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ABSTRACT
Background: Ruminant animals are essential food resources, but they can lead to nutrient loss and greenhouse 
gas emissions. Feeding tannin-containing plants has been shown to increase digestion efficiency and affect rumen 
fermentation. The application of pomegranate peel (PP) feed supplements can provide suitable prebiotic substances 
that increase animal productivity and reduce its environmental consequences.
Aim: This study combined in vivo feeding experiments and in situ rumen degradability of PP as a natural condensed 
tannin (CT) source on digestibility, rumen fermentation, nitrogen balance, microbial populations quantitative-PCR 
(qPCR), and methane (CH4)production.
Methods: This study used three fistulated goats with an average weight of 28.2 ± 1.7 kg to investigate the influence 
of three different levels (0, 114 g PP equivalent to 30 g CT, and 222 g PP equivalent to 60 g CT) of PP in their diets 
as sources of CT. Treatments were formulated according to the measured concentration of CT in the peel and labeled 
T1, T2, and T3, respectively. The same diet treatments were used in the in situ trials. The experimental design used a 
repetitive 3 × 3 Latin square with 10-day phases, comprising 7 days for diet adaptation and 3 days for sample collection. 
Results: Feed intake (p < 0.009) was significantly higher in the CT-supplemented treatments (T2 and T3) than in the 
control (T1). Incubation time influenced the disappearance of dry matter and protein, indicating that CT decreased 
immediate loss while protecting protein against rumen overdegradation. CT improved rumen fermentation as shown 
by lower Ammonia-N concentration (p < 0.001) and higher volatile fatty acid contents. This decreases the acetate/
propionate ratio in T2 and T3. Results showed an increase in CH4 emissions, with T3 showing the largest increase at 
53.32% compared to the control. qPCR showed decreased protozoa and methanogen populations in the CT groups, 
whereas moderate levels of Ruminobacter amylophilus were stimulated. 
Conclusion: Overall, this study indicates that moderate CT inclusion improves rumen fermentation characteristics 
without affecting nutrient digestibility (except crude protein) and may represent a sustainable dietary intervention for 
goats.
Keywords: Condensed tannins, Digestibility, Methane, Nitrogen balance, Rumen fermentation.

Introduction
Ruminants are essential as they transform lignocellulosic 
plant material into high-quality protein sources for 
human consumption. Methane (CH4), produced as a 
byproduct of enteric fermentation, accounts for 40% 
of the carbon footprint of worldwide agriculture and 
around 6% of global greenhouse gas (GHG) emissions 
(Ahmed, 2016; Smith et al., 2022; H. Essa et al., 2025). 
The transfer of greenhouse gases into and out of the 
atmosphere results in the warming and cooling of the 
Earth’s surface, respectively. While increased GHG 
production poses a threat to life, their absence can 
result in a decline of about 18°C in the average surface 
temperature of the Earth, underscoring their essential 

role in sustaining life on the planet (Vaghar Seyedin et 
al., 2022; Saeed et al., 2023a). Although CH4 is not the 
main cause of global warming, its influence on climate 
change requires solutions that balance environmental 
sustainability and animal production. 
In addition to CH₄ emissions, the efficiency of protein 
use in the rumen is an important feature of ruminant 
nutrition. Part of the dietary protein may be catabolized 
into ammonia nitrogen (NH₃-N), which is a substrate 
for microbial protein formation. Nevertheless, not all 
protein is broken down in the rumen as a portion of it 
survives microbial action and is released into the small 
intestine as dietary undegraded protein, which directly 
adds to metabolizable protein supply. Surplus NH₃-N 
that cannot be used for microbial protein synthesis 
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enters the systemic circulation, where it is transported 
to the liver for conversion to urea, which is then 
excreted or recycled in the rumen (Abdan and Saeed, 
2024; Thakur et al., 2024). Consequently, livestock 
farming must focus on more sustainable systems, 
employing management strategies and technologies to 
enhance ruminant nitrogen utilization, which is crucial 
for improving feed efficiency and minimizing the 
environmental impact of livestock production. 
Condensed tannins (CTs) are a polyphenolic group 
of compounds widely found in plants. They have a 
polymeric structure based on flavan-3-ol units and 
the capacity to bind and precipitate proteins, form 
complexes with metal ions, interact with carbohydrates, 
or affect microbial enzymes. They exhibit considerable 
binding capacity for dietary protein and can diminish 
protein degradability in the rumen, potentially 
benefiting animals that consume diets high in rumen-
degradable protein (Makkar, 2003; Kelln et al., 2020). 
At modest concentrations (generally 2%–4% of DM), 
CTs interact with protein at near-neutral pH values 
(6.5–7.5) in the rumen, resulting in the formation of 
CT–protein complexes that significantly protect the 
associated protein from destruction (Poudel et al., 
2023). Furthermore, CTs inhibit methanogenic archaea 
by deactivating the methyl-coenzyme M reductase 
enzyme, which is crucial for CH4 synthesis (Rashama et 
al., 2021). The influence of CT on rumen fermentation 
is dose-dependent, where moderate levels can improve 
protein utilization and decrease CH₄ generation, while 
high tannin consumption may result in diminished 
feed digestibility and compromised nutrient absorption 
(Tedeschi et al., 2021). 
Pomegranate by-products contain several bioactive 
chemical compounds. Pomegranate peel (PP) is a 
major source of phenolic compounds, particularly 
flavonoids, anthocyanidins, and tannins, and serves 
as a promising natural feed supplement for CH4 
mitigation and enhanced nitrogen utilization in 
ruminants (Ahmed et al., 2025). The impact of 
different CT levels on physiological traits, nutritional 
digestibility, microorganisms, and emissions of CH4 
in goats requires further study. Although previously 
reported studies have also examined different facets 
of the effects of tannin supplementation, none have 
yet combined results from in vivo feeding trials and 
in situ rumen degradability measurements, nitrogen 
balance assessment, and microbial quantification 
using quantitative-PCR (qPCR) to comprehensively 
assess both the influence on rumen function overall 
and its implications for mitigating CH₄ production 
via PP-derived CT in goats. This study attempts to 
assess the impact of including different quantities 
of PPs, a source of CT, into the basal diet of goats. 
This study aimed to evaluate nutritional digestibility, 
rumen microbial composition, and CH4 mitigation 
capacity. Understanding these consequences will aid in 

