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			Abstract | This study evaluated rumen fermentability and volatile fatty acid (VFA) profiles in response to graded inclusion levels of Indigofera zollingeriana pellets, interpreted through predicted rumen microbial metabolic functions. An in vitro experiment was conducted using a completely randomized design with three dietary treatments: T0 (control), T1 (low Indigofera inclusion), and T2 (moderate Indigofera inclusion), all supplemented with 0.25% arginine–tannin complex on a dry matter basis. After 48 h of incubation, in vitro dry matter degradation (IVDMD), in vitro organic matter degradation (IVOMD), rumen pH, ammonia nitrogen (NH₃–N), microbial protein synthesis (MPS), and VFA profiles and ratios were determined. Microbial metabolic functions were predicted using 16S rRNA gene sequencing data, followed by PICRUSt2 analysis to infer shifts in microbial functional potential. In vitro dry matter degradation (57.19–62.99%) and organic matter degradation (57.29–66.71%) did not differ among the treatments (P > 0.05), indicating that fermentation responses were not driven by differences in substrate degradation. The concentrations of individual VFAs, total VFA production, ammonia nitrogen (NH₃-N) concentration, and rumen pH were not significantly affected by the dietary treatments (p > 0.05). However, significant shifts in VFA ratios were observed. T1 showed a lower acetate-to-propionate ratio and a higher proportion of propionate relative to the total VFA compared with T0 (p < 0.05), indicating a more glucogenic fermentation pattern. At higher inclusion levels (T2), similar ratio shifts were accompanied by numerical reductions in fermentative outputs, suggesting a state of metabolic constrained ruminal response rather than enhanced fermentation patterns. Principal component analysis (PCA) and PICRUSt2-based heatmap visualization revealed that T1 was associated with enrichment of carbohydrate degradation and propionate-related fermentation pathways, whereas T2 showed increased adaptive metabolic pathways related to respiration, sulfur metabolism, and purine degradation. In conclusion, a low inclusion level of Indigofera zollingeriana pellets shifted rumen fermentation toward a more glucogenic metabolic profile, whereas moderate inclusion induced adaptive microbial responses associated with altered fermentative routing rather than reduced substrate degradation. These findings reflect the predicted microbial functional potential inferred from 16S rRNA–based analysis, not direct measurements of metabolic activity.
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			INTRODUCTION

			Rumen fermentation is the main biochemical process that determines the efficiency of nutrient utilization in ruminant livestock, where the rumen microbial community converts feed carbohydrates into volatile fatty acids (VFAs), which are the main source of energy for the host. The proportion of VFA, specifically the ratio of acetate to propionate, is often used as an indicator of fermentability and fermentation energy efficiency, as propionate is a major precursor of gluconeogenesis (McCann et al., 2014; Vastolo et al., 2025; Zhu et al., 2025). Therefore, a nutritional strategy that can direct fermentation towards a more efficient formation of VFA is an important focus in the development of ruminant feed.

			Indigofera zollingeriana is a tropical legume with a high protein content and great potential as a substitute for conventional protein sources in animal feed (Ginting et al., 2025). However, the presence of bioactive compounds, such as tannins, in Indigofera can modulate rumen fermentation in a complex manner. At low to moderate levels, tannins can increase nitrogen utilization efficiency and regulate nutrient degradation; however, at higher levels, they can suppress the activity of fermentative microbes and decrease fermentability (Makmur et al., 2025; Rakhmani et al., 2025). Thus, the rumen fermentation response to Indigofera is highly dependent on its level of inclusion in the diet. The inclusion levels of Indigofera zollingeriana used in this study, low (13.5%) and moderate (27.1%), were selected based on previous findings suggesting that low-to-moderate levels of tannin-rich legumes can improve rumen fermentation by modulating protein degradation and microbial activity, whereas higher levels may impose antinutritional effects that alter microbial function and fermentability (Makkar, 2003; Patra and Saxena, 2011).

