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Simple Summary

Protein degradation during ensiling reduces forage nutritional value, particularly
through the loss of essential amino acids. This study evaluated whether combining the
probiotic Lactiplantibacillus plantarum with phytobiotic extracts from Acacia mangium,
Swietenia macrophylla, and cumin essential oil could improve silage quality and preserve
nutrients in four tropical forages. LAB inoculation enhanced fermentation by lowering pH
and improving the physical quality of silage, while phytobiotic extracts helped preserve
nutrient composition. Among the tested forages, Indigofera zollingeriana produced the
highest-quality silage. The combination of L. plantarum and A. mangium extracts was the
most effective treatment for maintaining essential amino acids, including histidine, lysine,
tryptophan, and valine. These findings demonstrate that combining probiotics and phy-
tobiotics is a practical approach to improving silage quality, preserving protein value, and
supporting more sustainable ruminant production.

Abstract

Preserving high-quality forage through silage is essential for continuous livestock pro-
duction, yet protein degradation during fermentation remains a major challenge. To mit-
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quality and amino acid profiles of tropical forage silages. The experiment followed a 2 x
4 x 4 completely randomized factorial design with five replications. Factor A tested the
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and forage types also exerted strong influences across all measured variables (p < 0.05).
The interaction between microbes and plant extracts enhances protein preservation dur-
ing ensiling. Among all the treatments tested, Indigofera zollingeriana showed the best re-
sponse. The specific combination of L. plantarum and A. mangium extracts in Indigofera si-
lage produced the best fermentation characteristics and a high ability to retain essential
amino acids, particularly histidine, lysine, tryptophan, and valine. Lower NHs-N concen-
trations and better amino acid preservation in this treatment indicate reduced protein loss
due to proteolysis and deamination during fermentation. These findings confirm that the
combination of probiotics and certain plant extracts is a highly effective strategy for main-
taining the nutritional integrity of tropical forage preserved in silage form.

Keywords: amino acid; deamination; phytobiotics; probiotics; silage

1. Introduction

Silage production relies on lactic acid bacteria (LAB) to preserve forage through con-
trolled fermentation. During this process, a diverse community of microorganisms gener-
ates various metabolites that fundamentally dictate storage success, feed utilization, and
subsequent livestock productivity [1]. As a cornerstone of modern farming systems, this
preservation method secures a steady supply of high-quality feed, bridging the gap dur-
ing seasonal shortages. Beyond ensuring year-round availability, the technology drasti-
cally reduces nutrient losses that typically occur through feed spoilage and degradation,
resulting in better overall feed efficiency.

Evaluating silage quality depends heavily on its storage stability and nutrient profile,
particularly the levels of crude protein and crude fiber. When ensiling high-protein forages
like Indigofera, Gliricidia, and Stylosanthes, intensive proteolysis often occurs. This protein
breakdown and subsequent deamination generate ammonia nitrogen (NH3-N) and free
amino acids [2]. Consequently, the concentration of accumulated NHs-N serves as a primary
benchmark for quality, where elevated levels directly signal severe protein degradation [3].
This degradation typically stems from opportunistic microbial activity, such as Clostridia
proliferation, which compromises the efficiency of protein utilization in livestock.

During the fermentation of organic matter, amino acid deamination is a major path-
way of nitrogen metabolism, converting amino acids into ammonia nitrogen (NHs-N) and
carbon skeletons. In silage, excessive deamination is commonly associated with the pro-
liferation of undesirable anaerobic microorganisms under unfavorable ensiling condi-
tions, including high moisture content, low dry matter concentration, high buffering ca-
pacity, and inadequate acidification (pH > 4.5) [4]. These conditions accelerate proteolysis
and increase NH3-N accumulation, leading to nitrogen losses and reduced nutritional
value. Therefore, minimizing deamination and preserving true protein during ensiling
are important objectives for improving silage quality.

To optimize silage quality, researchers and producers frequently incorporate feed
additives such as LAB probiotics, organic acids, and plant-derived phytobiotics. These
additives direct the fermentation process, suppress aerobic spoilage, and preserve essen-
tial nutrients during storage [5,6]. Among these approaches, inoculation with Lactiplanti-
bacillus plantarum is one of the most widely adopted strategies for improving silage fer-
mentation [7]. This LAB strain rapidly produces lactic acid, resulting in a rapid decline in
pH that inhibits undesirable microbial activity and minimizes nutrient losses during en-
siling. A study by Rohmatussolihat et al. [8] demonstrated that inoculation with different
LAB strains at a dose of 1 x 106 CFU g~! fresh material (equivalent to 2.5 x 105 CFU g for
each strain) significantly reduced silage pH and improved nutrient preservation through-
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out the storage period. This rapid acidification suppresses undesirable enzymatic activity
and inhibits fermentative degradation, thereby preserving the nutritional value of the for-
age.

Plant-derived bioactive components, specifically phytochemicals such as tannins,
saponins, and essential oils, serve as natural silage additives. Tannins possess a high pro-
tein-binding capacity, which suppresses NHs-N production and reduces amino acid de-
amination during ensiling [2,9]. Beyond protecting proteins, these phenolic compounds
disrupt the metabolic pathways and proliferation of proteolytic microorganisms [10]. Sap-
onins complement this activity by exerting antimicrobial effects that modulate the fermen-
tation pathway [11]. Additionally, the antimicrobial and antioxidant properties inherent
in essential oils stabilize the silage environment, further minimizing NHs-N accumulation
[12]. Utilizing these diverse plant metabolites provides a mechanism to improve feed ef-
ficiency and livestock production outcomes. The inclusion level of phytobiotics evaluated
in this study was determined based on a preliminary meta-regression analysis [13], which
identified 9-10 g/kg (approximately equivalent to 1% inclusion) as the optimal concentra-
tion for minimizing NHs-N production. This relationship was defined by the regression
equation: NH3-N =-2.105 + (-0.003 x inclusion level).

The phytobiotic additives used in the present study were derived from three plant
sources with distinct phytochemical profiles, namely Acacia mangium bark, Swietenia mac-
rophylla bark, and cumin (Cuminum cyminum) essential oil. Acacia mangium bark was se-
lected because it is rich in condensed tannins, which readily form tannin—protein com-
plexes that protect proteins from excessive proteolysis, thereby improving nitrogen reten-
tion during the ensiling process [14]. In contrast, Swietenia macrophylla bark contains abun-
dant phenolic compounds and flavonoids with potent antimicrobial and antioxidant
properties that can suppress undesirable microorganisms while minimizing oxidative
degradation of nutrients [15]. Meanwhile, cumin essential oil is characterized by high con-
centrations of bioactive constituents, particularly cuminaldehyde and various terpenoids,
which exhibit broad-spectrum antimicrobial activity capable of modulating silage fermen-
tation through the inhibition of spoilage microorganisms [16].

Recent molecular docking and molecular dynamics studies demonstrated that bioac-
tive compounds from tannin, saponin, and cumin-derived phytochemical groups exhibit
high binding affinity toward glutamate dehydrogenase, indicating their potential to inhibit
enzymatic deamination during the ensiling process [17,18]. Due to their distinct phyto-
chemical profiles and mechanisms of action, these three phytobiotic sources provide a
suitable model to evaluate how different classes of plant bioactive compounds influence
fermentation characteristics, nitrogen metabolism, and amino acid preservation during
the ensiling of tropical forage legumes. Furthermore, these phytochemicals may operate
in combination with LAB to suppress undesirable microbial populations while protecting
proteins and free amino acids from extensive degradation, thereby improving silage qual-
ity and nitrogen conservation. Therefore, the present study evaluated these bioinformat-
ics-based predictions under practical ensiling conditions by determining amino acid pro-
files and NHs-N concentrations as indicators of deamination. The preservation of specific
amino acids despite altered NHs-N levels indicates that the combined phytobiotic-LAB
application modulates deamination pathways to enhance amino acid retention, support-
ing the hypothesis generated from the molecular simulations.

To explore these mechanisms further, this study evaluated the effects of Acacia man-
gium bark extract, Swietenia macrophylla bark extract, and cumin essential oil applied at 10
g/kg of fresh forage, either in the presence or absence of LAB inoculation, across different
tropical forages. We hypothesized that the addition of these phytochemical compounds
would improve silage fermentation by suppressing proteolytic microorganisms, binding
specific amino acids, and reducing amino acid deamination, thereby lowering NHs-N ac-
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cumulation and enhancing nutrient preservation. Therefore, the objective of this study
was to evaluate the distinct impacts of various phytochemical additives, both alone and
in combination with LAB inoculation, on the preservation characteristics and nutritional
quality of high-protein silage.

2. Materials and Methods

2.1. Research Location

This study was conducted across multiple facilities, including the Integrated Labor-
atory, the Meat and Working Animal Nutrition Laboratory, and the Feed Science and
Technology Laboratory within the Department of Nutrition Science and Feed Technology,
Faculty of Animal Science, IPB University. Additionally, sample analyses and experi-
mental procedures were carried out at the Feed Bioprocess Research Group Laboratory,
Research Center for Zoology, National Research and Innovation Agency (BRIN) in Cibi-
nong, Bogor.

2.2. Sample Preparation and Extraction

Bark samples of Acacia mangium and Swietenia macrophylla (mahogany) were har-
vested from the forest area of the IPB University campus in Bogor, while black cumin
essential oil was obtained from a commercial supplier. The collected bark samples were
oven-dried at 60 °C for 48 h, pulverized, and passed through an 80-mesh sieve to produce
a fine crude powder. The extraction procedure followed a modified protocol based on
Makkiyah et al. [19] utilizing the Microwave-Assisted Extraction (MAE) method. Briefly,
4 g of each bark powder was suspended in 40 mL of analytical-grade (pro-analysis) meth-
anol to achieve a 1:10 (m/v) ratio in an Erlenmeyer flask. This suspension was then irradi-
ated in a microwave oven (Sharp R-21D0(S)-IN, Sharp Corporation, Osaka, Japan) at 135
W for 3 min. After irradiation, the extract was cooled to room temperature and filtered
under vacuum to obtain the crude methanolic extract solution. The extraction yield was
16% for A. mangium bark and 12% for S. macrophylla bark (w/w, based on dry bark weight).
The resulting filtrate was concentrated using a rotary evaporator at 40 °C under reduced
pressure until the methanol was completely removed. The concentrated extract was then
reconstituted with sterile distilled water to obtain a standardized extract concentration
equivalent to 0.1 g crude bark/mL before its application to the silage treatments. This pro-
cedure ensured that no residual methanol was introduced into the experimental silages.

2.3. Total Phenolic Content (TPC) Analysis

The total phenolic content of the extracts was quantified via the Folin—Ciocalteu
method, adapted with modifications from Makkiyah et al. [19], and expressed as gallic
acid equivalents (GAE). A standard calibration curve was initially established using gallic
acid concentrations ranging from 0 to 300 ppm. For the assay, a 20 uL aliquot of either the
plant extract or the gallic acid standard was dispensed into a 96-well microplate and
blended with 120 uL of 10% Folin—Ciocalteu reagent. Following a 5 min incubation in the
dark, 80 pL of 10% Na2COs was added to the mixture. The reaction was then incubated in
the dark for an additional 30 min. Finally, absorbance changes were recorded at 750 nm
utilizing a microplate spectrophotometer (SPECTROstar Nano, BMG LABTECH GmbH,
Ortenberg, Germany).

2.4. Total Flavonoid Content (TFC) Analysis

The total flavonoid content was quantified utilizing the aluminum chloride (AlCls)
colorimetric assay and expressed as quercetin equivalents (QE), following a modified pro-
tocol from Khumaida et al. [20]. The reaction was performed within a 96-well microplate
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by introducing a 10 puL aliquot of either the plant extract or the quercetin standard, which
was subsequently diluted with 60 uL of methanol. To this mixture, 10 uL of 10% AICIs, 10
HL of 1 M acetic acid solution, and 120 uL of distilled water were sequentially added.
After a 30 min incubation period at room temperature, the optical density was recorded
at 415 nm employing a microplate spectrophotometer (SPECTROstar Nano, BMG LAB-
TECH).

2.5. Total Tannin Content (TTC) Analysis

The total tannin content was quantified via the Folin—Ciocalteu method, adapted
with modifications from Islam et al. [21], and expressed as tannic acid equivalents (TAE).
Standard calibration solutions were prepared using tannic acid across a six-point concen-
tration gradient (6.25, 12.5, 25, 50, 100, and 200 pg/mL). For the analysis, a 0.1 mL aliquot
of the sample filtrate (200 pg/mL) was transferred into a test tube containing 7.5 mL of
distilled water. Subsequently, 0.5 mL of Folin-Ciocalteu phenol reagent and 1 mL of 35%
sodium carbonate (Na2COs) solution were introduced, and the final volume was brought
up to 10 mL using distilled water. After being thoroughly vortexed, the reaction mixture
was incubated at room temperature for 30 min. The resulting absorbance was recorded
against a reagent blank at 725 nm employing a UV-Vis spectrophotometer (Shimadzu UV
PC-1600, Shimadzu Corporation, Kyoto, Japan).

2.6. Antioxidant Capacity: 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Assay

The radical scavenging activity of the cumin essential oil, acacia, and mahogany bark
samples was evaluated using the DPPH assay and expressed as Trolox equivalents (TE)
per gram of dry weight (umol TE g' DM), adapted from Nurcholis et al. and Aryal et al.
[22,23]. For reagent preparation, a 1.25 uM DPPH radical solution was synthesized by
dissolving 2.5 mg of DPPH powder in analytical-grade ethanol to a final volume of 50 mL.
Separately, a 1000 ppm stock solution was prepared by dissolving 0.0025 g of Trolox in
100 mL of pro-analysis ethanol, which was subsequently diluted to establish a standard
calibration curve ranging from 20 to 90 uM. The assay was performed by dispensing a 100
uL aliquot of either the sample or the Trolox standard into a 96-well microplate (Biologix
Group Limited, Jinan, China), followed by the addition of 100 uL of the DPPH working
solution. After a 30 min incubation period in the dark, the resulting optical density was
recorded at 515 nm utilizing a microplate spectrophotometer (BMG LABTECH, GmbH,
Ortenberg, Germany).