developing sustainable feeding strategies that enhance 
ruminant output while reducing environmental impact.

Materials and Methods
This experiment was conducted at the Agricultural 
College Campus of the University of Anbar, in Ramadi 
province (coordinates 33.427117N, 43.332602E), in 
strict compliance with the directives for the control of 
animal experimentation.
Feed ingredients and total mixed rations were stored in 
a well-ventilated feed room with an average ambient 
temperature of 17.9°C (daily maximum and minimum 
air temperatures of 24.6°C and 11.5°C, respectively) 
and an average relative humidity of 37.8%. On average, 
the environment of the animal housing (average wind 
speed 2.5 km hr-1) ensured good air circulation, and 
humidity or heat was not maintained, so reduced 
around cleaning of the experimental house to maintain 
natural ventilation. These environmental factors were 
measured daily during the experiment, as they affect 
rumen fermentation and microbial function.
The experiment utilized three crossbred male goats 
(bucks) with rumen-cannulated specimens that 
consisted of indigenous Iraqi goat breeds, including 
black local goat and mountain goat, with an average 
live body weight of 28.2 ± 1.7 kg. These local Iraqi 
goat breeds are typically simple but have been adapted 
to arid and semi-arid environments with high heat 
stress tolerance, efficient utilization of low-quality 
feed resources, and good resilience through extensive 
management systems. These crossbred indigenous 
animals are common in Iraqi husbandry and help make 
the findings more applicable to regional production 
systems. Animals were fed one of three dietary 
treatments, i.e., a control diet without PPs (T1) and 
experimental diets supplemented with 114 or 222 g/kg 
of PPs (T2 and T3, respectively). PPs source (equivalent 
of CT at 23.3% DM) correlates to inclusion levels in diet 
equivalent to CT delivery at 30 and 60 g/kg feed DM 
for T2 and T3, respectively. As a natural source of CT, 
the CT content of PP was measured using the dietary 
treatments formulated for PPs. The animals had free 
access to drinking water, and the diets were offered ad 
libitum at 8:00 am and 4:00 pm. The protein and energy 
requirements of the growing bucks were calculated 
based on the NRC (2007)and all diets were planned 
accordingly. The same three diets (T1, T2, and T3) were 
used to evaluate dry matter and protein degradability 
in the rumen for the in situ trial. Table 1 presents the 
nutritional contents of the three experimental diets. 
The phytochemical content of the PP investigated in 
this study was evaluated as used directly without any 
manipulation or preparation. Phenolic and bioactive 
compounds were analyzed by gas chromatography–
mass spectrometry (Adams, 2001) and verified for PP 
analysis in earlier studies (Thitipramote et al., 2019; 
Marra et al., 2022) (Table 2). The experiment was 
conducted using a repeated 3 × 3 Latin square design 
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with three rumen-cannulated male goats and three 
dietary treatments. This design allows each animal to 
receive all treatments across different periods, thereby 
controlling for animal and period effects and reducing 
individual variability. Such experimental designs are 
commonly used in mechanistic rumen fermentation 
studies involving cannulated animals. In each Latin 
square, two consecutive periods were used to enable 
each animal to receive all treatments twice. Each 
period consisted of 10 days (7 dietary adaptation days 
and 3 sample collection days). Other studies on in situ 
ruminal degradability and rumen fermentation have 
also applied such adaptation periods (Wang et al., 2008; 
Sosa-Pérez et al., 2023; Loregian et al., 2025). The 
animals were kept in single cages for 2 weeks before the 
start of the trial. In situ dry matter disappearance and 
protein degradation were assessed in cannulated goats. 
For this purpose, each sample was packed in three sub-
bags for each animal, which were then incubated in 
the rumen of the three cannulated goats for different 
periods. This sample size (n = 3) is similar to those in 
previous ruminant nutrition studies using a 3 × 3 Latin 
square design under comparable conditions, indicating 
that such designs successfully control for animal and 
period effects with a small number of animals (Huo et 
al., 2013; Li et al., 2014; Reynolds et al., 2014).