			In addition to affecting fermentation output, changes in feed composition can shift the metabolic function of the rumen microbiome. Although 16S rRNA gene sequencing-based approaches have been widely used to describe the structure of microbial communities, the information obtained has not fully explained how community changes translate into changes in metabolic function. The development of function prediction methods, such as PICRUSt2, allows the inference of the metabolic pathways of the microbiome based on taxonomic profiles, thus providing a framework for attributing fermentation changes to potential underlying metabolic functions (Susanto et al., 2025).

			Although several studies have evaluated the influence of Indigofera on the degradation and composition of rumen microbes, studies that specifically integrate rumen fermentability, rumen modifiers, VFA profiles, and prediction of microbiome metabolic function are still limited (Daning et al., 2020; Yang et al., 2025). Understanding how Indigofera levels modulate the metabolic functions of the microbiome, specifically carbohydrate degradation pathways, pyruvate fermentation, and microbial adaptive mechanisms, is critical for interpreting diet-driven shifts in rumen fermentation patterns and end-product partitioning (e.g., VFA ratios), complementing conventional degradability outcomes. Therefore, this study aimed to evaluate rumen fermentability and VFA profiles in response to graded inclusion levels of Indigofera zollingeriana pellets, interpreted from the perspective of predicted rumen microbial metabolic function, addressing the limited integrated evidence currently available under controlled in vitro conditions. However, limited information is available regarding the integrated evaluation of rumen fermentability, volatile fatty acid profiles, and predicted microbiome functional potential in response to graded inclusion levels of Indigofera zollingeriana, particularly under controlled in vitro conditions.

			MATERIALS AND METHODS

			Experimental design and feed preparation

			The experiment was conducted in vitro using a completely randomized design with three dietary treatments: T0 (control diet without Indigofera pellets), T1 (low inclusion level of Indigofera zollingeriana pellets), and T2 (moderate inclusion level of Indigofera zollingeriana pellets). The arginine–tannin complex (0.25%) was applied uniformly across all treatments, including the control, and therefore was not considered a differentiating experimental factor. Each biological replicate represented an independent batch incubation derived from separate rumen fluid collections.

			Indigofera zollingeriana leaves were processed into pellets to ensure homogeneity and reduce selective feeding effects. Pelleting is known to influence the physical availability of nutrients and may affect the temporal exposure of rumen microbes to tannins compared with fresh or meal forms of feed. The feed composition and nutritional content are presented in Table 1.

			The in vitro degradation of dry matter (IVDMD) and organic matter (IVOMD) was determined using the in vitro post-fermentation residue method (Czerkawski, 2013; Tilley and Terry, 1963). The degradation of dry ingredients was calculated from the oven residue at 105°C for 12 h, while OM degradation was determined by ashing the residue at 600 °C for 2 h. The concentration of ammonia nitrogen (NH₃-N) was analyzed using the indophenol method. Microbial protein synthesis was estimated indirectly based on nitrogen incorporation into the microbial biomass, with the protein concentration determined using the Lowry method and bovine serum albumin as a standard. Rumen fluid was collected from fistulated cattle fed a standard forage-concentrate diet and was mixed with a buffer solution under anaerobic conditions. Each substrate was incubated in duplicate (technical duplicates) within each biological replicate for 48 h at 39 °C.

			Table 1: Ingredient composition and proximate nutrient content of experimental diets.

			
				
					
					
					
					
				
				
					
							
							Feed ingredient

						
							
							T0 (%)

						
							
							T1 (%)

						
							
							T2 (%)

						
					

					
							
							Sorghum silage

						
							
							50.00

						
							
							50.00

						
							
							50.00

						
					

					
							
							Indigofera zollingeriana

						
							
							0.00

						
							
							13.57

						
							
							27.13

						
					

					
							
							DDGS

						
							
							10.85

						
							
							5.40

						
							
							1.80

						
					

					
							
							Copra Meal

						
							
							9.04

						
							
							4.53

						
							
							1.81

						
					

					
							
							Fat powder

						
							
							2.72

						
							
							2.72

						
							
							2.72

						
					

					
							
							Cassava meal

						
							
							1.81

						
							
							2.72

						
							
