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Abstract

The primary aim of this study was to identify key factors causing high-concentrate diet
(HCD)-induced rumen tympanism in goats and to assess the impact of condensed tannin
(CT) supplementation (at 1%, 2%, and 3% CT content, w/v) on rumen fluid foam character-
istics. Additionally, we explored the feasibility of incorporating CT into HCDs to prevent
rumen tympanism. Two trials were conducted to achieve this goal. Trial 1 focused on
15 HCD-fed goats, measuring foaming production, retention, protein fractions, and total
protein concentrations. A positive correlation was found between total protein concen-
tration and foaming characteristics (p < 0.05). Protein Component 3 (P3) also correlated
with foam (p < 0.05). Five tympanitic goats were further analyzed, with four treatment
groups (Control, 1%, 2%, and 3% CT). CT supplementation significantly reduced foaming
(p < 0.05). Trial 2 explored CT incorporation into HCDs using 18 goats and three treatment
groups (Control, 1% CT, 2% CT). The 2% CT group showed significant foam reduction
(p < 0.01). CT did not affect goat health, digestibility, or rumen flora. In conclusion, the
addition of 2% CT to HCDs significantly reduces the occurrence of rumen tympanism
in goats.

Keywords: protein; microorganism; rumen bloat; condensed tannins; fermentation

1. Introduction
Under the modern intensive farming paradigm, farmers often prioritize increasing the

proportion of concentrates in ruminant diets to enhance production performance. Conse-
quently, the use of high-concentrate diets (HCDs) has become increasingly prevalent [1–3].
However, HCDs can lead to the formation of substantial amounts of stable foam within the
rumen, which may trigger frothy tympanism and result in significant losses in ruminant
productivity [4–6]. To date, the mechanisms by which a HCD induces rumen foam remain
unclear, complicating efforts to effectively prevent rumen tympanism during HCD feeding.
The formation of large quantities of stable foams in the rumen necessitates two conditions:
first, a foaming agent must be present to facilitate foam generation from ruminal fluid;
second, a foam stabilizer is essential to ensure that these foams persist without collapsing.
Proteins are among the substances most likely to function as both foaming agents and
foam stabilizers when animals are fed HCDs [7]. Previous studies have demonstrated that
incorporating condensed tannin (CT) into diets can reduce protein degradation within the

Fermentation 2025, 11, 581 https://doi.org/10.3390/fermentation11100581

https://doi.org/10.3390/fermentation11100581
https://doi.org/10.3390/fermentation11100581
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0001-5114-8986
https://orcid.org/0000-0003-3074-4273
https://doi.org/10.3390/fermentation11100581
https://www.mdpi.com/article/10.3390/fermentation11100581?type=check_update&version=2


Fermentation 2025, 11, 581 2 of 18

rumen [8,9], suggesting a potential role for CT in preventing rumen tympanism. How-
ever, if the content of CTs in forage exceeds 3%, adverse effects on nutrient absorption
and utilization in ruminants may occur [10]. Therefore, it remains uncertain whether
CT can effectively mitigate frothy tympanism when added to HCDs without adversely
affecting their health. The primary aim of this study was to identify key factors causing
HCD-induced rumen tympanism in goats, to assess the impact of CT supplementation on
rumen fluid foam characteristics, and to explore the feasibility of incorporating CT into
HCDs to prevent rumen tympanism. We hypothesize that there was a positive correlation
between the protein content and the foam characteristics of rumen fluid. The addition of
CT significantly reduced the foam characteristics, thereby lowering the incidence of bloat
in goats fed HCDs.

2. Materials and Methods
2.1. Trial 1: The Study on the Relationship Between Protein Concentration and Foam
Characteristics of Rumen Fluid

Experimental Animals, Design, and Diet. The study involved 15 healthy black goats,
4–6 months old and weighing approximately 24 kg ± 2.5 kg. Throughout the experiment,
the goats were housed together and fed an HCD formulated according to the Chinese
Feeding Standard of Meat-producing Sheep and Goats (NY/T816-2021). The proportion of
concentrate was gradually increased until the concentrate-to-roughage ratio reached 75:25,
after which the goats were switched to the HCD for a 30-day formal experiment. The final
diet composition is presented in Table 1. The goats were fed twice daily at 09:00 and 17:00.

Table 1. The ingredients and chemical composition of basal diets (%, DM basis).