Ground feed samples (2 g) were weighed into dacron 
bags (ANKOM, Macedon, NY, USA; 50 ± 15 μm pore 
size; 5 ×10 cm). Surface area to sample ratios (about 
20 mg/cm²) were similar, based on the approach of 
Coblentz et al. (1999)to provide a sufficient footprint 
of feed particles to the rumen microbes. Duplicate bags 
were incubated in the rumen of each cannulated goat 
for 0, 3, 6, 9, 12, 24, and 48 hours. Duplicate nylon 
bags per diet for each incubation time were incubated 
in the rumen of each cannulated goat, resulting in 
a total of six bags per incubation time (3 diets × 2 
bags), suspended with cable ties on 20 cm long pieces 
of nylon string  recoverable tie. Upon extraction, the 
bags were placed in ice-cold water to stop the growth 
of microorganisms and rinsed under running tap water 
until no further effluent was observed. The 0-hour bags 
were introduced into the rumen and removed at 10 
minutes to correct for loss of solubility. All recovered 
bags were then frozen, dried at 60°C in a forced air 
oven for 48 hours, and reweighed to determine the 
disappearance of dry matter.
Daily feed amounts were given to the goats in two 
portions at 8:00 am and 4:00 pm, and feed intake was 
recorded daily. Total urine and feces were collected 
during the collection period. Urine was collected in 
tanks with sulfuric acid (20% vol/vol) to value of pH 
< 2·5 and prevent NH3-N losses. The daily weights 

Table 1. Ingredients and chemical composition of the experimental diets (g/kg DM).

Ingredients T1 T2 T3
  Alfalfa Hey 200.00 200.00 200.00
  Wheat Bran 315.00 240.00 170.00
  Crushed Barley 260.00 225.00 180.00
  Soybean Meal 200.00 196.00 203.00
  PPs 0 114.00 222.00
  CaCO₃ 10.00 10.00 10.00
  Salt 10.00 10.00 10.00
  Vitamin and mineral premix 5.00 5.00 5.00
  Total 1,000 1,000 1,000
Chemical composition (%)
  DM 89.83 89.96 89.98
  OM 92.54 92.13 91.77
  Ash 7.46 7.87 8.23
  CP 20.07 18.37 17.16
  EE 2.32 2.24 2.15
  CF 10.85 12.50 14.28
  ME (Mcal/kg) 2.55 2.45 2.36

DM: Dry matter, OM, Organic matter, CP: Crude protein, EE: Ether Extract, CF: Crude fiber. Vitamin and Mineral Premix: Vitamin A: 2,500,000 
IU; Vitamin D: 1,000,000 IU; Vitamin E: 1,000 mg; Vitamin B1: 500 mg; Vitamin B3: 1,000 mg; Vitamin B6: 500 mg; Vitamin B12: 200 mg; 
(Elements) :(FeSO4) 2,850 mg; (Fe2 O3): 13,300 mg; (Cu) 1,1000 mg; (Zn): 10,000 mg; (Mn): 10,000 mg; (I): 400 mg; (Co): 200 mg; (Mg): 
10,000 mg; (Se): 200 mg; (Analytical Constituents): (Live Yeast) 100×109 CFU; (BHA) 20,000 mg; Toxin Binder 30,000 mg; (NaHCO3) 20,000 
mg; (Aroma) 14,000 mg; (Ca) 40 g.
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of feces and urine were collected, and samplings of 
20% and 10% of their total weight were performed, 
respectively, and pooled per goat according to each 
collection period. Ruminal fluid was collected at the 
conclusion of each experimental period. The rumen 
fluid was removed via the rumen cannula before 
feeding. Only one sample per animal per period was 
taken, but this time point was chosen to represent a 
common measure of rumen fermentation status at 
steady-state. Immediately after sampling, the pH was 
measured, and aliquots were kept at 20°C to conduct 
NH3-N, Volatile Fatty Acids (VFA), and microbial 
population analyses.
NH3-N was measured according to the method described 
by (Parsons, 2013). A calibration curve was plotted 
to assess the concentration of standard ammonium 
sulphate related to the generated colorimetric intensity 
if the relationship was linear. The spectrophotometric 
absorbance at 420 nm was read 5–10 minutes after the 
reference absorbance was adjusted to zero with the 
blank solution (Secomam, Domont, France). Rumen 
fluid fatty acids were determined after lipid extraction 
according to (Folch et al., 1957) followed by methylation 
of the extracted fatty acids to fatty acid methyl esters 
(FAME) for gas chromatographic determination. The 
FAME were analyzed using Hewlett Packard 6,890 gas 
chromatograph (Agilent Technologies) equipped with a 
flame ionization detector and HP-88 capillary column 
(100 m × 0.25 mm i.d., 0.20 µm film). The oven was set 
at 120°C (2 minutes hold) to 220°C at a rate of 4°C/min. 
Injector and detector temperatures were maintained at 
250°C, helium was the carrier gas (1.0 ml/min), and 
fatty acids were identified by matching retention times 
with those of a 37-component FAME standard (Supelco, 
Sigma-Aldrich). The determination of VFA was by 