							1.81

						
					

					
							
							Molasses

						
							
							1.81

						
							
							1.81

						
							
							0.91

						
					

					
							
							Corn gluten feed

						
							
							3.62

						
							
							3.62

						
							
							3.62

						
					

					
							
							Coffee hull

						
							
							7.69

						
							
							4.07

						
							
							1.35

						
					

					
							
							Soybean meal

						
							
							7.23

						
							
							6.33

						
							
							3.62

						
					

					
							
							Rice bran

						
							
							4.53

						
							
							4.53

						
							
							4.53

						
					

					
							
							Premix

						
							
							0.45

						
							
							0.45

						
							
							0.45

						
					

					
							
							Arginine–tannin

						
							
							0.25

						
							
							0.25

						
							
							0.25

						
					

					
							
							Chemical composition (% dry matter)

						
					

					
							
							Dry matter (DM, %)

						
							
							89.99

						
							
							89.95

						
							
							90.15

						
					

					
							
							Organic matter (OM, %)

						
							
							89.62

						
							
							89.10

						
							
							89.71

						
					

					
							
							Crude protein (CP, %)

						
							
							14.49

						
							
							13.31

						
							
							13.27

						
					

					
							
							Crude fiber (CF, %)

						
							
							22.10

						
							
							27.74

						
							
							28.96

						
					

					
							
							Ether extract (EE, %)

						
							
							4.82

						
							
							3.80

						
							
							4.40

						
					

					
							
							Ash (%)

						
							
							10.38

						
							
							10.90

						
							
							10.29

						
					

					
							
							Nitrogen-free extract (%)

						
							
							48.23

						
							
							44.26

						
							
							43.09

						
					

				
			

			Volatile fatty acid (VFA) profile analysis

			The analysis of volatile fatty acids included acetate, propionate, and butyrate. Samples of the fermented liquids were analyzed using gas chromatography (GC-8A, Shimadzu) equipped with CP-FDAP columns. The total VFA and the ratio between VFA fractions (C2:C3, C3:C4, C2+C4:C3, and the proportion of each VFA to the total VFA) were calculated to evaluate ruminal fermentation.

			DNA extraction and 16S rRNA gene sequencing

			Rumen microbial DNA was extracted using the PureLink™ Genomic DNA Kit, according to the manufacturer’s protocol. The V3–V4 region of the 16S rRNA gene was amplified using universal primers, and the resulting amplicons were sequenced using the Illumina MiSeq platform. Raw sequencing data were processed using the DADA2 pipeline to infer amplicon sequence variants (ASVs) for downstream microbial community analysis (Callahan et al., 2016).

			Microbiome functional prediction and multivariate analysis

			Given the limited number of sequenced samples per treatment, microbiome functional predictions and multivariate analyses were interpreted descriptively to explore trends, not for formal statistical inference (Rifa’i et al., 2025). Functional prediction of the rumen microbiome was performed using PICRUSt2 based on the ASV data derived from 16S rRNA gene sequencing. Predicted microbial metabolic functions were annotated in terms of KEGG Orthology (KO) and MetaCyc metabolic pathways using reference genomic databases. Multivariate analyses, including principal component analysis (PCA) and heatmap visualization, were applied to evaluate shifts in microbial metabolic function patterns among dietary treatments (Caspi et al., 2018; Douglas et al., 2020). Because functional predictions were generated from a limited number of sequenced samples without inferential statistical testing, PICRUSt2 results were interpreted descriptively and exploratorily.

			Statistical analysis

			Data on degradation, pH, NH₃-N, microbial protein synthesis, and VFA profiles were analyzed using one-way analysis of variance (ANOVA). Differences between treatments were tested using Duncan’s test at a significance level of P < 0.05. PCA and clustering of metabolic functions were performed to identify shifts in the metabolic potential of the rumen microbiome between treatments. Therefore, functional differences are presented as supportive patterns aligned with the fermentation outcomes rather than definitive treatment effects.