2.7. Silage Preparation

The forage materials evaluated in this study comprised Napier grass (Pennisetum pur-
pureum), Indigofera zollingeriana, Gliricidia sepium, and Stylosanthes guianensis, all harvested
from the Agrostology Grassland at the Faculty of Animal Science, IPB University. For si-
lage production, only the edible portions of the plants—specifically the leaves and tender
stems—were selected. The baseline nutritional profiles of these raw materials are com-
piled in Table 1. Prior to processing, the harvested forages were air-dried to adjust their
moisture content before weighing. The plant materials were then chopped into uniform
segments of approximately 2-3 cm. For each experimental unit, a 200 g aliquot of chopped
forage was weighed and thoroughly mixed with the respective plant extract treatment at
an inclusion level of 1% (w/w) based on the fresh silage weight, according to the prede-
fined experimental design. This inclusion level was selected based on the findings of a
previous meta-regression study, which identified 1% as the optimal dose for decreasing
NHs-N production [13]. The same inclusion level was applied across all treatments to
standardize the experimental conditions and to evaluate the practical feasibility of using
these plant extracts as silage additives under realistic farming conditions.

https://doi.org/10.3390/ani16142224



Animals 2026, 16, 2224 6 of 28
Table 1. Chemical composition of green fodder used as silage.
Forage Tvpe DM Protein Fiber NDF ADF
8¢ 1yp (%) (%DM)  (%DM)  (%DM)  (%DM)

Pennisetum purpureum  24.30+0.14 14.22+0.01 31.34+0.01 84.45+0.01 56.16 +0.01
Indigofera zollingeriana ~ 29.60 + 0.28 23.30+0.03 25.47 +0.04 53.28 +0.08 39.19 + 0.06
Gliricidia sepium 29.20£0.28 21.72+0.04 32.13+0.06 57.92+0.11 44.67 +0.09
Stylosanthes guianensis  41.50 +0.71 18.07 +0.02 42.97 +0.07 72.26+0.12 59.08 = 0.10

For the probiotic treatments, an L. plantarum inoculum (containing 1 x 108 CFU mL™)
was introduced at a concentration of 0.2 mL per 200 g of fresh forage. The treated materials
were immediately transferred into 300 mL plastic bags, vacuum-sealed to establish strict
anaerobic conditions, and ensiled at room temperature for 30 days. Following the incuba-
tion period, the solid and liquid fractions were separated for downstream analysis. To
prepare the liquid extract, a 10 g aliquot of fresh silage was homogenized with 90 mL of
distilled water and filtered. The remaining solid mass was oven-dried at 60 °C for 48 h
and pulverized into a fine powder. The dried biomass was subsequently utilized for nu-
tritional composition analysis, while the aqueous filtrate was reserved to evaluate fer-
mentative characteristics.

2.8. Organoleptic and Physical Quality Analysis

Upon opening the plastic bags, the sensory profiles of the silage were immediately
evaluated based on color, aroma, texture, and the incidence of visible mold contamination.
The scoring system for this organoleptic assessment followed the standardized protocols
described by Zakariah et al. [24], as detailed in Table 2. Each physical attribute was quan-
titatively graded using a structured scoring scale ranging from 1 (excellent) to 4 (poor).
The physical quality of silage was evaluated by five trained panelists experienced in silage
quality assessment. Prior to the evaluation, the panelists were familiarized with the scor-
ing criteria. Samples were coded with random numbers and presented in a randomized
order to minimize bias. Physical characteristics, including color, odor or aroma, texture,
and visible mold, were scored according to the established evaluation criteria.

Table 2. Indicators of physical quality assessment of silage.

Silage
Score .
Color Aroma Texture Presence of Fungi
1 Yellowish-green Fresh sour Not lumpy and not slimy None
2 Brownish-green Sour Slightly lumpy and slightly slimy Few
3 Blackish-brown Less sour Lumpy and slimy Many on the surface
4 Black Rotten Much lumpy and slimy Many on all surfaces

2.9. Nutrient and Amino Acid Composition Analysis

The nutritional and amino acid profiles of the ensiled biomass were determined via
Near-Infrared Reflectance Spectroscopy (NIRS), adapting the methodology described by
Parastiwi et al. [25]. Spectral measurements were acquired utilizing a Buchi NIRFlex N500
Fourier Transform Near-Infrared (FT-NIR) spectrometer (BUCHI Labortechnik AG,
Flawil, Switzerland). For each scan, a 25 g aliquot of the dried, pulverized silage was uni-
formly distributed into a Petri dish and positioned onto a rotating sample holder. The
samples were scanned across a near-infrared wavelength spectrum ranging from 1000 to
2500 nm, under a controlled ambient temperature of 16-20 °C. To ensure reproducibility
and minimize experimental bias, all spectral analyses were performed in duplicate.
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Amino acid profiles and chemical composition were determined using Fourier Trans-
form Near-Infrared Spectroscopy (FT-NIRS) employing an established calibration model
developed for tropical forage samples. The calibration model was previously developed
and verified against conventional wet chemistry reference analyses using an extensive
tropical forage database, as described by Parastiwi et al. [25]. The validation performance
of the calibration model used in this study, including the calibration range, Standard Error
of Prediction (SEP), bias, and slope, is presented in Supplementary Table S1.

2.10. pH Measurement

The pH of the ensiled material was determined directly from the prepared aqueous
silage extract. All potentiometric measurements were conducted using a digital pH meter
(Lutron, model pH-208, Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan) at room
temperature (25 + 2 °C). Prior to sample analysis, the electrode was calibrated and stand-
ardized using fresh commercial buffer solutions at pH 4.0 and 7.0 to ensure instrument
accuracy.

2.11. Lactic Acid Measurement

Lactic acid concentration was quantified spectrophotometrically based on the color-
imetric method described by Borshchevskaya et al. [26]. Briefly, a 50 uL aliquot of the
aqueous silage extract was transferred into a test tube and reacted with 2 mL of a 0.2%
ferric chloride (FeCls) solution. The mixture was immediately vortexed for 15 s to ensure
complete homogenization. Finally, the optical density of the resulting complex was rec-
orded at a wavelength of 390 nm employing a UV-Vis spectrophotometer (Shimadzu UV
PC-1600, Shimadzu Corporation, Kyoto, Japan).

2.12. Ammonia Nitrogen (NH3-N) Concentration Measurement

The concentration of ammonia nitrogen (NHs-N) was quantified using the method
adapted from Souza et al. [27]. For the assay, a 100 pL aliquot of the aqueous silage extract
was dispensed into a test tube, followed by the sequential addition of 1.5 mL of phenol
solution and 1.5 mL of sodium hypochlorite (NaOCl) solution. The reaction mixture was
thoroughly mixed and subsequently incubated in a water bath maintained at 39 °C for 15
min. Finally, the resulting absorbance was recorded at a wavelength of 630 nm utilizing a
UV-Vis spectrophotometer.

2.13. Design, Parameters, and Data Analysis

The experiment was arranged in a 2 x 4 x 4 completely randomized factorial design
(CRD) with five replications per treatment combination and total 160 bag silage. The three
experimental factors were defined as follows:

Factor A (LAB Inoculation): Consisted of two levels, comprising a control group
(without inoculum) and a probiotic group inoculated with L. plantarum.

Factor B (Phytochemical Additives): Consisted of four treatments, including a neg-
ative control (P0, no additive), Acacia mangium bark extract (P1), Swietenia macrophylla bark
extract (P2), and black cumin essential oil (P3). All additives were incorporated at a stand-
ardized dose of 10 g/kg as feed.

Factor C (Forage Types): Comprised four distinct forage species, namely Napier
grass (Pennisetum purpureum, R1), Indigofera zollingeriana (R2), Gliricidia sepium (R3), and
Stylosanthes guianensis (R4).

The collected data were analyzed using analysis of variance (ANOVA). Prior to anal-
ysis, data normality was assessed using the Shapiro-Wilk test, and data transformation
was performed when necessary to satisfy the assumptions of ANOVA. When significant
treatment effects were detected, means were compared using Duncan’s Multiple Range Test
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(DMRT) at a significance level of p < 0.05 [28]. Data curation, assumption testing, data
transformation, and statistical analyses were performed using Microsoft Excel and IBM
SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, USA).

Phytochemical content and antioxidant capacity data were further evaluated using
Pearson’s correlation analysis following the method of Batubara et al. [29]. The correlation
analysis was performed using the PerformanceAnalytics package in RStudio version 4.2.2
(R Foundation for Statistical Computing, Vienna, Austria). All independent observations
from the phytochemical analyses were included in the correlation analysis. Each phytobi-
otic source was represented by four independent biological replicates, with each biologi-
cal replicate considered an independent experimental unit, resulting in a total of 12 inde-
pendent observations (1 = 12) for each parameter included in the correlation analysis. The
main evaluated variables encompassed four primary categories:

1. Sensory and physical traits, including color, aroma, texture, and visible mold contamination.

2. Fermentation characteristics, monitoring pH dynamics, lactic acid concentrations, and am-
monia accumulation.

3. Silage nutrient content, quantifying crude protein, ether extract, crude fiber, total ash, neu-
tral detergent fiber (NDF), acid detergent fiber (ADF), calcium (Ca), and phosphorus (P).

4. Amino acid profiles, mapping both essential and non-essential amino acid concentrations.

3. Results
3.1. Phytochemical and Antioxidant Analysis

The quantitative distribution of phytochemical compounds and their corresponding
antioxidant capacities varied substantially across the evaluated plant extracts (Table 3).
Spectrophotometric quantification revealed that S. macrophylla bark extract possessed the
richest profile of total phenolics (97.67 mg GAE/g DM) and total flavonoids (12.42 mg
QE/g DM). Conversely, the highest concentration of total tannins was detected in A. man-
gium bark extract, reaching a peak of 600.45 mg TAE/g DM, which was significantly higher
than the levels observed in the other treatments. For comparison, S. macrophylla bark ex-
tract contained 355.82 mg TAE/g DM of tannins.

Table 3. The content of phytochemicals and antioxidant activity of acacia bark extract, mahogany

bark extract, and cumin essential oil.

Extract TTC TFC TPC DPPH
(mg TAE/g DM) (mg QE/g DM) (mg GAE/g DM) (umol TE/g DM)
Acacia bark 600.45+80.75¢ 11.52+098>  17.58 +4.08 ® 733.09 £13.86 ©

Mahogany bark  355.82+25.85Y 12.42+047¢ 97.67+594¢ 634.58 +15.84 "
Cumin essential 0il2.78 + 0.57 2 0.53 +0.08 2 0.52+0.03 2 5.35+2.052

Values are expressed as mean + SD. Different superscript letters within the same column indicate
significant differences among extracts (p < 0.05). TPC = Total Phenolic Content, TFC = Total Flavo-
noid Content, TTC = Total Tannin Content, and DPPH =2,2-Diphenyl-1-picrylhydrazyl radical scav-
enging activity; TAE = tannic acid equivalent; QE = quercetin equivalent; GAE = gallic acid equiva-
lent; TE = Trolox equivalent; DM = dry matter.

These distinct phytochemical yields directly influenced the free radical-scavenging
performance of the extracts. The tannin-rich A. mangium extract demonstrated a superior
capacity to quench DPPH radicals, closely followed by the S. macrophylla extract, which
exhibited a robust antioxidant activity of 634.58 + 15.84 umol TE/g DM. On the other hand,
black cumin essential oil yielded the lowest numerical values across all monitored phyto-
chemical groups and consequently displayed relatively weak DPPH radical scavenging po-
tential, despite harboring detectable trace amounts of phenolics, flavonoids, and tannins.

https://doi.org/10.3390/ani16142224
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Pearson correlation analysis indicated predominantly positive interactions between
the quantified phytochemical parameters and their antioxidant capacity (Figure 1). A ro-
bust linear relationship emerged between TPC and TFC (r = 0.88, p < 0.01), reflecting the
major contribution of the flavonoid fraction to the total phenolic profile. Interestingly, TFC
exhibited a near-perfect correlation with TTC (r = 0.98, p < 0.001), which aligns with the
biochemical pathway where flavonoids act as primary precursors or structural building
blocks for condensed tannin synthesis. Furthermore, the radical-scavenging activity
against DPPH was strongly driven by the tannin fraction, as evidenced by a high correla-
tion coefficient between TTC and DPPH values (r=0.94, p <0.001). This specific interaction
underscores the superior efficiency of tannins in neutralizing free radicals within the ma-
trix. Conversely, the association between TPC and DPPH was only moderate (r =0.68, p <
0.05), whereas TPC and TTC showed a weak and non-significant correlation (r = 0.53, p >
0.05), suggesting that non-tannin phenolics did not contribute significantly to the ob-
served antioxidant behavior.

0 4 8 0 400
EEREE L1 5
PC = C 2
0.68 0.27 0.53 [ o
TF sk ***_ °
- 0.88 |0.98
°© C o '8
0.94FE g
o D B
S 7 I

TTTTId TTTTTT
0 40 100 0 300 700

Figure 1. Pearson correlation matrix of phytochemical constituents and antioxidant activity. TPC =
Total Phenolic Content, TEC = Total Flavonoid Content, TTC = Total Tannin Content, and DPPH =
2,2-Diphenyl-1-picrylhydrazyl radical scavenging activity. The upper panel shows Pearson correla-
tion coefficients while the lower panel reports scatter plots. *, **, and *** indicate significance at p <
0.05, <0.01, and <0.001.