using a gas chromatograph gas chromatograph (Hewlett 
Packard 6890 GC system) as described by Cottyn and 
Boucque (1968). Thawed rumen fluid samples were 
maintained at room temperature for 2 hours, and then 
mixed with 200 µl of 25% (w/v) meta-phosphoric 
acid and left for 30 minutes. The total volume was 
centrifuged (10 minutes at 3,000 g, 24°C), after which 
500 µl of supernatant was introduced into a GC vial and 
mixed with 500 µl of 20 mM 4-Methyl-N-valeric acid 
(as internal standard).
The CH4 produced during rumen fermentation was 
estimated using an equation based on VFA percentage 
(Moss et al., 2000).
The equation is given by: CH4 = 0.45 × (A) - 0.275 
× (P) + 0.4 × (B), where CH4 = quantity(mmol) of 
CH4 generated, (A) = concentration (mmol) of acetate, 
(B) = the concentration (mmol) of butyrate, and (P) = 
propionate concentration (mmol).
CH4 production and related indices were calculated 
from VFA profiles using standard stoichiometric 
relationships (Makkar and Vercoe, 2007; Jayanegara et 
al., 2013). CH4 production (mmol/d) was estimated as 
follows:
CH4 (mmol/d) = (CH4 /100) total VFA
CH4 in grams per day was derived as follows:
CH4 (g/d) = CH4 (mmol/d) * 0.016
Additional indices were calculated as follows:
CH4 index = (acetate + 2 butyrate)/propionate
CH4 yield (% VFA) = (CH4 (mmol/d)/Total VFA 
(mmol) ×100
CH4-to-acetate ratio = CH4 (mmol/d)/acetic acid 
(mmol)
CH4 per kg dry matter intake (DMI) (g) = CH4 
production (g/d)/DMI (g/d)

Table 2. Polyphenolic composition of PP (DM, mg/g).

Chemical composition Concentration
Ellagic acid 4.068
Ellagitannin 2.745
Coumaric acid 3.007
Cinnamaldehyde 11.739
4-Hydroxybenzoic acid 7.137
Chlorogenic acid 25.250
Cinnamic acid 2.175
Gallic acid 44.444
Kaempferol 107.680
Pyrogallol 0.065
Rutin 0.002
Lignans 0.443
Quercetin 29.607
Catechol 25.476
Eugenol 3.337
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CH4 changes (%) = ((CH4 in control × CH4 in treatment) 
/ CH4 in control) ×100
A positive value indicates an increase, and a negative 
value indicates a reduction of CH₄ production compared 
to the control.
Bacterial counts were performed 24 hours after the 
experiment. Microbial DNA was extracted from 
the samples using the QIAamp DNA Mini Stool Kit 
(Qiagen, Hilden, GmbH) with slight modifications, 
and DNA quality was assessed using a NanoDrop 
spectrophotometer (NanoDrop Technologies, Silverside, 
Wilmington, DE). The primers for amplification of 
16S rRNA genes in rumen bacteria were as previously 
described (Saeed et al., 2023c) and pretested before use 
in animals. The 16S rRNA gene-based real-time qPCR 
for total bacteria (F: CGGCAACGAGCGCAACCC. 
R: CCATTGTAGCACGTGTGTAGCC), cellulolytic 
bacteria (F: TTCGGTGGATCDCARAGRGC. 
R: GBARGTCGWAWCCGTAGAATCC), 
and methanogenic archaea (F: 
AT G C A A G T C G A A C G G TA A C A G C A G G ) . 
R: GCACCCGTTTCCAGGTGTTGTCC) and 
protozoa (F: GCTTTCGWTGGTAGTGTATT). R: 
CTTGCCCTCYAATCGTWCT) were conducted on 
a species-specific basis using the CFX96 Real-Time 
PCR System (Bio-Rad Laboratories, Inc., Hercules, 
CA) with SYBR Green detection. All real-time 25 
µl PCR reactions included SYBR Green Supermix, 
primers, DNA, and nuclease-free water. Reactions 
were performed in 0.2 mm PCR strips, and the cycling 
was as follows: At 5-minute: 94°C denaturation for 
5 minutes, 94°C for 20 seconds, annealing for 30 
seconds, and 72°C for 20 seconds for 40 cycles.
The study used a 3 × 3 Latin square design, repeated in 
two phases, with three cannulated animals, three diets, 
and three periods. An adaptation and sampling phase 
was performed for each diet in each period, and each 
animal received all diets in that order. The data were 
analyzed using the MIXED procedure of SAS (SAS 
Institute Inc., Cary, NC). The diet was defined as fixed, 
and random effects were considered for the animal and 
period.
For the in situ bag data, substrate type (fed diet vs. 
extract) was one of the fixed effects, and the interactive 
term with diet was included as a fixed effect; the bag 
was treated as a random effect. For repeated-incubation 
time analyses, both time and the interaction between 
diet and time were considered fixed effects, and 
correlations among repeated measures were accounted 
for using an autoregressive covariance structure. 
Duncan’s multiple range test was used to compare the 
least squares means, and differences were considered 
significant at p < 0.05. The statistical model used was 
as follows:

where Yijkl represents the observation (response 
variable), μ is the overall mean, Di is the fixed effect of 

treatment (fed diet), Rj is the fixed effect of period, Ak 
is the random effect of goat, Pl is the random effect of 
period, and eijkl is the residual error.
Ethical approval
The study was conducted in accordance with the 
Declaration of Helsinki and approved by the Ethics 
Committee of University of Anbar on January 15, 2025 
(REF.26/2025).