			RESULTS

			Rumen fermentation characteristics and volatile fatty acid (VFA)

			The effects of dietary treatments on rumen fermentation characteristics and volatile fatty acid (VFA) profiles are shown in Table 2.

			The effects of dietary treatments on rumen fermentation characteristics and volatile fatty acid (VFA) profiles are presented in Table 2. In vitro dry matter degradation (IVDMD) and in vitro organic matter degradation (IVOMD) did not differ significantly among the treatments (p > 0.05), although numerically higher values were observed in T0 and lower values in T2. The individual VFA concentrations (C2, C3, and C4), total VFA production, microbial protein synthesis, ammonia nitrogen (NH₃–N) concentration, and rumen pH were not significantly affected by the dietary treatments (p > 0.05). In contrast, the dietary treatments significantly affected the VFA ratios. The acetate-to-propionate ratio (C2:C3) and the combined ratio of acetate plus butyrate to

			Table 2: Effects of dietary treatments on in vitro rumen fermentation characteristics and volatile fatty acid (VFA) profiles.

			
				
					
					
					
					
				
				
					
							
							Parameter

						
							
							T0

						
							
							T1

						
							
							T2

						
					

					
							
							IVDMD (%)

						
							
							62.99 ± 2.32

						
							
							61.70 ± 6.51

						
							
							57.19 ± 6.48

						
					

					
							
							IVOMD (%)

						
							
							66.71 ± 7.58

						
							
							61.95 ± 5.95

						
							
							57.29 ± 7.03

						
					

					
							
							C2 (mM)

						
							
							50.57 ± 14.05

						
							
							46.55 ± 17.56

						
							
							40.27 ± 9.41

						
					

					
							
							C3 (mM)

						
							
							9.75 ± 2.40

						
							
							14.97 ± 6.07

						
							
							13.96 ± 3.05

						
					

					
							
							C4 (mM)

						
							
							15.17 ± 3.09

						
							
							13.82 ± 4.10

						
							
							10.50 ± 1.59

						
					

					
							
							VFA Total (mM)

						
							
							75.49 ± 16.24

						
							
							75.34 ± 27.03

						
							
							64.73 ± 13.34

						
					

					
							
							C2:C3

						
							
							5.48 ± 1.98a

						
							
							3.16 ± 0.75b

						
							
							2.88 ± 0.06b

						
					

					
							
							C3:C4

						
							
							0.68 ± 0.29b

						
							
							1.08 ± 0.21ab

						
							
							1.33 ± 0.27a

						
					

					
							
							C2+C4:C3

						
							
							7.12 ± 2.48b

						
							
							4.12 ± 0.93a

						
							
							3.65 ± 0.08a

						
					

					
							
							C2: VFA total 

						
							
							0.66 ± 0.05

						
							
							0.61 ± 0.03

						
							
							0.62 ± 0.02

						
					

					
							
							C3: VFA total 

						
							
							0.14 ± 0.05b

						
							
							0.20 ± 0.03a

						
							
							0.22 ± 0.00a

						
					

					
							
							C4: VFA total 

						
							
							0.20 ± 0.01a

						
							
							0.19 ± 0.02b

						
							
							0.17 ± 0.03b

						
					

					
							
							MPS concentration (mg/100ml)

						
							
							90.03 ± 6.58

						
							
							85.70 ± 8.39

						
							
							94.17 ± 14.06

						
					

					
							
							NH₃-N (mg/100 ml)

						
							
							25.88 ± 8.71

						
							
							25.20 ± 7.95

						
							
							14.01 ± 3.97

						
					

					
							
							pH

						
							
							6.85 ± 0.03

						
							
							6.84 ± 0.02

						
							
							6.87 ± 0.08

						
					

				
			

			Note: Values within a row with different superscripts (a, b) differ significantly at p < 0.05, based on Duncan’s multiple range test. Values with the same superscript are not significantly different.

			propionate (C2+C4:C3) were significantly lower in T1 and T2 than in T0 (p < 0.05). The C3:C4 ratio and the proportion of propionate relative to total VFA (C3/VFA) were significantly higher in T1 and T2, whereas the proportion of butyrate relative to total VFA (C4/VFA) was significantly lower compared with T0 (p < 0.05).