3.2. Organoleptic and Physical Characteristics

The physical and organoleptic characteristics of the silage, including color, aroma,
texture, and mold development, are presented in Table 4. LAB inoculation significantly
affected the aroma and texture scores (p < 0.05), while the addition of plant extracts signif-
icantly influenced the color, aroma, texture, and mold contamination (p < 0.05). Among
the evaluated plant extracts, acacia extract produced better organoleptic characteristics
than the other treatments. The type of forage also significantly affected all physical and
organoleptic parameters (p < 0.05), with I. zollingeriana silage showing superior preserva-
tion characteristics compared to other forages. Significant interactions between plant ex-
tracts and types of forage were observed in the color, aroma, and texture of the silage,
whereas a significant three-way interaction between LAB, plant extracts, and types of for-
age was only found in the aroma parameter (p < 0.05).

The color scores ranged from 1.28 to 2.75, indicating color variation in the silage from
yellowish-green to brownish-green. The aroma score for I. zollingeriana silage (1.25) re-
flected a better fresh sour aroma compared to other treatments. The texture scores ranged
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from 1.45 to 1.80, indicating that the silage generally maintained its physical integrity well.
The fungal contamination scores ranged from 1.03 to 1.35. Silage supplemented with plant
extracts consistently shows lower fungal contamination scores (1.03-1.08) compared to
the untreated control (1.35). A significant LAB x phytobiotic x forage type interaction was
detected only for aroma (p = 0.010), indicating that the response of aroma quality varied
according to the specific combination of inoculation, phytobiotic source, and forage species.
No significant three-way interactions were observed for color, texture, or mold (p > 0.05).

Table 4. The effect of using phytobiotics and probiotics on the physical quality of silage.

Treatment Factors Color Aroma Texture Mold
LAB inoculation treatments
Non-LAB 1.75 +0.64 196 +£0.82P 1.79+£0.347P 1.18 £0.21
LAB 1.80+0.78 1.74+0.83° 155+033% 1.09+0.12
Extract source treatments
Non-Extract 150+040° 213+1.06° 178+048" 135+021°
Acacia extract 1.93+093° 1.63+0.79° 145+025° 1.03+0.07°
Mahogany extract 1.80+0.76° 178+0.78" 170+030° 1.08+0.10°
Cumin essential oil 1.88+0.69° 1.88+0.69° 1.75+0.29° 1.08+0.10°
Forage type treatments
Pennisetum purpureum 275+074° 3.08+056° 175+051° 1.28+0.23°
Indigofera zollingeriana 128+0.10° 125+020° 1.65+0.15® 1.10+0.15°
Gliricidia sepium 1.40+021°% 1.58+0.08"° 1.80+0.33° 1.05+0.09 °
Stylosanthes guianensis 1.68+023° 150+0.32° 148+026° 1.10+0.15°
SEM 0.065 0.074 0.046 0.027
p-value
LAB inoculation 0.531 0.007 0.004 0.087
Extract source 0.001 <0.001 0.021 <0.001
Forage type <0.001 <0.001 0.029 0.012
LAB x Extract 0.344 0.202 0.356 0.652
LAB x Forage 0.001 0.292 0.412 0.765
Extract x Forage <0.001 0.003 <0.001 0.941
LAB x Extract x Forage 0.472 0.010 0.869 0.964

Different superscript letters in the same column indicate significant effects (p <0.05). SEM = standard
error of the mean. LAB = lactic acid bacteria. The p-values represent the main effects of LAB inocu-

lation, extract source, forage type, and their interactions.

3.3. Fermentation Products

The product of silage fermentation is presented in Table 5. LAB inoculation signifi-
cantly lowered the silage pH and increased lactic acid concentration (p <0.05). Conversely,
silage supplemented with plant extracts showed slightly higher pH values than the treat-
ment without extract addition. The type of forage significantly affects lactic acid produc-
tion, where leguminous silage produced higher lactic acid concentrations than Napier
grass silage (p < 0.05). LAB inoculation also significantly affected NH3-N concentration (p
<0.05), resulting in higher NHs-N levels than the control without inoculation. Among the
types of forage used, Napier grass silage produced a higher concentration of NHs-N com-
pared to legume silage (p < 0.05). A significant LAB x phytobiotic x forage type interaction
was detected for pH, NHs-N, and lactic acid concentration (p < 0.05), demonstrating that
the response of silage fermentation characteristics varied according to the specific combi-
nation of inoculant, phytobiotic source, and forage type. Therefore, the effects of the indi-
vidual factors should be interpreted in the context of their combined interactions.
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Table 5. The effect of using phytobiotics and probiotics on silage product fermentability.

Treatment Factors pH NHs-N (mM)  Lactic Acid (g kg™)
LAB inoculation treatments

Non-LAB 5.04+0.39° 459+051° 23.88+1.92°
LAB 493+0.39° 5.80+0.64° 29.97 +2.56 °
Extract source treatments

Non-Extract 484+016° 511+067° 33.57+2.73°¢
Acacia extract 4.88+0.08" 4.91+0.53" 23.74+1.39°
Mahogany extract 510+0.50° 5.78+0.62°¢ 25.87 +2.54"
Cumin essential oil 513+058° 497+0.59 24.54+2.33"
Forage type treatments

Pennisetum purpureum 495+0.11° 10.67+1.55¢ 7.34+0.61°
Indigofera zollingeriana 536+0.62¢ 2.62+0.33" 38.69+1.10 ¢
Gliricidia sepium 4.87+0.14° 3.67+0.39° 30.96 +1.94°
Stylosanthes guianensis 4.77+0.09° 3.84+0.19° 30.73+1.83"
SEM 0.031 0.285 1.138
p-value

LAB inoculation <0.001 <0.001 <0.001
Extract source <0.001 <0.001 <0.001
Forage type <0.001 <0.001 <0.001
LAB x Extract <0.001 <0.001 <0.001
LAB x Forage 0.021 <0.001 <0.001
Extract x Forage <0.001 <0.001 <0.001
LAB x Extract x Forage 0.002 <0.001 <0.001

Different superscript letters in the same column indicate significant effects (p < 0.05). SEM = standard
error of the mean. LAB = lactic acid bacteria. The p-values represent the main effects of LAB inocu-

lation, extract source, forage type, and their interactions.

3.4. Nutritional Profiles

The interactive and independent effects of the evaluated phytobiotics and probiotics
on the nutritional matrix of the final silages are detailed in Table 6. Inoculation with L.
plantarum significantly preserved the dry matter (DM), crude protein (CP), and ether ex-
tract (EE) contents relative to the uninoculated control (p < 0.05). Phytobiotic supplemen-
tation also exerted a positive regulatory effect on the crude protein profile (p < 0.05), with
the peak CP accumulation observed in experimental units treated with black cumin es-
sential oil. Among the raw plant materials, I. zollingeriana silage consistently maintained
the highest baseline CP levels. Regarding lipid fractions, the incorporation of S. macro-
phylla extract significantly enhanced the overall ether extract values (p < 0.05), with leg-
ume-based silages systematically yielding richer fat profiles than their Napier grass coun-
terparts. The structural carbohydrate fractions were also strongly modulated by the silage
additives. Probiotic L. plantarum inoculation led to a significant reduction in both crude
fiber (CF) and acid detergent fiber (ADF) concentrations, while simultaneously shifting
the neutral detergent fiber (NDF) values upward (p < 0.05). A mirrored pattern was in-
duced by the phytobiotic supplementation, which significantly lowered the CF and ADF
fractions (p < 0.05). Notably, the application of A. mangium extract triggered a significant
elevation in the total NDF (p < 0.05). When comparing the botanical species, the legume-
based silages were generally characterized by lower CF, ADF, and NDF compositions
compared to the more lignified Napier grass silage.
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Table 6. The effect of using phytobiotics and probiotics on the nutrient content of silage.

Treatment Factors DM (%) CP (%DM) EE (%DM) CF (%DM) Ash (%DM) NDF (%) ADF (%) Ca (%) P (%)
LAB inoculation treatments

Non-LAB 9123+025° 18.07+079° 692+026° 2325+075" 20.71£1.04 3743+048° 4122+121° 121£0.05°  0.65+0.02
LAB 9155£026° 1873:072° 711+031° 12266+082" 2022+1.13  3825:052" 40.12+129° 117£006°  0.66+0.02
Extract source treatments

Non-Extract 88.28+022° 1339+096° 478+034° 3014+1.01° 3413+051¢ 3804+0.62° 5249+169° 0.63+0.042 042+0.027
Acacia extract 9065+033° 1654+064° 796+041¢ 2321+099° 1507+1.16° 4194+084° 3743+184° 114+0.06% 0.61+0.04"
Mahogany extract 9263+£0.19° 1615+0.84° 959%034¢ 2051+094° 27.07+0.94¢ 3782+044° 3484+126° 165+0.09¢ 0.66+0.02¢
Cumin essential oil 94.02+023% 2752+094° 571+023% 1796+095° 5.61+049a 3356+052° 37.92+145° 133+0.04c 0.92+0.01¢
Forage type treatments

Pennisetum purpureum 90.80+020° 1040+0.73° 422+020° 13470+065° 1914+141° 4095+045° 51.62+094° 0.58+0.032 0.46+0.032
Indigofera zollingeriana 9364+034° 2476+085% 959+034¢ 1475+070° 23.86+1.29¢ 3839+078° 27.53+086° 1.26+0.05° 0.72+0.03¢
Gliricidia sepium 9059+018° 21.95+088° 9.15+0.18c 1708+045° 1533+141° 3598+096° 28.85+0.82° 141+0.05¢ 0.79+0.02¢
Stylosanthes guianensis 9054+038° 1649+092° 5.09+038° 2090:0.62° 2351+177¢ 36044027 5468+122° 149+006¢ 063+0.03°
SEM 0.177 0.532 0.201 0.553 0.766 0.355 0.883 0.037 0.016
p-value

LAB inoculation 0.007 <0.001 0.008 <0.001 0.115 <0.001 <0.001 0.021 0.432
Extract source <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Forage type <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LAB x Extract 0.026 <0.001 <0.001 <0.001 <0.001 0.009 <0.001 0.001 <0.001
LAB x Forage <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Extract x Forage <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LAB x Extract x Forage <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Different superscript letters in the same column indicate significant effect (p < 0.05). SEM = standard
error of the mean. LAB =lactic acid bacteria. DM = dry matter; CP = crude protein; EE = ether extract;
CF = crude fiber; NDF = neutral detergent fiber; ADF = acid detergent fiber; Ca = calcium; P = phos-
phorus. p-values indicate the significance of the main effects of LAB inoculation, extract source, for-

age type, and their two- and three-way interactions.

The addition of L. plantarum did not exert any statistically significant influence on the
total ash content (p > 0.05). In contrast, the phytobiotic interventions significantly drove
down the overall ash percentages (p <0.05), with the most pronounced reduction observed
in the experimental units treated with black cumin essential oil. The specific macro-min-
eral profiles were also heavily modulated by the experimental additives. Probiotic inocu-
lation with L. plantarum led to a significant reduction in the Ca concentrations (p < 0.05),
while leaving the P levels statistically unaffected. Conversely, botanical extract supple-
mentation acted as a positive regulator for mineral retention, significantly elevating both
Ca and P concentrations (p < 0.05). Specifically, the inclusion of mahogany bark extract
yielded the peak Ca accumulation, whereas the black cumin essential oil treatment was
characterized by the highest P content. At the biomass level, legume-based silages sys-
tematically outperformed Napier grass silages in terms of inherent Ca and P status (p <
0.05). Highly significant three-way interactive effects (LAB x phytobiotic source x forage
type) were successfully established across all monitored nutritional parameters (p < 0.05).

3.5. Amino Acid Profiles

The independent and interactive effects of the evaluated phytobiotics and probiotics
on the essential amino acid (EAA) composition of the silages are summarized in Table 7.
Inoculation with L. plantarum significantly elevated the concentrations of histidine, isoleu-
cine, threonine, tryptophan, and valine (p < 0.05), while simultaneously driving down ly-
sine and phenylalanine levels. Conversely, the probiotic treatment exerted no statistically
significant impact on the leucine and methionine fractions. Regarding the botanical addi-
tives, phytobiotic supplementation markedly enhanced the overall essential amino acid
pool (p < 0.05), with the sole exception of tryptophan, which underwent a significant re-
duction following extract incorporation. The inherent botanical characteristics of the raw
materials also strongly influenced the amino acid yields. Napier grass silage was system-
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atically characterized by the lowest baseline concentrations of histidine, lysine, threonine,
tryptophan, and valine compared to the legume-based treatments (p < 0.05). Among the
legumes, distinct variations emerged; Indigofera zollingeriana and Gliricidia sepium silages
yielded the highest concentrations of lysine and methionine (p < 0.05). On the other hand,
Stylosanthes guianensis silage displayed the most depleted profiles for isoleucine, leucine,
methionine, and phenylalanine (p <0.05). A significant three-way interaction (LAB x phy-
tobiotic source x forage type) was established, confirming that the synchronization of
these three experimental factors heavily modulated the final essential amino acid profiles
(p <0.05).

Table 7. Effect of phytobiotic and probiotic use on essential amino acid content.