Ingredients Content (%) Chemical Composition Content (%)

Wheat 40.00 Crude protein 15.16
Corn 9.00 Ether extract 3.18

Soybean meal 10.00 ME (MCal·kg−1) 2.41
DDGS 6.00 Neutral detergent fiber 23.11

Alfalfa meal 25.00 Acid detergent fiber 12.94
Corn bran 5.00 Calcium 0.84

CaCO3 0.80 Total phosphorus 0.38
Bentonite 2.00 Concentrate: roughage 75:25

NaCl 0.40
Premix 1 0.55
NaHCO3 0.80

Antioxidants 0.05
MgO 0.40
Total 100.00

1 The premix provided the following per kg of diet: vitamin A 2200 IU, vitamin D 250 IU, vitamin E 20 IU, Fe
40 mg, Cu 10 mg, Zn 30 mg, Mn 40 mg, I 0.8 mg, Se 0.2 mg, and Co 0.11 mg.

Rumen contents were collected from each goat at the 2 h post-morning feeding on
days 12, 14, 16, 18, and 20 of the experiment. A clean stomach tube, connected to a vacuum
pump, was gently inserted into the rumen via the esophagus and adjusted continuously
until in the correct position. The initial 30 mL of rumen contents collected were discarded.
Subsequently, the remaining contents were immediately filtered through four layers of
gauze to obtain rumen fluid, which was then aliquoted and labeled accordingly. Following
the experiment, the rumen fluids from each goat, collected over 5 days, were pooled and
stored at −20 ◦C to assess foam production, retention, and the concentrations of total
protein and protein fractions. Bloat scores were recorded daily during the last 6 days
of the experiment through visual inspection, and the average tympanism score (BS) per
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goat was calculated using the method described by Min et al. [11]. Goats were scored
based on the severity of tympanism as follows: a score of 0 for those with no visible signs
of tympanism; 1 for goats with mild tympanism on the left side of the abdomen; 2 for
those with pronounced tympanism on the left side, with rumen distension extending
upward toward the back; and 3 for goats with severe tympanism visible from the right
side, causing a pronounced asymmetry in appearance when walking. The rumen fluids of
the 5 goats with the highest tympanism scores (BS = 3) were selected for further analysis
to investigate the effects of CT addition on foam characteristics. The rumen fluids were
randomly assigned to 4 treatment groups: control group C (no CT added), group T1 (1%
CT added, w/v), group T2 (2% CT added, w/v), and group T3 (3% CT added, w/v), with
5 replicates per treatment (one replicate per goat’s rumen fluid). The appropriate doses of
CT were weighed and added to 30 mL of rumen fluid, which was then thoroughly mixed
and centrifuged at 10,000 rpm for 10 min. The supernatant was used for the determination
of foam characteristics, protein, and protein fraction concentrations.

Indicators measurement. Foam production and retention of rumen fluid were mea-
sured by a modified version of the Roche and Rudin methods [12]. Prior to assaying,
rumen fluid samples were treated in a 39 ◦C water bath for 30 min. The specific assay steps
involved introducing 30 mL of rumen fluid into a 100 mL closed dispensing funnel tube
and slowly bubbling CO2 gas into it to produce foam. This was done under consistent
aeration pressure and time (1 Pa for 60 s). After inflation, the volume of foam formed at
30 s, 1 min, and 5 min post-flow stop was recorded, and the average of these three mea-
surements represented the foaming production (in ml). Additionally, the time taken for
the foam to completely disappear was noted to calculate foaming retention (in minutes).
Both measurements were repeated three times per sample and averaged. The total protein
concentration in rumen fluid was determined using the method of Rongkun Cao [13] using
an enzyme marker (SpectraMax-190, Molecular Devices, Cal. USA). Protein fractions were
analyzed by SDS-PAGE electrophoresis (DYY-6C, Beijing Liuyi Instrument Factory, Beijing,
China) following the previously described method [14]. Quantification of protein fractions
was performed using ImageJ 1.5.4 software, with each band representing a protein group.

2.2. Trial 2: The Study of the Effects of Adding Different Doses of CT into HCDs on Rumen
Tympanism, Health, Fermentation, and the Structural Composition of Rumen Microorganisms

Experimental Animals, Design, and Diet. Eighteen adult healthy black goats weighing
24 kg ± 2.84 kg were selected and randomly assigned to three treatment groups (six repli-
cates per group). The dietary treatments consisted of a basal diet supplemented with 0%
(CON), 1% (T1), and 2% (T2) CT. The ingredients and chemical composition of the diets are
presented in Table 2. Each goat was individually housed in a metabolic cage with access to
drinking water. The trial lasted for 30 days, comprising an initial feeding trial period of
22 days, followed by 7 days of digestion testing. Centralized sampling was conducted on
day 30. During the digestion test, the goats were scored daily by visually inspecting for
tympanism, as in Trial 1.