			 

			Microbial taxonomic overview of the rumen microbiome

			Figures 1–3 present the Krona visualization of the rumen bacterial community composition under control conditions (T0) and Indigofera zollingeriana inclusion treatments (T1 and T2). Across all treatments, the rumen microbiome was consistently dominated by bacteria belonging to the phyla Firmicutes and Bacteroidetes. In the control treatment (Figure 1), Firmicutes constituted the largest proportion of the microbial community, with prominent representation of taxa affiliated with the orders Lachnospirales and Oscillospirales, whereas Bacteroidota were mainly represented by members of the family Prevotellaceae. Minor proportions of other bacterial groups were also detected, indicating a diverse microbial community under the controlled dietary conditions. In the T1 and T2 treatments, the overall taxonomic structure remained broadly similar to that of the control, with Firmicutes and Bacteroidetes continuing to dominate the microbial community. Differences among treatments were primarily observed in the relative abundance patterns of the dominant taxa, with no major loss of key bacterial groups. Minor taxa remained present at low abundance in all treatments, suggesting that the overall microbial diversity was maintained despite changes in dietary Indigofera inclusion. Krona plots illustrated the overall taxonomic stability of the rumen microbiome across treatments, supporting the observation that functional shifts occurred without major changes in the dominant taxa.
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			Figure 1: Microbial taxonomic overview of the rumen microbiome (T0).
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			Figure 2: Microbial taxonomic overview of the rumen microbiome (T1).
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			Figure 3: Microbial taxonomic overview of the rumen microbiome (T2).

			Principal component analysis (Figure 4) showed a clear separation among dietary treatments based on the combined rumen fermentation parameters and predicted microbial functional profiles of the rumen fluid. The first principal component (PC1), accounting for 61.9% of the total variance, separated the control treatment (T0) from the Indigofera zollingeriana–supplemented treatments (T1 and T2). The second principal component (PC2), which explained 38.1% of the variance, further differentiated T1 and T2, indicating distinct multivariate profiles between the two inclusion levels.

			[image: ]Figure 4: PICRUSt2 analysis based on MetaCyc pathways - (PCA) predicted microbial functional.
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Figure 5: The heatmap of the top 30 predicted metabolic pathways.

			In the heatmap (Figure 5), each treatment exhibited distinct pathways with strong enrichment (indicated by the red intensity). The control treatment (T0) showed high enrichment of pathways related to fatty acid biosynthesis, lipid A biosynthesis, mycolate and stearate biosynthesis, and basal TCA cycle–related pathways, indicating the dominance of core biosynthetic and maintenance metabolism.

			T1 treatment was characterized by strong enrichment of carbohydrate degradation pathways, including starch degradation, sucrose degradation, glycogen biosynthesis and degradation, and pyruvate fermentation–related pathways, reflecting a distinct clustering pattern compared with T0 and T2. In contrast, the T2 treatment showed pronounced enrichment of pathways associated with respiration and stress-related metabolism, particularly aerobic respiration (cytochrome c), sulfur reduction and sulfate assimilation, purine degradation, and TCA cycle variants, which differentiated T2 these results indicate from the other treatments in the heatmap. Despite the relatively stable phylum-level composition across treatments, the functional profiles exhibited marked divergence, indicating functional plasticity within the taxonomically robust rumen microbiome. This suggests that dominant microbial taxa adjust their metabolic strategies in response to dietary pressure rather than being replaced by entirely different ones.