Results
Table 3 presents the results of the dietary inclusion 
of PP as a source of CT on goat feed intake and 
nutrient digestibility. The daily feed intake increased 
significantly (p < 0.05), and the dry matter digestibility 
tended to increase along with the PP inclusion levels 
from 68.57% in T1 to 72.01% in T3. Treatments 
significantly increased crude protein digestibility (p < 
0.05), increasing from 68.50% in T1 to 71.62% in T3.
The ISDMD of diets containing CT differed (p < 
0.001) at all incubation times except for the 0 hour 
time point (p = 0.568) (Table 4). At 3 hours, both T2 
and T3 had significantly lower disappearance rates 
than T1. This analysis showed that T1 and T2 had the 
most disappearance at 6 hours, followed by T3 with the 
lowest disappearance. T1 recorded higher values at 9 
and 12 hours, whereas T3 recorded the lowest values. 
At 24 hours, T2 and T3 had higher disappearance, 
whereas T1 had the lowest. T1 showed the greatest 
disappearance at 48 hours compared to T3 and T2, 
which were significantly lower.
There were no significant differences in ISCPD among 
treatments at 0 hour (p > 0.05, p = 0.089) (Table 5). 
However, T3 had a significantly greater disappearance 
rate than T1 at 3 hours, with T2 being intermediate 
(p < 0.05). The occurrence values of T1 and T3 were 
significantly higher than those of T2 at 6 hours (p < 
0.001). The same trend continued at 9 and 12 hours, 
with T1 and T3 being higher and T2 being lower. The 
highest percentage of disappearance at 24 hours among 
the treatments was observed for T1, followed by T3, 
and the lowest was observed for T2 (p < 0.001). At 
48 hours, T1 and T3 had the highest disappearance, 
whereas T2 had significantly lower (p < 0.001).
The nitrogen intake was not significantly different 
between the treatments (p = 0.123 > 0.05) (Table 
6). Fecal and urinary nitrogen excretion in absolute 
amounts and as a proportion of intake were highest 
in T1 and T2 and lowest in T3 (p < 0.001). Higher 
retained nitrogen (g/d or % intake) was detected in T2 
and T3 compared with T1 (p < 0.007). Similarly, the 
daily nitrogen balance increased progressively from T1 
to T3 (p < 0.001).
The treatments did not have a significant effect (p = 
0.382 > 0.05) on rumen pH (Table 7), suggesting that the 
inclusion of PP in the diets did not change the ruminal 
acid-base environment. The concentration of NH₃-N 
was significantly lower in T3 than in T1 (p < 0.001). 
There was an increase in the total VFA concentration 
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between T2 and T3 (p < 0.001), and a similar increase 
in acetate, propionate, and butyrate proportions (p < 
0.003). T1 showed the highest acetate/propionate ratio (p 
< 0.009), T2 had the lowest, and T3 had an intermediate 
ratio. Results for fatty acid profiles, palmitic (C16:0), 
stearic (C18:0), oleic (C18:1c9), linoleic (C18:2c9,12), 
and linolenic (C18:3c9,12,15) acids, were significantly 
greater in T3 than in T1 and T2, with T2 being 
intermediate for most fatty acids (p < 0.049).
CT supplementation had a highly significant effect (p < 
0.004) on CH4 production (Table 8). The highest values 
in milliliters and yield CH₄, CH₄:C₂ ratio were observed 

for T3, and the lowest for T1. The highest mmol CH₄/d 
and g CH₄/d production was observed in T3, whereas 
it was similar in T1 and T2 (p = 0.001). The CH₄ 
index declined from T1 to T3, while both the CH₄:C₃ 
and CH₄:C₄ ratios varied over the same period, being 
usually higher at T2 and T3 than at T1. The CH₄ per kg 
DMI was greater in T2 and T3 than in T1. According 
to the standard approach of calculating percent  CH₄ 
reduction compared with the encoded control, both 
T2 (35.19%) and T3 (53.32%) resulted in a negative 
reduction, i.e., an apparently higher rather than lower 
CH₄ production at high CT doses (p = 0.001).

Table 3.  DMI, g/day and nutrient digestibility of treatment diets.

Parameter T1 T2 T3 SEM p value
Feed intake (g) 560.84b 656.67a 698.60a 20.18 0.009
Dry matter (%) 68.57b 70.62a 72.01 0.58 0.042
Organic matter content (%) 67.72 69.33 70.85 0.61 0.051
Ash (%) 32.50 34.12 35.08 0.77 0.083
Crude fiber (%) 60.74 62.33 63.86 0.66 0.071
Ether extract (%) 85.06 86.21 86.95 0.52 0.094
Crude protein (%) 68.50b 70.41a 71.62a 0.47 0.039

T1: (Basal diet), T2: (Basal diet + 114 g PPs / kg DM), T3: (Basal diet + (Basal diet + 222 g PPs / kg DM). a,b Means in the same row with 
different superscripts are significantly different.

Table  4. In situ dry matter disappearance (%) of CT in goat diets.

Time T1 T2 T3 SEM p value
0 hour 10.12 10.00 11.53 1.30 0.568
3 hours 27.1a 25.0ab 23.5b 1.78 0.048
6 hours 38.2a 36.0a 32.8b 2.35 0.034
9 hours 49.5a 47.2a 43.0b 2.62 0.029
12 hours 58.3a 55.1a 50.4b 2.74 0.022
24 hours 68.9a 65.5a 60.5b 2.90 0.018
48 hours 75.6a 72.4a 68.0b 3.10 0.021

T1: (Basal diet), T2: (Basal diet + 114 g PPs/kg DM), T3: (Basal diet + 222 g PPs/kg DM). a,b Means in the same row with different superscripts 
are significantly different.

Table 5. In situ crude protein disappearance (%) of inclusion of CT in goat diets.