Sample Collection. During the metabolic trial, adequate feed samples were collected
daily, crushed through a 1 mm sieve, encapsulated in sealed bags, and stored at −20 ◦C for
subsequent determination of dietary nutrient content. All feces, antisepticised with 10%
formaldehyde (w/w, based on 3% of feces) from each goat during the trial, was gathered
and stored at −20 ◦C for later analysis.

On the 30th day of the experiment, blood was collected from each goat before the
morning feeding. Three tubes of blood samples were drawn from the jugular vein using
5 mL vacuum blood collection tubes. Two tubes were centrifuged at 3000 rpm for 10 min at
4 ◦C to obtain serum, which was then stored in a refrigerator at −20 ◦C for future use. The
remaining tube, containing EDTA, was used for immediate routine blood measurements.
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Table 2. The ingredients and chemical composition of diets (%, DM basis).

Items CON 2 T1 T2

Ingredients
Wheat 40 40 40
Corn 9 9 9

Soybean meal 10 10 10
DDGS 6 6 6

Alfalfa meal 25 25 25
Corn bran 5 5 5

CaCO3 0.8 0.8 0.8
NaCl 0.4 0.4 0.4

Bentonite 2 1 0
1 Premix 0.55 0.55 0.55

Antioxidants 0.05 0.05 0.05
NaHCO3 0.8 0.8 0.8

MgO 0.4 0.4 0.4
Condensed tannins 0 1 2

Total 100 100 100
Concentrate: roughage 75:25 75:25 75:25
Chemical composition

Crude protein 15.16 14.77 15.63
Ether extract 3.18 3.32 4.13

ME (MCal·kg−1) 2.41 2.46 2.52
Neutral detergent fiber 23.11 32.45 26.75

Acid detergent fiber 12.94 16.04 11.64
Calcium 0.84 0.79 0.77

Total phosphorus 0.38 0.36 0.37
1 The premix provided the following per kg of diet: vitamin A 2200 IU, vitamin D 250 IU, vitamin E 20 IU, Fe
40 mg, Cu 10 mg, Zn 30 mg, Mn 40 mg, I 0.8 mg, Se 0.2 mg, and Co 0.11 mg. 2 CON = high-concentrate diet + 0%
condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and T2 = high-concentrate diet + 2%
condensed tannin.

Two hours after morning feeding on the 30th day of the trial, rumen contents were
collected. Ten milliliters of rumen contents were placed in a sterile tube, labeled, and
stored in axenic self-sealing bags. These samples were then immersed in liquid nitrogen
for rapid freezing and stored in a −80 ◦C refrigerator for microbiological determinations.
Additionally, 120 mL of rumen contents were collected from each goat, filtered through
four layers of gauze, and the pH was measured immediately using an acidity meter (PHBJ-
260, Shanghai Precision Instrument Co., Ltd., China). These samples were then separated,
labeled, and stored at −20 ◦C for the determination of rumen fermentation parameters and
foaming characteristics.

Chemical analyses and calculations. All feed and fecal samples were analyzed accord-
ing to the protocols outlined in the AOAC [15]. The dry matter (DM) and crude ash used
methods No. 930.15 and 942.05, respectively. The organic matter (OM) content of the feed
and feces was calculated by DM subtracting crude ash content. The crude protein (CP)
was analyzed using the Kjeldahl method No. 984.13. The ether extract (EE) used method
920.39B via Soxhlet extraction. Neutral Detergent Fiber (NDF) and Acid Detergent Fiber
(ADF) were determined using the methodology described by Van Soest et al. [16]. The
apparent digestibility of nutrients was calculated using the following formula:

Apparent digestibility o f nutrient (%) =
ingested nutrient − excreted nutrient in f eces

ingested nutrient
× 100
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The concentration of microbial proteins (MCP) was determined using the BCA kit from
Biyuntian Biotechnology Co., Ltd. (Jiangsu, China). The concentrations of VFAs (acetic acid,
propionic acid, and butyric acid) were measured via gas chromatography using a Varian
CP-3800 instrument (USA). The NH3-N level was assessed following the method outlined
by Broderick and Kang [17]. Immunoglobulins (IgM, IgG, and IgA) and cytokines (IL-1β,
IL-6, IL-10, and TNF-α) as well as Malondialdehyde (MDA), Total Antioxidant Capacity
(T-AOC), Glutathione Peroxidase (GSH-PX), and Superoxide Dismutase (SOD) were all
quantified using kits from ZhongshengBeikong Biotechnology Co., Ltd. (Beijing, China).
Furthermore, biochemical markers, including Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total protein (TP), albumin (ALB), globulin (GLO), creatinine
(CREA), urea nitrogen (BUN), uric acid (UA), glucose (GLU), triglycerides (TG), high-
density lipoprotein (HDL), and low-density lipoprotein (LDL), and hematological indices
such as white blood cell count (WBC), red blood cell count (RBC), hemoglobin concentration
(HGB), neutrophil percentage (NEUT), mean hemoglobin content (MCH), mean corpuscular
volume (MCV), and hematocrit (HCT) were measured by a fully automated biochemical
analyzer, the Bechman AU5800 (USA).