			DISCUSSION

			Rumen fermentation to Indigofera inclusion

			The present study demonstrated that the inclusion of Indigofera zollingeriana pellets induced dose-dependent changes in rumen fermentation outcomes. The control treatment (T0) maintained the highest IVDMD/IVOMD and total VFA concentrations, reflecting a robust baseline fermentability under conventional substrate conditions. At low inclusion (T1), degradation was numerically lower than that at T0, whereas the total VFA remained at comparable levels, indicating that the overall fermentation intensity was not substantially reduced. This pattern suggests that T1 primarily altered fermentation routing (i.e., VFA distribution) rather than markedly reducing fermentation extent. In contrast, the higher inclusion level (T2) resulted in the lowest degradation and total VFA, indicating a reduction in the overall fermentative output. This pattern is consistent with a shift from “productive fermentation” towards a more constrained metabolic state when legume-derived bioactive compounds and lignocellulosic complexity increase beyond an optimal threshold (Patra and Saxena, 2011; Valenti et al., 2025; Van Soest, 1994). Because the arginine–tannin supplement was uniformly applied, the observed treatment effects were attributed to the graded inclusion of Indigofera zollingeriana pellets rather than the supplement itself.

			VFA ratios identify a functionally efficient fermentation state 

			Among the evaluated fermentation indicators, the VFA ratios (C2:C3 and C2+C4:C3) emerged as the most sensitive markers for distinguishing between the dietary treatments. The pronounced reduction in C2:C3 observed in T1 reflected a directional shift in fermentation end-product distribution toward a more propionate-oriented profile, despite the absence of statistically significant changes in individual VFA concentrations or total VFA production. From a rumen bioenergetics perspective, a lower acetate-to-propionate ratio is widely interpreted as a redirection of reducing equivalents toward propionate formation, which enhances the glucogenic potential of the host (France and Kebreab, 2008; Van Soest, 1994; Wang et al., 2022). Importantly, because total VFA production and substrate degradation in T1 were statistically comparable to those in T0, the observed ratio shifts indicate an improvement in fermentation quality rather than quantity. In contrast, although T2 exhibited VFA ratios similar to those of T1, the consistent numerical decline in total VFA production and digestibility suggests a metabolically constrained fermentative state. This pattern implies that higher Indigofera inclusion may impose adaptive metabolic demands on the rumen microbiome, favoring maintenance over the maximal fermentative output. Collectively, these findings support a dose-dependent response in which moderate Indigofera inclusion optimizes fermentation patterns, whereas higher inclusion approaches a biological constraint, consistent with hormetic responses reported for plant secondary compounds in ruminant diets (Adejoro et al., 2019; Patra and Saxena, 2010).

			NH₃–N decline reflects enhanced nitrogen protection under higher indigofera

			Although NH₃–N concentrations did not differ among treatments (p > 0.05)), a consistent numerical decline was observed with increasing Indigofera inclusion, particularly at T2., indicates reduced ruminal proteolysis and deamination or increased nitrogen protection, mechanisms commonly associated with tannin-containing forages and legume bioactives. Tannins can bind to dietary proteins and reduce their ruminal degradation, thereby lowering NH₃-N concentration while preserving the availability of amino acids post-ruminally, depending on the dose and tannin type (Besharati et al., 2022; Mueller-Harvey, 2006; Oliveira et al., 2025; Thompson et al., 2025). Importantly, the NH₃-N values remained within the functional range for microbial growth, which is consistent with the absence of significant differences in microbial protein synthesis (MPS). The stable MPS suggests that, despite shifts in VFA profiles and NH₃-N concentration, microbial growth capacity was not impaired within the incubation conditions, an outcome that strengthens the inference that treatment effects were primarily expressed through changes in metabolic routing and substrate utilization rather than overt microbial inhibition (Briones et al., 2025; Nueraihemaiti et al., 2025; Prodanović et al., 2025; Wang et al., 2025).

			Additionally, the rumen pH remained stable across the treatments, with no evidence of acidotic conditions. This stability indicates that fermentation shifts were not driven by extreme environmental stress in the rumen but rather reflected controlled metabolic adjustments to changes in substrate composition and bioactive exposure. In other words, the system appears to remain homeostatic even when the fermentation output declines at higher inclusion levels.

