = protected palm fatty acid distillate; micromineral = mixture of Se, Cu, and Zn. No significant (p > 0.05) effects of PFAD, mineral dose, or their interaction were observed on DE, ME, or Nel.

			consistent with Ueda et al. (2003), who reported that dietary oil supplementation reduced ruminal fiber digestion and acetate production due to lower availability of fermentable carbohydrate substrate. As a result, DE measured in vitro primarily reflects fermentation-derived energy and does not capture the post-ruminal utilization of fat that occurs under in vivo conditions. 

			Methane energy losses (CH₄) ranged from 1.45 to 2.85 MJ/kg DM (equivalent to ~13–20% of DE), with numerically lower values observed at 1% PFAD compared with other treatments. Although this pattern was consistent with the earlier trend in methane estimates from the VFA data, the differences were not statistically significant, indicating that PFAD inclusion did not consistently affect methane energy loss. The methane losses recorded in this experiment were higher than those reported by Morgavi et al. (2023), most likely reflecting differences in the basal diet composition. In the present work, diets were formulated using tropical forages, which are typically rich in structural carbohydrates and classified as third-grade or lower relative forage value (RFV). In contrast, Morgavi et al. (2023) utilized temperate forages with prime or first-grade RFV, known to promote more efficient ruminal fermentation. The higher fiber content of tropical forages favors greater acetate and butyrate formation, both of which generate more hydrogen and consequently enhance methane production (Firkins and Mitchell, 2023; Wang et al., 2018; Yulistiani et al., 2017). 

			Metabolizable energy (ME) values ranged from 7.6 to 9.9 MJ/kg DM, while net energy for lactation (NEl) ranged from 3.3 to 4.8 MJ/kg DM. Numerically, 1% PFAD yielded slightly higher ME and NEl compared with 2–3% PFAD, though the differences were not statistically significant (p > 0.05). This suggests that the efficiency of converting feed energy into metabolizable and milk-usable energy was maintained across treatments. The ME values observed in this study are comparable to those reported previously (Jayasinghe et al., 2022; Olfaz et al., 2018). 

			Although numerical variation was observed in DE, CH₄, ME, and NEl, statistical analysis showed no significant treatment effects. These findings suggest that supplementation with micromineral mixtures and protected PFAD up to 3% of the diet dry matter did not compromise energy partitioning in vitro. The maintenance of energy recovery across treatments complements the earlier results on digestibility and fermentation, confirming that the supplementation strategy was well tolerated by the rumen microbial ecosystem. 

			 

			CONCLUSION 

			Supplementation of dairy cattle diets with micromineral mixtures and protected PFAD resulted in no significant differences in rumen pH and protozoal populations, indicating a well-balanced microbial ecosystem. Volatile fatty acid profiles exhibited clear quadratic responses, where moderate PFAD inclusion (~1.5–2%) enhanced propionate production and reduced methane estimates, while higher levels (2–3%) sustained adequate acetate supply for milk fat synthesis. Dry matter and organic matter digestibility were unaffected, although gas production declined slightly, indicating a shift in fermentation pathways rather than reduced nutrient utilization. Energy parameters (DE, ME, NEl, CH₄) showed no significant differences, confirming that supplementation up to 3% PFAD did not compromise overall energy recovery. Collectively, the results suggest that moderate supplementation with protected PFAD (2–3% of diet DM), in combination with micromineral mixtures, can be integrated into dairy diets to enhance fermentation efficiency, mitigate methane emissions, and support sustainable milk production without disrupting rumen stability.
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			Novelty Statement

			This work presents the first integrated evaluation of micromineral mixtures (Se–Cu–Zn) combined with protected PFAD as a synchronized rumen-modulating strategy. The study demonstrates that this dual-supplement system can shift fermentation toward a more energy-efficient propionate pathway, suppress methane formation, and maintain digestibility and microbial stability, revealing a new and promising approach for advancing sustainable dairy nutrition and mitigation of ruminal energy loss
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Synergistic Effects of Micromineral Mixtures and Protected Palm Fatty
Acid Distillate on In Vitro Rumen Fermentation and Digestibility
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Abstract | This study evaluated the combined effects of micromineral supplementation and protected palm fatty
acid distillate (PFAD) on rumen fermentation, methane (CH.) mitigation, digestibility, gas production, and energy
partitioning in vitro. A 4 x 4 factorial design was applied with four PFAD levels (0, 1, 2, 3% DM) and graded
doses of selenium, copper, and zinc. Diets based on elephant grass and concentrate (60:40) were incubated using the
Tilley and Terry two-stage method, along with a parallel Hohenheim gas test. Rumen pH (6.83-7.07) and protozoa
populations (6.30-6.35 log CFU/mL) showed no significant changes, indicating stable fermentation conditions.
PFAD supplementation modified VFA patterns by decreasing acetate and increasing propionate, thereby lowering
the acetate-to-propionate ratio. Moderate PFAD levels enhanced glucogenic fermentation and reduced estimated
methane output. However, PFAD inclusion at 2-3% DM maintained adequate acetate supply needed for milk fat
synthesis while preserving improved fermentation balance. Ammonia-N decreased from 9.76 to 5.90 mM, suggesting.
enhanced nitrogen utilization. Dry and organic matter digestibility (61-67%) were unaffected, whereas gas production
declined with higher PFAD, reflecting altered fermentation pathways rather than reduced nutrient degradation. Energy
partitioning (DE, ME, NEI) showed no significant differences, confirming stable energy recovery. In conclusion,
protected PFAD at 2-3% DM combined with microminerals supports balanced rumen fermentation, moderates
methane formation, and maintains digestibility without disrupting microbial stability, offering a sustainable feeding
strategy for dairy systems.
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INTRODUCTION concern due to their high energy requirements during

lactation and their significant contribution to methane

uminant nutrition research increasingly focuses on (CHa) emissions (Battini ez a/., 2016; Despal et al., 2017).
trategies to improve feed efficiency while mitigating Methane production represents an energetic loss of
greenhouse gas (GHG) emissions (Janssen, 2010; 2-12% of gross energy intake (Blaxter and Clapperton,
Jayanegara et al., 2021). Dairy cattle are of particular 19655 Wang ef al., 2025), thereby lowering feed efficiency
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