Treatment Factors Hls(to;jme ISOI;Z)C 1€ Leucine (%) Lysine (%) Metl(lol/:))mne Phen}(ltl)ziamne Thrﬁ)zl;me Tryp(t;g)han Valine (%)
LAB inoculation treatments

Non-LAB 1.01+0.05° 1.03+0.05° 292+0.09 258+006° 0.75+0.02 1.97+0.06> 196+0.062 0.36+0.012 1.53+0.052
LAB 1.05+0.05° 1.09+0.06° 294+0.09 239+004" 0.76+0.03 1.92+0.072 2.03+0.06> 0.37+0.01> 1.60+0.05"
Extract source treatments

Non-Extract 0.97£0.05" 0.71+0.06" 1.91+0.10" 2.39+0.07" 0.59+0.03° 1.15£0052 150+0.052 043+0.02¢ 1.14+0.072
Acacia extract 1.10+0.07° 124+0.06° 3.18+0.11° 2.60+0.07° 0.83+0.03° 2.18+0.08¢ 2.02+0.06> 0.42+0.01¢ 2.09+0.064
Mahogany extract 1.05+0.07" 0.87+0.08° 2.65+0.10° 249+0.06° 063+0.03° 179£0.07°> 292+0.05¢ 0.35+0.02> 1.39+0.06®
Cumin essential oil 1.01+0.07°® 1.42+0.06% 4.00+£0.08% 242+0.09® 097+0.02¢ 264+0.059 152+0.052 0.26+0.022 1.61+0.05¢
Forage type treatments

Pennisetum purpureum 030 £0.03° 0.57+0.04° 2.72+0.13° 1.74+0.03* 0.72+0.03° 213+0.09¢ 151+0.072 0.22+0.012 1.04+0.052
Indigofera zollingeriana  1.75+0.02¢ 1.39+0.03° 3.37+0.09° 3.08+0.04¢ 093+0.02° 200+£0.06> 211+0.06c 0.51+0.01d 1.92+0.04c¢
Gliricidia sepium 120+0.03° 1.75+0.03% 3.44+0.03° 2.63£0.05° 092+0.02° 228x0.064 233+0.06¢ 044+0.01c 2.01+0.04¢
Stylosanthes guianensis  0.86+0.02° 0.54+0.06" 2.21+£0.06° 247+0.04° 046+003* 1.37+0.102 2.01+0.11> 028+0.01> 1.26+0.06
SEM 0.033 0.037 0.065 0.035 0.017 0.044 0.043 0.008 0.035
p-value

LAB inoculation 0.016 <0.001 0.464 <0.001 0.389 0.039 <0.001 0.001 <0.001
Extract source <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Forage type <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LAB x Extract <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.021 <0.001
LAB x Forage 0.294 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.224 <0.001
Extract x Forage <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LAB x Extract x Forage  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Different superscript letters in the same column indicate significant effect (p < 0.05). SEM = standard
error of the mean. LAB =lactic acid bacteria. p-values indicate the significance of the main effects of

LAB inoculation, extract source, forage type, and their two- and three-way interactions.

The distribution of non-essential amino acids in the ensiled biomass under the influ-
ence of phytobiotics and probiotics is compiled in Table 8. Inoculation with L. plantarum
significantly diminished alanine and arginine fractions, while simultaneously triggering
a significant elevation in cysteine, glycine, glutamic acid, and serine concentrations (p <
0.05). Beyond the probiotic effects, phytobiotic supplementation also played a pivotal role
in modulating the non-essential amino acid profiles. Specifically, the incorporation of Aca-
cia mangium extract markedly enriched the concentrations of alanine, glycine, glutamic
acid, and tyrosine (p < 0.05). Conversely, Swietenia macrophylla (mahogany) bark extract
enhanced aspartic acid accumulation but led to a significant contraction in alanine content
(p <0.05). In stark contrast to the bark extracts, black cumin essential oil supplementation
significantly drove up cysteine, proline, and serine levels, while concurrently depleting
the glycine and glutamic acid concentrations (p < 0.05). The botanical origin of the forage
also exerted a strong independent effect on the final non-essential amino acid yields (p <
0.05). Interestingly, Napier grass silage was characterized by the highest baseline concen-
trations of proline and tyrosine, outperforming the legume-based silages (p < 0.05), A sig-
nificant three-way interaction (LAB x phytobiotic source x forage type) was successfully
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established for nearly all monitored non-essential amino acid variables (p < 0.05), with the
sole exception for aspartic acid, which remained statistically unaffected by the three-way
interaction (p > 0.05).

Table 8. Effect of the use of phytobiotics and probiotics on non-essential amino acid content.

Treatment Factors Alanine (%) Arginine (%) ::IP; :(t)/l:) Cystine (%) Glycine (%) ilcl::la:f;:)c Proline (%) Serine (%) Tyrosine (%)
LAB inoculation treatments

Non-LAB 1.54+0.05> 0.84+0.04> 335+0.18 049+0.022 1.24+0.032 1.24+0.08= 0.97+0.05 139+0.03> 1.98+0.05
LAB 145+0.052 0.77+0.03> 3.32+0.08 0.52+0.02> 1.29+0.03> 1.48+0.10> 1.00+0.07 1.41+0.03> 2.01+0.06
Extract source treatments

Non-Extract 145+0.102® 0.61+£0.042 3.14+0.342 040+0.022 120+0.04> 1.17+0.11> 0.41+0.022 1.16+0.032 1.32+0.042
Acacia extract 1.60+0.06¢ 0.88+0.07¢ 293+0.092 051+0.02> 1.36+0.02¢ 2.45+0.15¢ 1.07+0.07¢ 1.38+0.03¢ 2.37+0.06¢
Mahogany extract 143+0.062 0.89+0.04c 4.05+£0.09> 052+0.02> 1.33+0.04> 0.96+0.082 0.61+0.05> 1.28+0.03> 1.95+0.06"
Cumin essential oil 149+0.07> 0.83+0.04> 322+0.112 058+0.02¢ 1.18+0.052 0.86+0.082 1.84+0.07¢ 1.81+0.03¢ 2.34+0.08°¢

Forage type treatments
Pennisetum purpureum 091+0.032 0.32+0.012 210+0.052 0.27+0.012 097+0.032 1.16+0.102 1.29+0.09¢ 1.17+0.03> 2.24+0.09
Indigofera zollingeriana 1.26+0.064 0.99+0.04c 3.71+0.06° 0.73+£0.01¢ 1.58+0.02¢ 1.33+0.12° 1.03+0.11¢ 1.52+0.04< 1.99+0.06"

Gliricidia sepium 1.63+0.03¢ 0.90+0.04> 3.89+0.08> 0.56+0.01¢ 1.49+0.02¢ 1.61+0.18¢ 0.75+0.072 1.66+0.034 2.21+0.06¢
Stylosanthes guianensis ~ 2.17 +0.06> 1.00+0.05¢ 3.63+0.33> 045+0.01" 1.04+0.03> 1.35+0.09> 0.85+0.04> 1.26+0.04> 1.54+0.092
SEM 0.036 0.025 0.097 0.011 0.019 0.065 0.042 0.021 0.041
p-value

LAB inoculation <0.001 <0.001 0.843 <0.001 <0.001 <0.001 0.147 0.002 0.324
Extract source <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Forage type <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LAB x Extract <0.001 <0.001 0309 <0.001 <0.001 <0.001 <0.001 <0.001 0.002
LAB x Forage <0.001 <0.001 0.432 0.029 <0.001 <0.001 <0.001 <0.001 <0.001
Extract x Forage <0.001 <0.001 0.081 0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LAB x Extract x Forage <0.001 <0.001 0.527 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Different superscript letters in the same column indicate significant effect (p < 0.05). SEM = standard
error of the mean. LAB = lactic acid bacteria. p-values indicate the significance of the main effects of

LAB inoculation, extract source, forage type, and their two- and three-way interactions.

3.6. Hierarchical Cluster Analysis of Amino Acid Profiles

Hierarchical cluster analysis was performed to systematically visualize the global
variations in amino acid composition among the diverse silage treatments (Figure 2). The
generated two-dimensional dendrogram and heatmap revealed distinct grouping pat-
terns, establishing the phenotypic similarities and chemotaxonomic distances across the
experimental units. Within the heatmap matrix, a divergent color scale was employed,
where green-shaded tiles denote lower relative concentrations and red-shaded tiles sig-
nify higher abundance levels.

The horizontal dendrogram successfully segregated the treatments into two primary
clusters, reflecting sharp metabolic differences between the fermented cohort (Group B)
and the non-fermented reference group (Group NB). Notably, specific amino acid
hotspots emerged within the topiary framework; glutamic acid, lysine, and alanine exhib-
ited prominent high-intensity zones in LAB-inoculated silages that had been combined
with Acacia mangium and Swietenia macrophylla bark extracts. In contrast, peripheral sub-
clusters highlighted a coordinated depletion of tryptophan, histidine, and glycine across
specific treatment lines, underscoring the selective amino acid remodeling driven by the
interaction of probiotic inoculation and phytobiotic supplementation.
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Figure 2. Cluster of treatment interactions with amino acid content. B: addition of lactic acid bacteria
(LAB) inoculum; NB: without addition of lactic acid bacteria (LAB) inoculum; E1: Without extract;
E2: Administration of acacia bark extract; E3: Administration of mahogany bark extract; E4: Admin-

istration of cumin essential oil.

4. Discussion

Phytochemical screening of the S. macrophylla extract confirmed a rich profile of bio-
active secondary metabolites, including flavonoids, tannins, triterpenoids, saponins, and
alkaloids [30]. The robust antioxidant activity exhibited by this extract is fundamentally
governed by its high concentration of phenolic compounds. Structurally, these molecules
possess hydroxyl groups attached directly to aromatic rings, which function as efficient
hydrogen atom donors capable of neutralizing unstable free radicals [31].

In the context of S. macrophylla, this potent radical-scavenging capacity is heavily
driven by the presence of specific monomeric and oligomeric polyphenols, such as swieten-
emacrophyllanin, epicatechin, and catechin. The strong correlation between these phyto-
chemical components and antioxidant performance was explicitly validated through the
DPPH assay. Mechanistically, this colorimetric method evaluates the chemical reactivity of
antioxidant compounds against stable 2,2-diphenyl-1-picrylhydrazyl radicals, which exhibit
a characteristically intense violet coloration and a strong absorption peak at 517 nm. Upon
accepting a hydrogen atom or an electron from the bark extract’s active constituents, the
DPPH radical undergoes a stoichiometric reduction, causing a distinct color shift from deep
purple to yellow that is directly proportional to the density of paired electrons [22].

A. mangium extract is characterized by a high abundance of polyphenolic secondary
metabolites, predominantly in the form of condensed tannins (proanthocyanidins). When
applied at judicious dietary dosages, these specialized polymers serve as effective func-
tional feed additives in ruminant nutrition [2]. At the molecular level, the proanthocya-
nidins in A. mangium bark consist of recurring flavonoid subunits—primarily flavan-3-
ols—interlinked with three principal dimeric structures: robinetinidol-(4a-8)-catechin,
fisetinidol-(43-8)-catechin, and the novel natural compound robinetinidol-(4-8)-catechin
[32]. This specific dimeric configuration, particularly the catechin moieties, plays a pivotal
role in membrane-disrupting antimicrobial activities. Mechanistically, these polyphenols
induce the cross-linking and subsequent precipitation of bacterial membrane proteins,
thereby compromising cellular integrity [33]. Furthermore, the broad biological efficacy
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of these tannins is tightly linked to their cross-linking affinity with dietary proteins, form-
ing stable tannin—protein complexes that effectively shield valuable nutrients from exces-
sive ruminal microbial degradation. Beyond their antimicrobial and protein-sparing pro-
tection, the dense proanthocyanidin network within the A. mangium matrix governs its
superior radical-scavenging performance compared to alternative botanical extracts. The
underlying free radical-quenching efficiency of these extracts was previously highlighted
by an exceptionally low half-maximal inhibitory concentration (ICs) value of 7.80 pg/mL
[34]. Variations in antioxidant content may be influenced by fractionation methods, Acacia
species differences, and environmental conditions where the plants grow [35].

In the present study, the essential oil derived from black cumin (Nigella sativa) yielded
lower numerical values for total phenolics, flavonoids, and DPPH radical-scavenging ca-
pacity relative to the bark extracts. This apparent discrepancy does not necessarily imply
a lack of functional potency, but rather reflects the chemical limitations of conventional
aqueous-methanol colorimetric assays in fully capturing the bioactivity of highly volatile,
hydrophobic lipophilic fractions. Despite these lower baseline in vitro antioxidant read-
ings, the practical efficacy of N. sativa essential oil as a potent antimicrobial stabilizing
agent for silage preservation aligns with the findings of Susanto et al. [16]. The antibacte-
rial properties inherent to black cumin serve as a defensive barrier against spoilage mi-
croorganisms, effectively suppressing undesirable bacterial proliferation by disrupting li-
pid bilayer membranes, thereby preserving the physical integrity and nutritional matrix of
the ensiled forage [36]. The protective performance of N. sativa is deeply rooted in its spe-
cialized phytochemical architecture. The essential oil serves as a matrix for critical bioactive
compounds, notably alpha-hederin, nigellidine, nigellicine, nigellimine, thymoquinone,
and thymohydroquinone [37]. While these metabolites exhibit a broad spectrum of pharma-
cological effects—ranging from anti-inflammatory to tissue-protective activities—thymo-
quinone stands out as the primary lipophilic driver responsible for both localized antioxi-
dant defense and cellular stabilization [38]. Additionally, longifolene exhibits antioxidant
and antibacterial activity, while thymol has strong antimicrobial properties [39].

The pronounced statistical interdependencies observed among the phenolic, flavonoid,
and tannin pools underscore a shared and highly synchronized metabolic lineage. Biologi-
cally, the near-perfect alignment between flavonoid and tannin concentrations validates the
established metabolic paradigm wherein flavan-3-ols and other monomeric flavonoids op-
erate as the fundamental structural building blocks for condensed tannin biosynthesis.