			Taxonomic profiles 

			Krona-based taxonomic overviews (Figures 1–3) indicated that Firmicutes and Bacteroidota remained dominant across treatments, representing a conserved core rumen microbiota. The persistence of taxa affiliated with Lachnospirales/ Oscillospirales and Prevotellaceae suggests that fundamental fibrolytic and saccharolytic capacities were retained under Indigofera inclusion. Such taxonomic continuity is important because it implies that the observed fermentation changes were less likely due to a collapse of key fermenters and more likely due to functional modulation either changes in relative abundance of functionally distinct subgroups or shifts in gene expression/metabolic potential within the same broad community structure (Flint and Thomson, 1990; Henderson et al., 2015).

			The subtle community shifts observed at T1 were consistent with a controlled rebalancing of carbohydrate utilization, aligning with the propionate-enriched profile. Under T2, the continued presence of core phyla alongside constrained fermentative output suggests a state in which microbial metabolism may become more constrained by substrate accessibility (e.g., higher lignocellulosic complexity).

			PICRUSt2-based functional predictions of metabolic reorientation

			The PCA and heatmap derived from PICRUSt2 (MetaCyc/KO annotations) provided an integrative perspective on the potential functional shifts underlying the fermentation patterns. PCA showed a clear separation between T0 and Indigofera-supplemented treatments along PC1, indicating that Indigofera inclusion systematically shifted the predicted metabolic capacity. Importantly, T1 and T2 were separated along PC2, demonstrating that functional profiles diverged between low and high inclusion levels rather than shifting uniformly. This mirrors the fermentation data: T1 maintained total VFA while shifting ratios, whereas T2 had numerically lower total VFA and degradation rates. Heatmap analysis (Figure 5) further supports this functional stratification of the genes. T1 exhibited strong enrichment of carbohydrate degradation and central fermentative routes (e.g., starch/sucrose/glycogen utilization and pyruvate-related fermentation pathways), consistent with the elevated propionate proportion and a numerically lower C2:C3 ratio observed in vitro. Functionally, this implies that the microbial community under T1 was equipped to intensify the utilization of readily fermentable substrates and channel carbon flow towards propionate-linked end products (Ku et al., 2023; Shinkai et al., 2024). The apparent taxonomic stability alongside shifts in predicted functions can be interpreted in the context of functional redundancy and subtle compositional differences at lower taxonomic ranks that may influence PICRUSt2 inference. It is important to note that PICRUSt2 predictions reflect inferred genomic potential, not direct measurements of gene expression or metabolic flux. Therefore, the observed pathway enrichment should be interpreted as a shift in functional capacity, not confirmed microbial activity.

			Integrated interpretation and practical implications

			The integration of fermentation parameters, taxonomic profiles, and predicted functional pathways supports a coherent, dose-dependent model. Moderate inclusion of Indigofera zollingeriana pellets (T1) promoted a more efficient fermentation pattern, as reflected by favorable VFA partitioning (lower C2:C3 ratio and higher propionate proportion), while maintaining statistically comparable total VFA production and substrate degradation relative to that of the control. This response suggests a functionally favorable inclusion range in which fermentation quality is improved without compromising overall fermentative capacity. In contrast, higher inclusion levels (T2) were associated with similar shifts in VFA ratios but were accompanied by consistent numerical reductions in total VFA production and digestibility, indicating a transition toward a more constrained and adaptive fermentative state This suggests a predicted reorientation of microbial metabolic potential, which should be interpreted as supportive rather than mechanistic evidence. From a practical standpoint, these findings highlight that moderate Indigofera inclusion offers functional benefits for rumen fermentation, whereas higher inclusion levels should be applied cautiously due to potential metabolic constraints on the rumen microbiome (Rabee et al., 2025). Thus, Indigofera inclusion exerts a graded effect: Modest levels reorient fermentation patterns, whereas excessive levels constrain fermentation output. The intermediate inclusion level of Indigofera zollingeriana (approximately 13.5%) represents the most functionally favorable level within the tested range, where beneficial modulation of fermentation and predicted microbial function occurs without measurable inhibitory effects. This pattern aligns with the concept of hormesis, where low doses of bioactive compounds can exert stimulatory effects, while higher doses may induce inhibitory or adaptive constraints. Future studies employing replicated metagenomic or, preferably, metatranscriptomic approaches are needed to validate the functional trends predicted here. This study was conducted using a 48-h in vitro batch culture system, which is suitable for initial feed evaluation but does not account for rumen adaptation, feed intake regulation, or host-mediated responses. Therefore, the findings should be interpreted within the context of in vitro conditions and not extrapolated directly to in vivo animal performance. This approach provides a basis for further investigation of other tropical forage legumes, including Gliricidia, Calliandra, Leucaena, and Stylosanthes spp., under similar experimental frameworks (Latief et al., 2018, 2020).