Time T1 T2 T3 SEM p value
0 hour 16.75 16.88 15.00 1.19 0.089
3 hours 15.31b 16.88ab 18.44a 2.28 0.038
6 hours 20.94a 16.37b 21.56a 2.71 0.001
9 hours 20.31a 11.87b 21.56a 3.57 0.001
12 hours 20.94ab 12.19c 23.12a 3.66 0.001
24 hours 25.00ab 15.00d 23.44b 2.96 0.001
48 hours 24.75a 19.06b 25.31a 2.47 0.001

T1: (Basal diet), T2: (Basal diet + 114 g PPs/kg DM), T3: (Basal diet + 222 g PPs/kg DM). a,b,c Means in the same row with different superscripts 
are significantly different.
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CT supplementation had a marked influence on the 
rumen microbial population (p < 0.016) (Table 9). 
T1 had the highest total bacterial counts, followed by 
T2 and T3, which had the lowest. The abundance of 
methanogens was statistically higher in T1 than in T2 
and T3. The highest level of Ruminobacter amylophilus 
bacteria was observed in T2, but was lower and 
comparable in T1 and T3. The highest number of 
protozoans was found in T1 and decreased in T2 and 
T3, which had the lowest value.

Discussion
This experiment showed that CT supplementation 
altered intake, rumen fermentation, nitrogen balance, 

CH4 production, and microbial populations in goats 
without affecting nutrient digestibility. The higher 
feed intake in T2 and T3 than in T1 indicated that 
mild CT might increase feed palatability or promote 
feeding behavior. Moderate inclusion may improve 
intake (especially for high-quality legumes) due to 
the astringent properties of CT, but very high or high-
level inclusion reduced palatability (Kelln et al., 2020; 
Mansoor et al., 2020; Saeed et al., 2023b). Similarly, 
dry matter, organic matter, ash, crude fiber, and ether 
extract digestibility were similar among treatments (p 
> 0.05), but the digestibility of crude protein increased 
significantly with increasing amounts of PP in diets 
(p < 0.05). Dry matter digestibility increased with the 

Table 6 . Urine excretion and nitrogen balance of the four experimental diet-fed goats.

Parameter T1 T2 T3 SEM p value
Nitrogen intake (g/d) 16.33 18.28 18.78 0.54 0.123
Nitrogen excretion (g/d)
Fecal 5.20a 4.80a 4.10b 0.18 0.015
Urinary 4.80a 4.20a 3.50b 0.22 0.021
Nitrogen excretion (% of intake)
Fecal 31.90a 26.20b 21.80c 0.90 0.001
Urinary 29.50a 23.00b 18.60c 1.10 0.001
Nitrogen balance
Retained nitrogen content (g/d) 6.30c 9.30b 11.20a 0.42 0.008
Retained nitrogen content (%) 38.60c 50.80b 59.60a 1.35 0.001
Daily N (g) 1.00c 1.50b 1.80a 0.08 0.001

T1: (Basal diet), T2: (Basal diet + 114 g PPs / kg DM), T3: (Basal diet + (Basal diet + 222 g PPs / kg DM).  a,b,c Means in the same row with 
different superscripts are significantly different.

Table 7. Effect of CT on rumen fermentation parameters in experimentally fed goats.

Parameter T1 T2 T3 SEM p value
Rumen pH 5.90 5.80 5.80 0.04 0.382
NH₃-N (mg/dl) 5.21a 4.89a 2.39b 0.47 0.001
Total VFA (mmol/l) 74.12c 87.55b 94.97a 3.12 0.001
Acetate 48.75c 55.40b 58.58a 3.12 0.003
Propionate 8.7c 11.58b 14.19a 0.80 0.001
Butyrate 16.3c 20.57b 22.19a 0.83 0.001
Acetate/propionate ratio 5.60a 3.83b 4.13ab 0.37 0.009
Fatty Acids (mg/100 g DM)
Palmitic (C16:0) 36.04c 40.97b 45.43a 1.39 0.002
Stearic (C18:0) 53.89c 60.20b 68.07a 2.16 0.009
Oleic (C18:1) 24.12c 26.96b 28.72a 0.68 0.001
Linoleic (C18:2) 7.50c 12.18b 17.67a 1.52 0.003
Linolenic (C18:3) 0.07b 0.12ab 0.14a 0.01 0.049

T1: (Basal diet), T2: (Basal diet + 114 g PPs / kg DM), T3: (Basal diet + (Basal diet + 222 g PPs / kg DM). a,b,c Means in the same row with 
different superscripts are significantly different.
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increase in CT (T1: 68.57%, T3: 72.01%), although no 
significant statistical difference was observed between 
treatments (p > 0.05, Table 3). This indicates that dried 
PP supplementation did not negatively affect overall 
dry matter digestibility in vitro. The results showed 
that PP supplementation did not negatively influence 
total nutrient digestibility and improved dietary protein 
use. This result is in agreement with that of Zhou et al. 
(2019)who reported that tannic acid (16.9 g/kg DM) 
supplementation had no significant influence on rumen 
fermentation characteristics and nutrient digestibility 
in cattle. Similarly, Besharati et al. (2022)and Gerlach 
et al. (2018)pointed out that moderate inclusion of 
tannins in ruminant diets did not considerably affect 
the digestibility of dry matter, organic matter, crude 
protein, and fiber fractions; this suggests that ruminants 
are capable of adapting to medium contents of tannin. 
The increase in crude protein digestibility in this 
study can be explained by the tendency of tannins to 
bind dietary protein and to avoid excessive ruminal 
degradation while allowing a greater portion of protein 
to be digested post-ruminal tract (Makkar, 2003).
The data on disappearance in situ over time showed 
that the timing of differences in the degradability of 
dry matter and crude protein differed with treatment, 
with CT-containing diets typically characterized by 
less degradation during early incubation times but 