When evaluating the functional outputs of these secondary metabolites, the tannin
fraction emerged as the principal architect of the extracts’ radical-scavenging capacity. The
strong interaction between TTC and DPPH values corroborates earlier observations [40,41],
which demonstrated that the high degree of polymerization and multiple hydroxyl-rich do-
mains in condensed tannins exponentially magnify their free-radical quenching efficiency.
By contrast, the broader and more generalized phenolic pool (TPC) exhibited only a mod-
erate influence on DPPH reduction [42], coupled with a notably weak statistical association
with total tannins. This disconnect suggests a distinct metabolic divergence within the plant
matrix; a substantial proportion of the quantified total phenolics likely consists of simple
phenolic acids or non-polymeric flavonoids that do not actively participate in tannin con-
struction [43]. Consequently, while the general phenolic content provides baseline cellular
protection, it is the specific structural complexity of the polymerized flavonoid—-tannin net-
work that dictates the ultimate antioxidant superiority of the extracts.

Color is an important indicator of the quality of silage because it reflects the success
of the preservation process. Biomass that is well-preserved generally retains the green
pigment of fresh plants after the ensiling process. The color change in silage is related to
aerobic respiration in the early phase of ensiling, which oxidizes soluble carbohydrates
into COz, H20, and heat, thereby accelerating the browning of the forage [24]. In addition
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to the increase in temperature during fermentation, the color characteristics of silage are
also influenced by the chemical composition of the raw materials used [44]. The color var-
iations observed between treatments are likely related to the degree of chlorophyll degra-
dation during the ensilage process, as the loss of green pigment is a major factor deter-
mining color changes in mature silage [45].

The addition of L. plantarum increases lactic acid production during the ensiling pro-
cess, contributing to the formation of a sour aroma characteristic of high-quality silage.
These findings are in line with those of Wang et al. [46], who stated that the conversion of
structural carbohydrates and soluble sugars into organic acids by microbes is the main
factor determining the sensory characteristics of silage. In this study, Indigofera silage pro-
duced a fresh sour aroma with the best score compared to other silages, indicating that fer-
mentation proceeded well and was associated with a high concentration of lactic acid pro-
duced. The variation in aroma among treatments is likely influenced by the interaction be-
tween LAB inoculation, plant extracts, and the type of forage. Additionally, the availability
of fermentable substrates and the buffering capacity of the raw materials are known to play
a crucial role in determining the fermentation pathway [47]. The differences in the charac-
teristics of these raw materials can explain the variation in aroma observed between legu-
minous silage and elephant grass. For example, tropical grass silage tends to produce higher
concentrations of acetic acid due to differences in fermentation pathways, which in turn
gives a sharper and more pungent aroma compared to silage dominated by lactic acid [48].

Structurally, the physical integrity and tactile firmness of the resulting silage are
heavily dictated by the initial moisture content of the harvested biomass. According to
Zulkarnaim et al. [49], high moisture during the ensiling phase generally accelerates the
breakdown of plant tissues, leading to a noticeable loss of cellular turgidity and resulting
in a softer feed texture. The presence of slime, particularly observed in the Napier grass
silage, serves as a direct biomarker for microbial spoilage. The untreated control silages
suffered the highest degree of slime accumulation and structural deterioration. This deg-
radation occurred because the silo environment lacked the rapid acidification normally
provided by lactic acid bacteria, as well as the targeted antimicrobial suppression derived
from the bioactive plant extracts. Conversely, the simultaneous integration of LAB and
plant extracts successfully mitigated these spoilage pathways. By rapidly dropping the
pH to arrest undesirable microbial growth and directly neutralizing the opportunistic
flora responsible for slime formation, the additives effectively preserved the physical ar-
chitecture of the silage. These protective dynamics closely corroborate the preservation
mechanisms outlined by Azzahra et al. [50], reinforcing the necessity of plant extracts and
LAB supplementation in maintaining the structural quality of ensiled tropical forages.

The complete absence of fungal growth in the extract-treated silages highlights the
strong antifungal properties of these plant additives. Generally, fungal development in
silage is triggered by the presence of trapped oxygen and residual moisture inside the silo
[45]. While proper physical compaction is the primary method to minimize air exposure,
the addition of plant extracts provides a vital secondary barrier against aerobic spoilage.
At the cellular level, these plant-derived compounds directly inhibit fungal survival. Their
main mechanism involves disrupting the fungal cell membranes and preventing the for-
mation of new cell walls [51]. By controlling these spoilage microorganisms, the extracts
help prevent the breakdown of lactic acid and the subsequent rise in pH. Consequently,
this targeted antifungal action plays a key role in maintaining a stable, oxygen-free envi-
ronment, thereby ensuring the overall fermentation quality of the silage [5].

The recorded pH values in this study ranged from 4.77 to 5.36, which exceeds the
standard optimal threshold of strictly below 4.2 for well-preserved silage [52]. However,
this elevated pH is a well-documented characteristic of legume-based silages, which in-
herently struggle to drop their pH below 4.5 [53]. This resistance to acidification is primar-
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ily caused by their high crude protein content, which creates a strong natural buffering ca-
pacity inside the silo [54]. Because prolonged high pH levels can allow spoilage bacteria to
survive and multiply [55], lowering the pH as much as possible remains a priority. Despite
this natural buffering challenge, the specific combination of the LAB inoculum and Acacia
extract successfully drove the pH down to 4.64 in the Indigofera silage. This effective pH
reduction is a direct result of bacterial metabolism. As the inoculated L. plantarum actively
ferments the available plant sugars, it produces a steady accumulation of lactic acid, which
gradually acidifies the silo environment and helps preserve the forage [56,57].

Effective LAB inoculation can enhance the release and breakdown of sugars in the
early stages of ensilage, resulting in increased lactic acid production [56]. In this study,
LAB-inoculated Indigofera silage showed the highest lactic acid concentration; however,
its value decreased after the addition of acacia extract. These findings indicate that plant
extracts rich in tannins can affect the course of fermentation. The antibacterial properties
of tannins can disrupt the integrity of bacterial cell walls [58], thereby causing plant ex-
tracts to inhibit lactic acid bacteria and limit their capacity to produce acid. In addition to
feed additives, the intrinsic characteristics of forages also play an important role in deter-
mining fermentation outcomes. Optimal lactic acid production generally requires an ini-
tial WSC content of 3-5% [52]. However, the success of fermentation is not only deter-
mined by the amount of available sugar but also by the accessibility of the substrate to
microorganisms. The high fiber content in forages can limit the utilization of carbohy-
drates stored in the plant cell wall matrix, thereby reducing fermentation efficiency and
lactic acid production [59].

In silage evaluation, the accumulation of NH3-N is one of the main indicators that
shows the ongoing degradation of protein by undesirable microorganisms [2]. Unexpect-
edly, the inoculation of BAL in this study caused a significant increase in ammonia levels.
These results differ from the typical fermentation pattern, where L. plantarum usually
accelerates the decrease in pH, allowing protein-degrading bacteria to be inactivated
quickly and preventing ammonia accumulation [60]. However, similar results to this
study were reported by Yang et al. [61], who found that L. plantarum produced higher
NHs-N compared to the control, even though lactic acid fermentation was more intensive.
The activity of proteolytic enzymes in plants can still occur within the pH range of 5-6,
allowing protein degradation to continue during the ensiling process [29,62]. Further-
more, in this study, the final pH of the silage was relatively high. These conditions are
likely not sufficient to effectively inhibit the activity of plant proteases or the growth of
undesirable proteolytic microorganisms. Consequently, the deamination process of amino
acids can continue, leading to a higher accumulation of NHs-N.

Fortunately, the inclusion of Acacia extract proved effective in mitigating severe pro-
tein loss. The lower NHs3-N levels observed in this specific treatment confirm that its rich
tannin content successfully bound to the plant proteins, shielding them from microbial
degradation. However, the protective power of tannins is highly dependent on the acidity
of the silo. When the silage pH remains too high, the chemical bonds between tannins and
proteins weaken because the phenol groups within the tannins become ionized [63]. This
pH dependency perfectly explains the extensive protein breakdown observed in the Na-
pier grass silage. Because the Napier grass experienced a very slow and insufficient drop
in pH, the opportunistic spoilage bacteria were able to survive longer. Simultaneously,
this elevated pH prevented the tannins from binding effectively to the proteins. This un-
fortunate combination of active spoilage microbes and unprotected plant proteins could
result in excessive ammonia production and overall poor fermentation quality.

The effectiveness of tannins in protecting proteins is strongly influenced by environ-
mental pH. Tannin—-protein complexes are generally most stable under mildly acidic con-
ditions (approximately pH 3.5-5.0), where hydrophobic interactions and hydrogen bond-
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ing are maximized [64]. As pH increases toward neutrality, ionization of functional
groups alters these interactions, reducing binding affinity and facilitating partial dissoci-
ation of the complexes [18]. In the present study, silage pH ranged from 4.77 to 5.36, indi-
cating that tannin—protein binding was likely retained to some extent but not at its maxi-
mum stability. Consequently, although Acacia mangium extract reduced protein degrada-
tion and improved amino acid preservation, the persistence of moderate pH conditions
may have permitted residual proteolytic activity and NHs-N accumulation. This pH-de-
pendent behavior provides a plausible explanation for the partial effectiveness of the tan-
nin-rich extract observed in this study.

Although LAB inoculation is generally associated with reduced proteolysis and
lower NH3-N accumulation during ensiling, contradictory findings have occasionally
been reported. The inhibitory effect of LAB on proteolysis largely depends on achieving a
sufficiently rapid decline in pH to suppress plant proteases and deaminating microorgan-
isms. In the present study, the relatively high final pH observed in certain forage silages
may have allowed residual proteolytic activity to persist [65,66]. This phenomenon may be
particularly relevant in tropical legumes, which possess high buffering capacities attributa-
ble to their elevated protein and mineral contents, thereby slowing acidification. This is sup-
ported by the study of Castro-Montoya and Dickhoefer [67], which reported that several
forage species, particularly legumes, naturally contain higher levels of basic compounds
such as proteins (acting as nitrogen sinks) and minerals, making them more resistant to pH
decline and requiring significantly greater amounts of acid to reach a stable pH. In addition,
strain-dependent differences in L. plantarum may influence the extent of proteolysis inhibi-
tion [68]. Therefore, the increased NHs-N concentration observed in this study likely re-
sulted from the combined effects of forage buffering capacity and incomplete suppression
of proteolytic processes from the combined effects of phytobiotics and probiotics.

An apparent discrepancy was observed between the preservation of certain amino
acids and the increased NHs-N concentration following LAB inoculation. Although NHs-
N is widely regarded as an indicator of proteolysis and amino acid deamination, amino
acid preservation and NHs-N formation do not necessarily exhibit a direct inverse rela-
tionship. The persistence of a relatively high silage pH in different tropical legumes may
have permitted partial deamination to continue while simultaneously allowing the preser-
vation of specific amino acids through improved fermentation conditions. Moreover, the
naturally occurring bioactive compounds present in tropical legumes, together with the
phytobiotic extracts supplemented in the present study, may have contributed to the selec-
tive protection of amino acids during the ensiling process. Our recent studies demonstrated
that several of these plant extracts possess a high affinity for binding free amino acids and
can inhibit amino acid deamination by suppressing the activity of glutamate dehydrogen-
ase, thereby reducing the conversion of amino acids into ammonia [17,18]. Consequently,
the combined application of LAB inoculants and phytobiotics appeared to enhance the
preservation of selected amino acids rather than completely suppressing nitrogen degrada-
tion pathways. These findings suggest that improved amino acid retention can occur con-
currently with partial nitrogen degradation, particularly in tropical forage legumes charac-
terized by high buffering capacity and incomplete acidification during the ensiling process.

The overall improvement in the nutritional profile of the inoculated silages clearly
highlights the value of L. plantarum in maximizing fermentation efficiency. By driving a
rapid drop in pH, the lactic acid bacteria effectively shut down protein-degrading en-
zymes, leading to much better crude protein retention in the final feed [69]. Interestingly,
while the bacteria protect these valuable proteins, their active fermentation has the oppo-
site and highly beneficial effect on structural carbohydrates. The steady production of or-
ganic acids accelerates the breakdown of tough crude fiber, making the silage more di-
gestible [62]. However, this intense acidification process also directly explains the ob-
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served decrease in Ca levels in the LAB-treated silages. As the fermentation environment
becomes highly acidic, structural minerals like calcium tend to become highly soluble. It
is most likely that the calcium was converted into soluble calcium lactate and subse-
quently lost during the ensiling period.

In addition to the microbial inoculants, the specific type of plant extract used signifi-
cantly shaped the final nutrient profile of silage. Plant extracts rich in bioactive com-
pounds, such as flavonoids and tannins, function as natural chemical preservatives. They
actively suppress opportunistic spoilage microbes, which prevents the unwanted break-
down of valuable plant proteins and helps retain essential nitrogen within the feed. This
protective mechanism is further reinforced by the strong antimicrobial properties of black
cumin essential oil, which protects the overall fermentation environment from harmful
bacterial overgrowth [70]. By successfully limiting protein degradation and favorably in-
fluencing plant cell wall breakdown, these plant extracts ensure a much higher quality of
the finished feed [62].

The nutritional value of silage is fundamentally shaped by the characteristics of the
forage. This variation stems primarily from the natural differences in plant cell wall struc-
tures and overall fermentability. For example, the specific lignin and cellulose content
within a plant species directly dictates its fiber digestibility [71]. Furthermore, there is a
clear nutritional divide between plant families; legume-based forages such as Indigofera
and Gliricidia naturally provide significantly higher crude protein levels than tropical
grasses such as Napier grass. The success of fermentation depends heavily on the initial
plant composition when microbial inoculants are introduced. The interaction between the
specific forage type and LAB determines the overall efficiency of microbial activity. As
bacteria actively consume soluble nutrients during fermentation, the remaining unfer-
mentable structural components of the plant, specifically the ash and lignin fractions, nat-
urally become more concentrated in the final silage product.