			CONCLUSION

			An intermediate inclusion level of Indigofera zollingeriana pellets (T1) promoted a more favorable rumen fermentation pattern, as reflected by a higher propionate proportion and improved VFA partitioning, without significantly affecting substrate digestibility, total VFA production, microbial protein synthesis, or the rumen pH. In contrast, higher inclusion levels (T2) were associated with similar directional shifts in VFA ratios, accompanied by numerically constrained fermentative outputs and predicted microbial functional reorientation, indicating an adaptive rather than an efficiency-enhancing response. Collectively, these findings indicate that moderate inclusion of Indigofera pellets represents the most favorable inclusion level within the tested range modulating rumen fermentation quality, whereas higher inclusion levels should be applied cautiously because of the potential metabolic constraints on rumen microbiome composition. Predicted microbial functional shifts provided complementary context to fermentation patterns rather than direct evidence of metabolic activity.
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Rumen Fermentability, Volatile Fatty Acid Profiles, and Predicted
Microbiome Function in Response to Graded Indigofera zollingeriana
Pellet Inclusion
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Abstract | This study evaluated rumen fermentability and volatile fatty acid (VFA) profiles in response to graded
inclusion levels of Indigofera zollingeriana pellets, interpreted through predicted rumen microbial metabolic functions.
An in vitro experiment was conducted using a completely randomized design with three dietary treatments: TO
(control), T1 (low Indigofera inclusion), and T2 (moderate Indigofera inclusion), all supplemented with 0.25%
arginine—tannin complex on a dry matter basis. After 48 h of incubation, in vitro dry matter degradation IVDMD),
in vitro organic matter degradation (IVOMD), rumen pH, ammonia nitrogen (NH3-N), microbial protein synthesis
(MPS), and VFA profiles and ratios were determined. Microbial metabolic functions were predicted using 16S
rRNA gene sequencing data, followed by PICRUSt2 analysis to infer shifts in microbial functional potential. In vitro
dry matter degradation (57.19-62.99%) and organic matter degradation (57.29-66.71%) did not differ among the
treatments (P > 0.05), indicating that fermentation responses were not driven by differences in substrate degradation.
The concentrations of individual VFAs, total VFA production, ammonia nitrogen (NH;-N) concentration, and rumen
pH were not significantly affected by the dietary treatments (p > 0.05). However, significant shifts in VFA ratios were
observed. T1 showed a lower acetate-to-propionate ratio and a higher proportion of propionate relative to the total
VFA compared with TO (p < 0.05), indicating a more glucogenic fermentation pattern. At higher inclusion levels (T2),
similar ratio shifts were accompanied by numerical reductions in fermentative outputs, suggesting a state of metabolic
constrained ruminal response rather than enhanced fermentation patterns. Principal component analysis (PCA) and
PICRUS2-based heatmap visualization revealed that T1 was associated with enrichment of carbohydrate degradation
and propionate-related fermentation pathways, whereas T2 showed increased adaptive metabolic pathways related to
respiration, sulfur metabolism, and purine degradation. In conclusion, a low inclusion level of Indigofera zollingeriana
pellets shifted rumen fermentation toward a more glucogenic metabolic profile, whereas moderate inclusion induced
adaptive microbial responses associated with altered fermentative routing rather than reduced substrate degradation.
These findings reflect the predicted microbial functional potential inferred from 16S rRNA-based analysis, not direct
measurements of metabolic activity.

Keywords | Rumen fermentation, Volatile fatty acids, PICRUSt2, Predicted microbiome function, Indigofera
zollingeriana
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