greater stability at later times. CTs may form reversible 
complexes with proteins and subsequently protect them 
from immediate ruminal degradation while increasing 
their post-ruminal availability, independent of the ratio 
of CT/protein mixture before incubation (Lashkari et 
al., 2019). The increased ISCPD noted at prolonged 
incubation periods in T1 and T3 may indicate variation in 
the rates of ruminal protein degradation, where the data 
for T1 indicates a normal ruminal degradation process 
without CT, whereas the presence of intermediate 
CT (T3) may have initially protected dietary protein 
from immediate soluble destruction, allowing it to be 
degraded more during later stages of incubation. In situ 
degradability may be underestimated due to the use of 
nylon bags (49 μm pore size), which restrict microbial 
access and overestimate the degradation effect of CT. 
This in vivo and in situ difference has also been reported 
(Katsande et al., 2019; Yang et al., 2022).
Nitrogen balance results confirm the protective role 
of CT on dietary protein. Both T2 and T3 resulted in 
lower urinary nitrogen excretion and higher nitrogen 
retention compared with T1, indicating reduced 
ruminal protein degradation (less ammonia formation). 
In the rumen, such CT can form transient complexes 
with dietary proteins and thus inhibit their over-
degradation by microbes, resulting in higher portions 
of dietary protein reaching the small intestine that is 

Table 8. Effect of CT on total gas and CH4 production in experimentally fed goats. 

Parameter T1 T2 T3 SEM p value
CH4 (mol/100 mol VFA) 26.18b 29.98b 31.34a 0.78 0.001
CH4 (mmol/d) 19.42c 26.26b 29.77a 1.56 0.001
CH4 (g/d) 0.31c 0.42b 0.48a 0.02 0.001
CH4 (index) 9.38a 8.34b 7.26c 0.31 0.001
CH4 (yield) 26.18c 29.98b 31.34a 0.78 0.001
CH4     to    C2 Ratio 0.40c 0.47b 0.51a 0.01 0.001
CH4  to C3 Ratio 2.22b 2.27a 2.10c 0.02 0.002
CH4 to C4 ratio 1.17b 1.27a 1.34a 0.02 0.003
CH4  / kg DMI (g) 0.55b 0.64a 0.68a 0.02 0.004
CH4 reduction (%) Reference = 1 35.19b 53.32a 7.98 0.001

T1: (Basal diet), T2: (Basal diet + 114 g PPs / kg DM), T3: (Basal diet + (Basal diet + 222 g PPs / kg DM). a,b,c Means in the same row with 
different superscripts are significantly different.

Table 9. Effect of CT on rumen microbial populations (log10 copies/ml rumen fluid) in goats fed experimental diets.

Microbial group T1 T2 T3 SEM p value
Total bacteria 11.46a 11.03b 10.29c 0.15 0.001
Methanogens archaea 5.68a 4.88b 4.61b 0.14 0.001
Ruminobacter amylophilus 6.74b 7.51a 6.39b 0.18 0.016
Protozoa 7.33a 6.05b 5.06b 0.33 0.003

T1: (Basal diet), T2: (Basal diet + 114 g PPs / kg DM), T3: (Basal diet + (Basal diet + 222 g PPs / kg DM). a,b,c Means in the same row with 
different superscripts are significantly different. 
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accessible for degradation after ruminal passage. This 
mechanism improves protein efficiency and reduces 
nitrogen wastage through urine, which may lead to 
better feed use and reduced nitrogen losses from 
ruminant production systems on the environment. This 
agrees with Waghorn and G (2008)who reported that 
CT reduces both the ruminal deamination process and 
the production of NH3-N by ruminal microorganisms, 
which decreases its excess in the rumen and systemic 
circulation, thereby improving the efficiency of nitrogen 
use. This is in agreement with the improved synchrony 
between rumen protein and energy availability (T3), as 
also implied by the reduced NH₃-N concentration (El-
Katcha et al., 2025).
CT supplementation favorably influenced the 
rheological profile of rumen fermentation. Dietary 
proteins in the rumen are divided into degradable 
and undegradable proteins. Rumen microorganisms 
degraded some parts of the degradable rumen protein 
to support the development and synthesis of microbial 
proteins. Any surplus can be excreted in the form of 
urea in the urine or propelled to the rumen epithelium 
as NH3-N. The decrease in rumen protein breakdown in 
T2 and T3 resulted in diminished NH3-N synthesis in 
the rumen. Consequently, urinary nitrogen decreases, 
whereas fecal nitrogen experiences a slight increase. 
This is the result of tannin-protein complexes being 
undegraded throughout the digestive tract (Mergeduš 
et al., 2018). CT supplementation increased the VFA 
concentrations, showing that rumen fermentative 
activity was stimulated with a constant fiber source 
(200 g/kg alfalfa). This indicated that this was an 
effect induced through changes in rumen fermentation 
dynamics rather than dietary fiber level. It may also help 
in synchronizing energy and nitrogen availability (by 
protecting dietary protein from excessive degradation), 
which is associated with improved microbial efficiency 
leading to higher VFA production. Moreover, a decrease 
in protozoa can reduce bacterial predation and promote 
microbial activity and fermentation. An increase in 
acetate concentration was also observed, which suggests 
a shift to hydrogen-producing fermentative pathways. 
These findings are consistent with previous studies 
demonstrating that moderate doses of CT can promote 
rumen fermentation and microbial efficiency (Makkar, 
2003; Patra and Saxena, 2011; Jayanegara et al., 2012). 
The lower acetate/propionate ratio observed in T2 and 
T3 shows increased glycogenic fermentation, which 
could contribute to energy efficiency (Comer et al., 
2020). In addition, the increased levels of unsaturated 
fatty acids in T3 are in agreement with earlier reports 
of CT limiting ruminal biohydrogenation, which 
promotes the passage of polyunsaturated fatty acids to 
the intestine (Toral et al., 2011; Makmur et al., 2022).
Supplementation with CT significantly modified CH₄ 
emissions. The yield of CH₄ (g CH₄/kg DM intake) 
was only higher for T2 and T3, with T3 having the 
highest value. Tannin inclusion reduced methanogen 