Combining LAB inoculants with plant extracts created a strong synergistic effect that
significantly improved the overall silage quality. Specifically, pairing mahogany extract
with LAB reduced the crude fiber content more effectively than using bacterial treatment
alone. By suppressing undesirable microbes, bioactive plant compounds likely reduced
microbial competition inside the silo. This allows beneficial lactic acid bacteria to domi-
nate the environment and break down structural fibers with much greater efficiency [72].
A similarly complementary relationship was observed in protein preservation. When
black cumin essential oil was applied to Gliricidia, the resulting silage retained the highest
crude protein concentration across all experimental treatments. This exceptional nutrient
retention is directly driven by the specialized secondary metabolites found in cumin oil,
which actively shut down the bacterial enzymes responsible for protein degradation dur-
ing the fermentation period [73].

Strong interactions observed among the LAB inoculants, plant extracts, and forage
highlight the practical value of combining these additives. When applied together, probi-
otics and phytobiotics work synergistically to safeguard essential nutrients, such as pro-
teins and minerals, while simultaneously breaking down tough structural fibers. This tar-
geted approach is especially critical for tropical farming systems. Because tropical regions
possess a wide diversity of forage resources, producers have the unique opportunity to
match specific botanical extracts with local grasses or legumes to maximize fermentation
success [52]. Moving forward, acknowledging that there is no single universal additive is
key; carefully customizing the combination of inoculants and plant extracts to suit the
specific crop will be essential for producing high-quality silage and improving overall
livestock performance.

Preserving the precise amino acid profile of ensiled forage is a delicate process that
depends heavily on the interaction between the lactic acid bacteria, the added plant ex-
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tracts, and the raw material itself. In this protective relationship, the LAB inoculant serves
as the foundation by rapidly stabilizing the fermentation environment [74].

When used with LAB, plant extracts may provide an additional layer of protection
against protein degradation during ensiling. The bioactive compounds within these ex-
tracts, such as flavonoids and tannins, have been reported to suppress proteolytic micro-
organisms and inhibit protease activity, thereby reducing amino acid degradation and
NH:-N formation [17,75]. As the abundance and composition of these protective metabo-
lites differ significantly among plant species, the intrinsic biochemical characteristics of
the harvested biomass also play an important role in determining protein preservation
during fermentation. The combined application of LAB and plant extracts may represent
a promising strategy for improving amino acid retention by integrating rapid acidification
with the antimicrobial and antiproteolytic properties of plant secondary metabolites.

The practical benefits of LAB and plant extracts are most evident in the final amino
acid yield. Silages treated exclusively with the LAB inoculant retained noticeably fewer
essential and non-essential amino acids compared to those receiving the combined treat-
ment. This measurable difference confirms that bacterial acidification alone is not always
sufficient to fully secure nutrients in plants. By introducing additional plant extracts, spe-
cifically polyphenols and saponins, into the silo, a vital secondary defense is provided.
These compounds work alongside the active fermentation process to effectively halt pro-
tein breakdown, resulting in a much richer and well-preserved amino acid profile [76].

Fundamentally, this successful amino acid retention is driven by the strong antimi-
crobial and antioxidant properties of plant extracts. The distinct phenolic compounds pre-
sent in both the cumin essential oil and Acacia bark extract actively suppress the oppor-
tunistic bacteria responsible for deamination [77]. Therefore, pairing these natural plant
extracts with standard LAB inoculants provides a highly practical and effective strategy
for safeguarding protein quality. By simultaneously preventing protein breakdown and
optimizing the fermentation environment, this combined approach can significantly ele-
vate the nutritional value of feed in livestock production systems. To build on these prom-
ising results, future studies should evaluate how different local forages and plant extract
combinations maintain this amino acid stability over extended, long-term storage periods.

The combination of BAL with acacia and mahogany extracts consistently improves
the overall preservation of amino acids. This combination creates fermentation conditions
associated with lower nitrogen loss and higher amino acid retention. Conversely, the treat-
ment that did not have that combination experienced significant losses of certain amino ac-
ids, particularly tryptophan, histidine, and glycine. This study shows that these amino acids
are likely very susceptible to degradation when fermentation conditions are less supportive.
The observed pattern confirms that the selection of the right combination of bacterial inoc-
ulants and plant extracts is an important factor in controlling protein turnover and main-
taining the amino acid profile in silage [78]. Although this study shows that the combination
of LAB and plant extracts can reduce the accumulation of NHz-N and preserve amino acids,
the underlying microbial mechanisms of this process were not directly evaluated. Further
research needs to integrate microbial enumeration analysis and characterization to verify
the biological mechanisms involved in the inhibition of deamination.

Evidence supports this preservation strategy for maximizing silage quality. Specifi-
cally, introducing targeted LAB strains like L. plantarum is known to effectively shield criti-
cal amino acids such as lysine and methionine from severe proteolytic breakdown [79]. This
bacterial action is perfectly complemented by the phenolic compounds naturally present in
Acacia and mahogany bark extracts. By acting as strong natural antimicrobials and antioxi-
dants, these plant extracts directly reinforce amino acid stability throughout the entire fer-
mentation period [62]. The distinct clustering patterns observed in the uninoculated control
groups point to a much more erratic fermentation process. Without the dominant presence
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of LAB, unpredictable indigenous microbial populations take over the silo environment,
triggering alternative metabolic pathways that rapidly degrade the available amino acids
[80]. Actively controlling the silo environment through the strategic combination of bacterial
inoculants and plant-derived bioactives offers a practical method for significantly upgrad-
ing livestock nutrition. To continue refining this approach, subsequent investigations
should focus on mapping the precise biochemical interactions between various LAB strains
and different botanical extracts across long-term storage scenarios.

The true nutritional value of silage is heavily reflected in its final amino acid profile.
When the fermented feed successfully retains high levels of essential amino acids, particu-
larly lysine and methionine, provides clear evidence that the plant proteins were effectively
shielded from breakdown, resulting in superior livestock feed [52]. If these nutrient levels
drop, itis a direct sign that undesirable microbes have actively degraded the forage. Because
of this dynamic, measuring amino acid retention serves as an excellent benchmark for eval-
uating overall fermentation efficiency. The positive outcomes associated with LAB inocula-
tion perfectly illustrate this relationship. By rapidly dominating the silo environment, the
bacterial inoculant fundamentally shifts the microbial community. This shift actively sup-
presses the specific destructive enzymes that would otherwise cause amino acid loss,
thereby securing the stability of the feed [78].

Beyond biological inoculants, the overall ensiling environment heavily dictates how
specific amino acids, such as lysine and arginine, are distributed and utilized for energy
metabolism [81,82]. The preservation of lysine, histidine, valine, and tryptophan is nutri-
tionally important because these amino acids contribute to microbial protein synthesis,
growth performance, milk protein production, and overall nitrogen utilization efficiency in
ruminants [83]. The profound impact of this process is most evident when comparing the
fermented forage (Group B) directly with the unfermented forage (Group NB). The data
confirms that proper fermentation acts as a biological processor, naturally unlocking and
increasing the availability of essential plant-based proteins [84,85].

Interestingly, the control treatments without LAB and Acacia bark extract exhibited a
largely uniform amino acid profile. This homogeneity likely reflects a standard, unregulated
breakdown process where no specific nutrients are actively shielded from degradation. In
contrast, intentionally applying targeted microbial and botanical treatments alters this com-
position, directly improving the overall bioavailability of the protein for the animal [86].
Ultimately, fine-tuning these fermentation strategies by pairing the right microbial strains
with protective plant extracts will be the definitive key to consistently producing high-qual-
ity, nutrient-dense livestock feed.

Despite the promising effects observed in this study, several limitations should be
acknowledged. First, phytobiotic extracts were compared on an equal fresh-weight basis
rather than equivalent phytochemical concentrations. Second, the mechanisms underly-
ing the increased NHs-N concentrations were inferred from fermentation characteristics
and were not directly assessed through protease activity measurements. Third, the exper-
iment was conducted under controlled laboratory-scale ensiling conditions. Future stud-
ies should investigate proteolytic enzyme activity and standardized phytochemical dos-
ing to better elucidate the mechanisms involved.

5. Conclusions

The integration of Lactiplantibacillus plantarum inoculum and phytobiotics improved
the physical characteristics, fermentation profile, and nutrient preservation of silage while
reducing pH. Among the treatments evaluated, the combination of L. plantarum and Aca-
cia bark extracts applied to Indigofera zollingeriana silage produced the most favorable
overall response, as evidenced by improved physical quality, reduced visible fungal con-
tamination, lower NH3-N accumulation, and greater retention of essential amino acids,
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including histidine, lysine, tryptophan, and valine. The significant three-way interaction
among LAB inoculation, phytobiotic source, and forage type indicates that the effective-
ness of phytobiotic supplementation depends on both the inoculant and forage species.
These findings suggest that combining L. plantarum with tannin-rich Acacia bark extract
represents an effective strategy for improving the fermentation quality and nutritional
preservation of tropical silage. However, further studies integrating metagenomic and
metabolomic approaches are required to elucidate the interactions between silage micro-
organisms and plant secondary metabolites and to verify the mechanisms underlying the
reduction in deamination during ensiling.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani16142224/s1, Table S1. Calibration and validation statis-
tics of the near-infrared spectroscopy (NIRS) models used for predicting nutrient and amino acid

composition in feed samples (N = 320).

Author Contributions: Conceptualization, 1.S., K.G.W. and A.].; methodology, LS.; software, 1.S,;
formal analysis, 1.5, KG.W., A]; investigation, I.S., KG.W., AJ., RR, R, AF. and E.B.L.; data cu-
ration, LS., K.GW., AJ, ER.A, RR, R, AF.,, MR. and EB.L.; writing—original draft preparation,
LS., E.R.A., MR,; writing—review and editing, 1.5, KG.W, AJ,, RR, R, AF. and E.B.L. All authors

have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Higher Education, Science, and Technology and
managed under the EQUITY Program No. 4297/B3/DT.03.08/2025 and 42011/IT3/HK.07.00-
4/P/B/2025.

Institutional Review Board Statement: Not applicable. This study did not involve humans or live

animals.
Informed Consent Statement: Not applicable.

Data Availability Statement: The database used and analyzed is available from the corresponding

authors upon reasonable request.

Acknowledgments: The authors would like to thank the Indonesian Endowment Fund for Educa-
tion (LPDP) on behalf of the Indonesian Ministry of Higher Education, Science, and Technology and
managed under the EQUITY Program (Contract No. 4297/B3/DT.03.08/2025 and No.
42011/IT3/HK.07.00-4/P/B/2025). The author also acknowledge to IPB University and PT. Central
Proteina Prima for permission and acceptance to the Post-doctoral program. The authors also
acknowledge the technical support and facilities provided by the Feed Science and Technology La-
boratory of the Faculty of Animal Science, IPB University, as well as the Research Center for Applied
Zoology and ELSA Genomic and Environmental Services, National Research and Innovation
Agency (BRIN), Cibinong, Indonesia.

Conflicts of Interest: Author Irwan Susanto was employed by the company PT. Central Proteina
Prima. The remaining authors declare that the research was conducted in the absence of any com-

mercial or financial relationships that could be construed as a potential conflict of interest.

1. Franco, M.; Tapio, I.; Huuskonen, A.; Rinne, M. Fermentation Quality and Bacterial Ecology of Red Clover Dominated Silage
Modulated by Different Management Factors. Front. Anim. Sci. 2022, 3, 1080535. https://doi.org/10.3389/fanim.2022.1080535.

2. Jayanegara, A.; Suyarno, .U.P; Ridla, M.; Kondo, M.; Kreuzer, M. Silage Quality as Influenced by Concentration and Type of
Tannins Present in the Material Ensiled: A Meta-Analysis. ]. Anim. Physiol. Anim. Nutr. 2019, 103, 456—465.
https://doi.org/10.1111/jpn.13050.

https://doi.org/10.3390/ani16142224



Animals 2026, 16, 2224 24 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jayanegara, A.; Wardiman, B.; Kondo, M.; Ridla, M.; Nahrowi; Laconi, E.B. Fermentative Quality of Silage as Affected by Protein
Level in the Ensiled Material: A Meta-Analysis. IOP Conf. Ser. Earth Environ. Sci. 2020, 462, 012001. https://doi.org/10.1088/1755-
1315/462/1/012001.

Driehuis, F.; Wilkinson, J.M.; Jiang, Y.; Ogunade, I.; Adesogan, A.T. Silage Review: Animal and Human Health Risks from
Silage. . Dairy Sci. 2018, 101, 4093-4110. https://doi.org/10.3168/jds.2017-13836.

Harahap, R.P.; Nahrowi; Suharti, S.; Jayanegara, A.; Fakhri, S. Enhancing Silage Quality of Elephant Grass and Indigofera Leg-
ume Using Shrimp Shell-Derived Chitin and Chitosan Additives. Livest. Res. Rural Dev. 2023, 35, 100.

Niderkorn, V.; Jayanegara, A. Opportunities Offered by Plant Bioactive Compounds to Improve Silage Quality, Animal Health
and Product Quality for Sustainable Ruminant Production: A Review. Agronomy 2021, 11, 86. https://doi.org/10.3390/agron-
omy11010086.

Muck, R.E.; Nadeau, EM.G.; McAllister, T.A.; Contreras-Govea, F.E.; Santos, M.C.; Kung, L. Silage Review: Recent Advances
and Future Uses of Silage Additives. ]. Dairy Sci. 2018, 101, 3980-4000. https://doi.org/10.3168/jds.2017-13839.
Rohmatussolihat; Ridwan, R;; Fitri, A.; Sarwono, K.A.; Astuti, W.D.; Firmansyah, D.; Widyastuti, Y.; Juanssilfero, A.B.; Fidri-
yanto, R.; Ridla, M.; et al. Effects of lactic acid bacteria inoculants on fermentation characteristics and microbial community
profiles of napier grass (Pennisetum purpureum) silage. Biodiversitas 2026, 27, 17. https://doi.org/10.13057/biodiv/d270438.

He, L,; Lv, H,; Chen, N.; Wang, C.; Zhou, W.; Chen, X.; Zhang, Q. Improving Fermentation, Protein Preservation and Antioxi-
dant Activity of Moringa oleifera Leaves Silage with Gallic Acid and Tannic Acid. Bioresour. Technol. 2020, 297, 122390.
https://doi.org/10.1016/j.biortech.2019.122390.

Bodas, R.; Prieto, N.; Garcia-Gonzalez, S.; Andrés, S.; Giraldez, F.J.; Lopez, S. Manipulation of Rumen Fermentation and Me-
thane Production with Plant Secondary Metabolites. Anim. Feed  Sci. Technol. 2012, 176, 78-93.
https://doi.org/10.1016/j.anifeedsci.2012.07.010.

Lambo, M.T.; Ma, H.; Liu, B.; Dai, Y.; Zhang, Y.; Li, Y. Mechanism, Effectiveness, and the Prospects of Medicinal Plants and
Their Bioactive Compounds in Lowering Ruminants’ Enteric Methane Emission. Animals 2024, 18, 101134.
https://doi.org/10.1016/j.animal.2024.101134.

Kholif, A.E.; Oladefahan, O.A. Essential Oils and Phytogenic Feed Additives in Ruminant Diet: Chemistry, Ruminal Microbiota
and Fermentation, Feed Utilization and Productive Performance. Phytochem. Rev. 2021, 20, 1087-1108.
https://doi.org/10.1007/s11101-021-09739-3.

Susanto, I.; Jayanegara, A.; Wiryawan, I.LK.G.; Laconi, E.B.; Ridwan, R. Evaluation of Plant Secondary Metabolites as Deamina-
tion Inhibitors in Fermented Feed. Doctoral Dissertation, IPB University, Bogor, Indonesia, 2025.

Sujarnoko, T.U.P.; Ridwan, R.; Nahrowi; Jayanegara, A. Extraction of Tannin from Acacia (Acacia mangium) Bark and Its Use as
a Feed Additive for Protecting In Vitro Ruminal Degradation of Tofu Dregs. Adv. Anim. Vet. Sci. 2020, 8, 761-765.
https://doi.org/10.17582/journal.aavs/2020/8.7.761.765.

Borah, A.; Selvaraj, S.; Holla, S.; De, S. Extraction and Characterization of Total Phenolic and Flavonoid Contents from Bark of
Swietenia  macrophylla and Their Antimicrobial and Antioxidant Properties. Arab. ]. Chem. 2022, 15, 104370.
https://doi.org/10.1016/j.arabjc.2022.104370.

Susanto, I.; Rahmadani, K.G.; Wiryawan, K.G.; Laconi, E.B.; Jayanegara, A. Evaluation of Essential Oils as Additives during
Fermentation of Feed Products: A Meta-Analysis. Fermentation 2023, 9, 14. https://doi.org/10.3390/fermentation9070583.
Susanto, I.; Mahendra, F.R.; Ridwan, R.; Wiryawan, K.G.; Laconi, E.B.; Jayanegara, A. Role of Tannin, Saponin, and Cumin in
Inhibiting Deamination during Ensiling: A Molecular Docking and Molecular Dynamics Approach. Open Vet. ]. 2025, 15, 5838—
5857. https://doi.org/10.5455/0V].2025.v15.i11.40.

Susanto, I.; Mahendra, F.R.; Azzahra, F.R.; Rahmadani, M.; Ridwan, R.; Wiryawan, LK.G.; Laconi, E.B.; Jayanegara, A. Efficacy
of Tannins as Silage Additives to Inhibit Deamination Process during Ensiling: A Meta-Analysis and In Silico Approach. Vet.
Anim. Sci. 2026, 34, 100737. https://doi.org/10.1016/j.vas.2026.100737.

Makkiyah, F.A.; Rahmi, E.P.; Mahendra, F.R.; Maulana, F.; Arista, R.A.; Nurcholis, W. Polyphenol Content and Antioxidant
Capacities of Graptophyllum pictum (L.) Extracts Using In Vitro Methods Combined with the Untargeted Metabolomic Study. J.
Appl. Pharm. Sci. 2024, 14, 55-63. https://doi.org/10.7324/JAPS.2024.153548.

Khumaida, N.; Syukur, M.; Bintang, W.; Nurcholis, W. Phenolic and Flavonoid Content in Ethanol Extract and Agro-Morpho-
logical Diversity of Curcuma aeruginosa Accessions Growing in West Java, Indonesia. Biodiversitas 2019, 20, 656—663.
https://doi.org/10.13057/biodiv/d200306.

https://doi.org/10.3390/ani16142224



Animals 2026, 16, 2224 25 of 28

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Islam, T.; Hasan, R.; Roy, A.; Islam, M.; Uddin, M.; Islam, M.; Neon, N.; Sohel, M. Screening of In Vitro Antioxidant, Brine
Shrimp Lethality Bioassay and Antimicrobial Activities of Extracts of Bridelia retusa (L.) Spreng Fruit. Int. ]. Pharm. 2015, 5, 1058—
1067.

Nurcholis, W.; Alfadzin, N.; Izzati, N.; Arianti, R.; Vinnai, B.; Sabri, E.; Kristof, ].M.; Artika, .M. Effects of Methods and Dura-
tions of Extraction on Total Flavonoid and Phenolic Contents and Antioxidant Activity of Java Cardamom (Amomum compactum
Soland ex Maton) Fruit. Plants 2022, 11, 2221. https://doi.org/10.3390/plants11172221.

Aryal, S.; Baniya, M.K,; Danekhu, P.; Kunwar, P.; Gurung, R.; Koirala, N. Total Phenolic Content, Flavonoid Content and Anti-
oxidant Potential of Wild Vegetables from Western Nepal. Plants 2019, 8, 96. https://doi.org/10.3390/plants8040096.

Zakariah, M.A.; Utomo, R.; Bachruddin, Z. The Effects of Lactobacillus plantarum and Saccharomyces cerevisiae Inoculant Mixture
Culture on Organoleptical, Physical and Chemical Quality of Cocoa Pod Silage. Bul. Peternak. 2015, 39, 1-8.
https://doi.org/10.21059/buletinpeternak.v39i1.6152.

Parastiwati, H.A.; Lestari, N.S.H.; Yanza, V.; Niderkorn, V.; Ridwan, R.; Jayanegara, A. Estimating Nutrient Composition and
Polyphenol Concentration Using Near-Infrared Spectroscopy (NIRS) in Tropical Forages. Biodiversitas 2023, 24, 6652—-6660.
https://doi.org/10.13057/biodiv/d241227.

Borshchevskaya, L.N.; Gerdeeva, T.L.; Kalinina, A.N.; Sineokii, S. Spectrophotometric Determination of Lactic Acid. J. Anal.
Chem. 2016, 70, 755-758. https://doi.org/10.1134/51061934816080037.

Souza, N.K.P.; Detmann, E.; Valadares, S.C.; Costa, V.A.C.; Pina, D.S.; Gomes, H.C.; Mantovani, H.C. Accuracy of the Estimates
of Ammonia Concentrations in Rumen Fluid Using Different Analytical Methods. Arq. Bras. Med. Vet. Zootec. 2013, 65, 1752—
1758. https://doi.org/10.1590/S0102-09352013000600024.

Steel, R.G.D.; Torrie, ].H. Principles and Procedures of Statistics: A Biometrical Approach, 2nd ed.; McGraw-Hill: New York, NY,
USA, 1980.

Batubara, I.; Komariah, K.; Sandrawati, A.; Nurcholis, W. Genotype Selection for Phytochemical Content and Pharmacological
Activities in Ethanol Extracts of Fifteen Types of Orthosiphon aristatus (Blume) Miq. Leaves Using Chemometric Analysis. Sci.
Rep. 2020, 10, 20945. https://doi.org/10.1038/s41598-020-77991-2.

Falah, S.; Safithri, M.; Katayama, T.; Suzuki, S.; Shishido, H. Hypoglycemic Effect of Mahogany (Swietenia macrophylla King)
Bark Extracts in Alloxan-Induced Diabetic Rat. Wood Res. J. 2010, 1, 89-94.

Tuemillai, S.G.; Hardianto, H.; Dohi, D.; Kurnia, D. A Comprehensive Review of Free Radicals, Oxidative Stress, and Antioxi-
dants: Overview, Clinical Applications, Global Perspectives, Future Directions, and Mechanisms of Antioxidant Activity of
Flavonoid Compounds. J. Chem. 2024, 2024, 5594386. https://doi.org/10.1155/2024/5594386.

Ogawa, Y.; Yazaki, Y. Tannins from Acacia mearnsii De Wild. Bark: Tannin Determination and Biological Activities. Molecules
2018, 23, 837. https://doi.org/10.3390/molecules23040837.

Liu, S.; Zhang, H.; Liu, Z; Qiu, Y.; Yu, Y. Comparative Assessment of the Antibacterial Efficacies and Mechanisms of Different
Tea Extracts. Foods 2022, 11, 620. https://doi.org/10.3390/foods11040620.

Urmi, K.F.; Chowdhury, S.Y.; Hossain, M.K.; Bhusal, P.; Hamid, K. Comparative Antioxidant Activity and Brine Shrimp Le-
thality Bioassay of Different Part of the Plant Acacia auriculiformis. Int. ]. Pharm. Sci. Res. 2013, 4, 872-877.
https://doi.org/10.13040/IJPSR.0975-8232.4(2).875-80.

Prayogo, Y.H.; Syafii, W.; Sari, R K.; Batubara, I.; Danu. Pharmacological Activity and Phytochemical Profile of Acacia Heart-
wood Extracts. Sci. Pharm. 2021, 89, 37. https://doi.org/10.3390/scipharm89030037.

Kooti, W.; Hasanzadeh-Noohi, Z.; Sharafi-Ahvazi, N.; Asadi-Samani, M.; Ashtary-Larky, D. Phytochemistry, Pharmacology,
and Therapeutic Uses of Black Seed (Nigella sativa). Chin. ]. Nat. Med. 2016, 14, 732-745. https://doi.org/10.1016/S1875-
5364(16)30088-7.

Abbas, M.; Gururani, M.A_; Ali, A; Bajwa, R.; Hassan, S.; Batool, S.W.; Imam, M.; Wei, D. Antimicrobial Properties and Thera-
peutic Potential of Bioactive Compounds in Nigella sativa: A Review. Molecules 2024, 29, 4914. https://doi.org/10.3390/mole-
cules29204914.

Farah, K.M.; Ibrahim, A.K.; Elsonosy, Y.A. Thymoquinone Enhances the Activities of Enzymes Related to Energy Metabolism
in Peripheral Leukocytes of Diabetic Rats. Res. Vet. Sci. 2010, 88, 400-404. https://doi.org/10.1016/j.rvsc.2009.10.008.

Martos, M.V.; Mohamady, M.A; Lépez, ].F.; EIRaizk, K.A.A.; Omer, E.A.; Alvarez, ].A.P,; Sendra, E. In Vitro Antioxidant and
Antibacterial Activities of Essential Oils Obtained from Egyptian Aromatic Plants. Food Control 2011, 22, 1715-1722.
https://doi.org/10.1016/j.foodcont.2011.04.003.

Wang, W.; Le, T.; Wang, W.; Yin, J.F.; Jiang, H.Y. The Effects of Structure and Oxidative Polymerization on Antioxidant Activity
of Catechins and Polymers. Foods 2023, 12, 4207. https://doi.org/10.3390/foods12234207.

https://doi.org/10.3390/ani16142224



Animals 2026, 16, 2224 26 of 28

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sarr, A.; Dieng, S.I.M.; Sene, M.; Diatta, C.; Diatta-Badji, K.; Diatta, W.; Fall, A.D. Role of Condensed Tannins in the Antioxidant
Activity of Seeds of Cola nitida (Vent) Schott & Endl. (Malvaceae). Eur. ]. Med. Plants 2022, 33, 93755.
https://doi.org/10.9734/ejmp/2022/v33i121111.

Shahidi, F.; Samarasinghe, A. How to Assess Antioxidant Activity? Advances, Limitations, and Applications of In Vitro, In
Vivo, and Ex Vivo Approaches. Food Prod. Process. Nutr. 2025, 7, 50. https://doi.org/10.1186/s43014-025-00326-z.

Rasmussen, S. Biosynthesis and Manipulation of Flavonoids in Forage Legumes. In Anthocyanins; Winefield, C., Davies, K.,
Gould, K., Eds.; Springer: New York, NY, USA, 2008; pp. 258-281. https://doi.org/10.1007/978-0-387-77335-3_8.

Kizilsimsek, M.; Erol, A.; Onal, S. Effects of Raw Material and Silo Size on Silage Quality. Livest. Res. Rural Dev. 2005, 17, 33.
Saeed, A.A.; Hussein, H.M.; Jabbar, A.S.; Fahim, A.N.; Shaalan, H.H.; Sabir, S.S. Effect of Addition of Different Levels of Molas-
ses and Liquid Whey on Fermentation Characteristics of Date Palm Phoenix Dactylifera Leaves Silage and Its Nutritive Value.
Iraqi ]. Agric. Sci. 2021, 52, 977-988. https://doi.org/10.36103/ijas.v52i4.1408.

Wang, Y.; Su, Y.L.; Zhou, J.; Tao, Y.; Cheng, H. Conversion of Cellulose and Hemicellulose in Reed Sawdust to Xylo-Oligosac-
charides and L-Lactic Acid. Ind. Crops Prod. 2022, 187, 115390. https://doi.org/10.1016/j.indcrop.2022.115390.