and protozoal populations; however, CH₄ production 
was greater in T2 and T3, indicating an apparent 
disagreement. where the availability of metabolic 
hydrogen influences CH₄ production more strongly 
than methanogen abundance alone. The addition of 
CT increased the total VFA concentration, especially 
the exact proportions of hydrogen-producing pathways 
(acetate and butyrate). This increased availability of 
hydrogen probably maintained CH₄ biosynthesis, even 
though both the methanogen and protozoal populations 
decreased. Interactions between fermentation pathways 
and H2 balance have been reported (Jayanegara et al., 
2012). This inhibition is supported by the decreasing 
levels of the CH4 index and abundance of methanogen 
seen in T2 and T3. CT influence the biochemistry of 
proteins by forming complexes with dietary proteins, 
thereby lowering ruminal degradation of associated 
proteins and directing nitrogen utilization to the post-
ruminal tract (Min et al., 2003; Patra and Saxena, 2011). 
Decreased ruminal protein degradation may enhance 
the synchronization of nitrogen and energy availability 
in the rumen by using available carbohydrates more 
effectively for fermentation by microorganisms. 
Increased fermentation of carbohydrates can lead 
to the production of more VFAs, including acetate 
and butyrate, which are correlated with hydrogen 
production and may stimulate CH₄ production (Moss 
et al., 2000; Jayanegara et al., 2012). The CH₄:C₂ 
ratio was highest in T3, indicating a strong coupling 
between acetate production and CH4 because acetate 
fermentation pathways are hydrogenogenic (Moss et 
al., 2000). On the other hand, propionate is a hydrogen 
sink; thus, diets that promote propionate formation 
typically lower CH4 production (Ungerfeld, 2020). The 
relatively lower CH₄ production observed in T1 may 
be related to its lower total VFA concentration and 
decreased acetate and butyrate production compared 
with T2 and T3, leading to reduced hydrogen availability 
for methanogenesis. Another reason for an increased 
CH₄ production in spite of the lowered methanogen 
and protozoal populations could be the change in 
fermentation pathways observed for T2 and T3, as 
higher acetate and butyrate production generates more 
metabolic hydrogen available for methanogenesis. 
Note that we estimated CH₄ production in this study 
from VFA stoichiometry and thus reported this data 
as a fermentation profile rather than direct CH₄ 
measurements.
The microbial population data provided the final 
corroboration, demonstrating that CT modulated the 
rumen ecosystem. The reduced protozoa count in T2 
and T3 confirms the antiprotozoal effects of CT (Patra 
and Saxena, 2011). However, in these treatments, the 
decrease in protozoa and methanogen populations did 
not lead to a decrease in CH₄ production due to the shift 
in favoring hydrogen-producing fermentation pathways 
(increased acetate and butyrate concentrations), which 
can increase CH₄ formation. The results suggested 
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that CT had a dose-dependent effect, and a moderate 
CT dose (T2) could promote the growth of some 
ruminal bacteria, whereas excessive CT doses (T3) 
might inhibit microbial proliferation. This finding is 
in line with a previous report (Min et al., 2003) that 
reported that CT indirectly affected ruminant microbial 
populations in a dose-dependent manner. The increase 
in R. amylophilus with moderate CT (T2) indicated that 
CT at this level may decrease protozoal challenge to 
bacteria and thus preferred starch-fermenting bacteria, 
leading to increased propionate production and better 
feed efficiency. With the highest CT (T3), its decrease 
demonstrates that high CT inhibit bacterial growth, 
revealing a dose-dependent relationship of rumen 
ecosystems.

Conclusion
This study suggested the effects of dietary 
supplementation with CT on feed intake, ruminal 
fermentation, nitrogen metabolism, microbial 
populations, and CH₄ production in goats. Most 
parameters of nutrient digestibility evaluated were 
not different among treatments, except for crude 
protein digestibility, which increased significantly. 
CT inclusion (T2 and T3) led to improved feed 
utilization, a dose-dependent enhancement of N use 
associated with reduced NH₃-N concentrations in 
the rumen, and a clear shift toward more glucogenic 
fermentation patterns, as reflected in higher propionate 
and total VFA concentrations. These modifications 
were associated with better fatty acid profiles and 
decreased protozoal and methanogen counts. Increased 
nitrogen balance and more favorable in situ crude 
protein disappearance patterns supported the protective 
effect of CT on dietary protein. These results indicate 
that an intermediate CT level can increase nutrient 
use efficiency, reduce nitrogen losses, and optimize 
the ruminal fermentation environment in goats. In 
contrast, high CT levels decreased the activity of 
R. amylophilus, indicating a dose-dependent effect. 
Thus, CT constitutes an innovative dietary approach 
to enhance the productivity and sustainability of small 
ruminant production systems if carefully included.
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