Saeed, A.A.; Hussein, H.M.; Jabbar, A.S.; Fahim, A.N.; Shaalan, H.H.; Sabir, S.S. Ensiling Characteristics and Nutritive Value of
Corn Cobs as Affected by Addition of Different Levels of Urea and Soluble Carbohydrates. Iragi J. Agric. Sci. 2017, 48, 92-106.
https://doi.org/10.36103/ijas.v48iSpecial.250.

Catchpoole, V.R. The Silage Fermentation of Some Tropical Pasture Plants. In Proceedings of the 11th International Grassland Con-
gress, Queensland, Australia; CABIL: Long Beach, CA, USA, 1970; pp. 891-894.

Zulkarnaim, Z.; Ridwan, R.; Widyastuti, Y.; Syamsu, J.A. Organoleptic and pH Characteristics of Corn Straw Silage with Addi-
tion of Lactic Acid Bacteria Inoculants as Beef Cattle Feed. AIP Conf. Proc. 2023, 2628, 030009. https://doi.org/10.1063/5.0144023.
Azzahra, F.R; Susanto, I.; Ridwan, R.; Jayanegara, A. Organoleptic and Physical Quality of Silage as Affected by the Addition
of Lactic Acid Bacteria and Acacia Tannin Extract. IOP Conf. Ser. Earth Environ. Sci. 2025, 1484, 012006.

Hasim, S.; Coleman, J.J. Targeting the Fungal Cell Wall: Current Therapies and Implications for Development of Alternative
Antifungal Agents. Future Med. Chem. 2019, 11, 869-883. https://doi.org/10.4155/fmc-2018-0465.

Kung, L.; Shaver, R.D.; Grant, R.J.; Schmidt, R.J. Silage Review: Interpretation of Chemical, Microbial, and Organoleptic Com-
ponents of Silages. J. Dairy Sci. 2018, 101, 4020—-4033. https://doi.org/10.3168/jds.2017-13909.

Ebro, A.; Alvarez Aranguiz, F.; Nemera, F.; Bijdevate, L.; Addis, H.; Demise, H.; van der Lee, ]. Inclusion Levels of Tree and
Herbaceous Legumes on Nutritive Quality of Grass Silage: Results from On-Farm Trials. Agrofor. Syst. 2024, 98, 103-113.
https://doi.org/10.1007/s10457-023-00893-5.

Chaikong, C.; Saenthaweesuk, N.; Sadtagid, D.; Intapim, A.; Khotakham, O. Local Silage Additive Supplementation on Fermen-
tation Efficiency and Chemical Components of Leucaena Silage. Livest. Res. Rural Dev. 2017, 29, 114-120.

Okatsu, Y.; Swanepoel, E.A.; Maga, P.H.; Robinson, P.H. Impacts of Some Factors that Affect Spoilage of Silage at the Periphery
of the Exposed Face of Corn Silage Piles. Anim. Feed  Sci. Technol. 2019, 247, 234-247.
https://doi.org/10.1016/j.anifeedsci.2018.11.018.

Okoye, C.O.; Wang, Y.; Gao, L.; Wu, Y,; Li, J.; Sun, ]; Jiang, T. The Performance of Lactic Acid Bacteria in Silage Production: A
Review of Modern Biotechnology for Silage Improvement. Microbiol. Res. 2023, 266, 127212. https://doi.org/10.1016/j.mi-
cres.2022.127212.

Riyanti, L.; Zahera, R.; Kisworo, A.N.; Wihansah, R.R.S.; Febriza, G. Nutritive Value, Digestibility, and Gas Production of Pen-
nisetum purpureum Silage Supplemented with Saccharomyces cerevisiae and Lactobacillus plantarum. Trop. Anim. Sci. ]. 2024, 47,
312-320. https://doi.org/10.5398/tasj.2024.47.3.312

Farha, AK; Yang, Q.; Kim, G,; Li, H,; Zhu, F.; Hy, L.; Gan, R.; Corke, H. Tannins as an Alternative to Antibiotics. Food Biosci.
2020, 38, 100751. https://doi.org/10.1016/j.fbio.2020.100751.

Mudhita, I.K; Putra, R.A.; Rahman, B.P.; Widyobroto, R.; Agussalim, N.; Umami, N. The Silage Quality of Pennisetum purpureum
Cultivar Gamma Umami Mixed with Calliandra calothyrsus and Lactiplantibacillus plantarum. Trop. Anim. Sci. ]. 2024, 47, 112-124.
https://doi.org/10.5398/tasj.2024.47.1.112.

Dong, J.; Li, X;; Chen, Z.; Sun, Y.; Zhen, G; Qin, T.; Wang, N.; Demelash, X.; Zhang, M. Effects of Lactiplantibacillus plantarum
Inoculation on the Quality and Bacterial Community of Whole-Crop Corn Silage at Different Harvest Stages. Chem. Biol. Technol.
Agric. 2022, 9, 16. https://doi.org/10.1186/s40538-022-00326-y.

Yang, F.; Wang, Y.; Zhao, S.; Wang, Y. Lactobacillus plantarum Inoculants Delay Spoilage of High-Moisture Alfalfa Silages by
Regulating Bacterial Community Composition. Front. Microbiol. 2020, 11, 1989. https://doi.org/10.3389/fmicb.2020.01989.

https://doi.org/10.3390/ani16142224



Animals 2026, 16, 2224 27 of 28

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Azzahra, F.R.; Susanto, I.; Nahrowi, N.; Rohmatussolihat, R.; Fidriyanto, R.; Widyastuti, Y.; Yanza, Y.R.; Niderkorn, V.; Ridwan,
R.;Jayanegara, A. Synergistic Effects of Lactiplantibacillus plantarum and Acacia mangium Leaf Tannin Extract on the Fermentation
Quality, Digestibility, and Metabolomic Profile of Indigofera Silage. Vet. World 2025, 18, 3571-3593. https://doi.org/10.14202/vet-
world.2025.3571-3593.

Besharati, M.; Maggiolino, V.; Palangi, A.; Kaya, M.; Jabbar, H.; Esceeli, P.; De Palo, P.; Lorenzo, ].M. Tannin in Ruminant Nu-
trition: Review. Molecules 2022, 27, 8273. https://doi.org/10.3390/molecules27238273.

Hagerman, A.E.; Butler, L.G. The Specificity of Proanthocyanidin—Protein Interactions. J. Biol. Chem. 1981, 256, 4494-4497.

Niu, Y.; Ma, X.; Wang, C.; Zhang, P.; Lu, Q.; Long, R.; Wu, Y.; Zhang, W. Microbial and Metabolomic Insights into Lactic Acid
Bacteria Co-Inoculation for Dough-Stage Triticale Fermentation. Microorganisms 2025, 13, 1723. https://doi.org/10.3390/microor-
ganisms13081723.

Liu, X,; Bai, J.; Qu, X.; Chai, J.; Lin, D.; Zhao, G. Effects of Low-Temperature Ensiling on the Microbial Community and Free
Amino Acid Profiles of Oat Silage. BMC Microbiol. 2025, 26, 28. https://doi.org/10.1186/s12866-025-04559-3.

Castro-Montoya, ].M.; Dickhoefer, U. The Nutritional Value of Tropical Legume Forages Fed to Ruminants as Affected by Their
Growth Habit and Fed Form: A Systematic Review. Anim. Feed Sci. Technol. 2020, 269, 114641.
https://doi.org/10.1016/j.anifeedsci.2020.114641.

Irawan, A.; Sofyan, A.; Ridwan, R.; Hassim, H.A.; Respati, A.N.; Wardani, W.W.; Sadarman; Astuti, W.D.; Jayanegara, A. Effects
of Different Lactic Acid Bacteria Groups and Fibrolytic Enzymes as Additives on Silage Quality: A Meta-Analysis. Bioresour.
Technol. Rep. 2021, 14, 100654. https://doi.org/10.1016/j.biteb.2021.100654.

Lelis, D.L.; Morenz, M.].F.; Paciullo, D.S5.C.; Roseira, J.P.S.; Gomide, C.A.M.; Pereira, O.G.; Oliveira, ].S.e.; Lopes, F.C.F.; da Silva,
V.P.; da Silveira, T.C.; et al. Effects of Lactic Acid Bacteria on Fermentation and Nutritional Value of BRS Capiacu Elephant
Grass Silage at Two Regrowth Ages. Animals 2025, 15, 1150. https://doi.org/10.3390/ani15081150.

Benchaar, C.; Calsamiglia, S.; Chaves, A.V.; Fraser, G.R.; Colombatto, D.; McAllister, T.A.; Beauchemin, K.A. A Review of Plant-
Derived Essential Oils in Ruminant Nutrition and Production. Amnim. Feed Sci. Technol. 2008, 145, 209-228.
https://doi.org/10.1016/j.anifeedsci.2007.04.014.

Van Soest, P.J. Nutritional Ecology of the Ruminant; Cornell University Press: Ithaca, NY, USA, 1994.

Oude Elferink, S.].W.H.; Driehuis, F.; Gottschal, ].C.; Spoelstra, S.F. Silage Fermentation Processes and Their Manipulation. In
FAO Plant Production and Protection Papers; FAO: Rome, Italy, 2000; pp. 17-30.

Wanapat, M.; Cherdthong, A.; Pakdee, P.; Wanapat, S. Manipulation of Rumen Ecology by Dietary Lemongrass (Cymbopogon
citratus Stapf.) Powder Supplementation. . Anim. Sci. 2008, 86, 3497-3503. https://doi.org/10.2527/jas.2008-0885.

Kim, D.; Lee, K.D.; Choi, K.C. Role of LAB in Silage Fermentation: Effect on Nutritional Quality and Organic Acid Production—
An Overview. AIMS Agric. Food 2021, 6, 1034-1051. https://doi.org/10.3934/agrfood.2021014.

Liu, M,; Jiang, W,; Liu, S.; Yang, C.; Tao, R.; Li, S.; Xu, Z.; Hu, Y.; Luo, Z; Fan, C.; et al. Effects of Plant Essential Oils and Their
Combinations on In Vitro Ruminal Fermentation Characteristics. Fermentation 2026, 12, 116. https://doi.org/10.3390/fermenta-
tion12020116.

Bakowski, M.; Kiczorowska, B. Probiotic Microorganisms and Herbs in Ruminant Nutrition as Natural Modulators of Health
and Production Efficiency — A Review. Ann. Anim. Sci. 2021, 21, 3-28. https://doi.org/10.2478/aoas-2020-0081.

Qi, M.; Wang, Z.; Jia, Y.; Ge, G. Effects of Additives on Fermentation Quality and Microbial Diversity of Leymus chinensis Silage.
Microorganisms 2026, 14, 27. https://doi.org/10.3390/microorganisms14010027.

Pahlow, G.; Muck, R.E.; Driehuis, F.; Oude Elferink, S.J.W.H. Microbiology of Ensiling. In Silage Science and Technology; Buxton,
D.R., Muck, R.E., Harrison, ].H., Eds.; Agronomy Monograph 42; American Society of Agronomy: Madison, WI, USA, 2003; pp.
31-93. https://doi.org/10.2134/agronmonogr42.c2.

Guo, X; Xu, D.; Li, F,; Bai, J.; Su, R. Current Approaches on the Roles of Lactic Acid Bacteria in Crop Silage. Microb. Biotechnol.
2022, 16, 67-87. https://doi.org/10.1111/1751-7915.14184.

Lai, X.,; Wang, H.; Peng, R.; Chen, Z; Xiang, Y.; Yan, L. Different Commercial Microbial Additives Influence Fermentation
Quality and Microbial Community of King Grass Silage. Fermentation 2025, 11, 264. https://doi.org/10.3390/fermenta-
tion11050264.

Reddy, U.S.P.K,; Selvakumar, T.; Sathyasheela, K.R.V.; Satheeshkumar, N.; Thirunavukkarasu, M. Transforming Forage Nutri-
tion: Advances in Silage Additives for Enhanced Preservation and Feed Quality. Plant Sci. Today 2025, 12, 8548.
https://doi.org/10.14719/pst.8548.

Wu, G,; Bazer, EW,; Dai, Z; Li, D.; Wang, J.; Wu, Z. Amino Acid Nutrition in Animals: Protein Synthesis and Beyond. Annu.
Rev. Anim. Biosci. 2014, 2, 387-417. https://doi.org/10.1146/annurev-animal-022513-114113.

https://doi.org/10.3390/ani16142224



Animals 2026, 16, 2224 28 of 28

83.

84.

85.

86.

Ino, C.F.A.; Pereira Filho, J.M.; de Oliveira, R.M.T.; de Oliveira, J.F.P.; da Silva Filho, E.C.; Nascimento, A.M.D.S.S.; Oliveira,
R.L.; do Nascimento, R.R.; de Lucena, KH.O.S.; Bezerra, L.R. New Technology of Rumen-Protected Bypass Lysine Encapsulated
in Lipid Matrix of Beeswax and Carnauba Wax and Natural Tannin Blended for Ruminant Diets. Animals 2024, 14, 2895.
https://doi.org/10.3390/ani14192895.

Ganzle, M.G. Enzymatic and Bacterial Conversions during Sourdough Fermentation. Food Microbiol. 2014, 37, 2-10.
https://doi.org/10.1016/j.fm.2013.04.007.

Gorgiig, A.; Gengdag, E.; Yilmaz, F.M. Bioactive Peptides Derived from Plant Origin By-Products: Biological Activities and
Techno-Functional =~ Utilizations in Food Developments—A Review. Food Res. Int. 2020, 136, 109504.
https://doi.org/10.1016/j.foodres.2020.109504.

Brosnan, ].T.; Brosnan, M.E. The Sulfur-Containing Amino Acids: An Overview. ]. Nutr. 2006, 136, 16365-1640S.
https://doi.org/10.1093/jn/136.6.1636S.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani16142224