Determination of rumen microorganisms. Bacterial 16S rRNA gene sequencing was
employed to analyze the rumen microbiota, focusing on α-diversity, β-diversity, and the
relative abundance of phyla and genera, per Mao et al.’s method [18].

2.3. Statistics and Analysis

All data were initially pre-collated using Excel 2016, and gray scale values of rumen
fluid protein fractions were calculated with ImageJ software. Subsequently, a correlation
analysis was conducted using the Pearson method in SPSS 23.0. An ANOVA (one-way)
was performed to assess differences between treatments according to the following model:

Yijk = µ + Ti + eijk

where Yijk is the dependent variable, µ is the overall mean, Ti is the fixed treatment effect,
and eijk is random error. This was followed by multiple comparisons using the LSD method.
Statistical results were presented as Mean ± SD, with statistical significance set at p < 0.05.
GraphPad Prism 7.0 was utilized to illustrate the comparison of differences. Furthermore,
the relative abundance of microorganisms was analyzed for between-group differences
using a non-parametric test, with significance levels set at p < 0.05 and p < 0.01 for moderate
and high significance, respectively.

3. Results
3.1. Trial 1
3.1.1. The Concentrations and Foaming Characteristics of Rumen Fluid Protein

The descriptive statistics for total protein concentration and foaming characteristics
in goat rumen fluid are presented in Table 3. The mean values for total protein concen-
tration, foam production, and foam retention were 2.56 ± 0.26 g/L, 46.07 ± 8.03 mL, and
12.11 ± 2.77 min, respectively. Using SDS-PAGE electrophoresis, four major protein frac-
tions were isolated from the rumen fluid, with molecular weights of 105–140 kDa (P1),
66–105 kDa (P2), 38–52 kDa (P3), and 13–20 kDa (P4), respectively. The gray values for
these four protein fractions across 15 rumen fluid samples are listed in Table 4, exhibiting a
normal distribution with a maximum value of 443,605 and a minimum of 10,523, indicating
considerable individual variations.
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Table 3. Descriptive statistics for the concentration of total protein and foaming characteristics in the
rumen fluid of goats fed with a high-concentrate diet.

Item Number Minimum Median Maximum Mean SD

Total protein (g/L) 15 0.95 2.67 4.28 2.56 0.26
Foam production

(mL/30 mL) 15 10.00 33.33 100.00 46.07 8.03

Foam retention
(min) 15 0.16 9 31 12.11 2.77

Table 4. Descriptive statistics for the SDS-PAGE electrophoretic gray values of protein fractions in the
rumen fluid of goats fed with a high-concentrate diet.

Items 1 Minimum Median Maximum Mean ± SD

Protein fraction 1(105–140 kDa) 59,596 264,767.5 326,984 245,576.5 ± 97,660.33
Protein fraction 2 (66–105 kDa) 54,576 285,380 403,472 247,809.3 ± 177,456.39
Protein fraction 3 (38–52 kDa) 10,523 58,464 443,605 133,926.7 ± 151,019.14
Protein fraction 4 (13–20 kDa) 132,069 173,732 269,861 187,348.5 ± 61,318.15

1 SDS-PAGE gel electrophoresis bands were analyzed in grayscale using ImageJ software, and each band was
used as a group of proteins for quantification of the protein fractions.

3.1.2. Analysis of the Correlation Between the Concentration of Rumen Fluid Protein
Fractions and Foaming Characteristics

The correlation analysis results between protein fractions and foaming characteristics
in goat rumen fluid are presented in Table 5. Notably, the correlations between three
of the protein groups (P1, P2, and P4) and the foaming properties of rumen fluid were
found to be non-significant (p > 0.05). In contrast, P3 demonstrated a significant positive
correlation with both foam production and retention (p < 0.05). Furthermore, the total
protein concentration exhibited a highly significant positive correlation with both foam
production and retention (p < 0.01).

Table 5. Correlation analysis of the protein fractions with the foaming characteristics in the rumen
fluid of goats fed with a high-concentrate diet.

Items 1 Foam Production
(mL/30 mL, 25 ◦C) 2

Foam Retention
(min, 25 ◦C)

Protein fraction 1 (105–140 kDa) 0.33 0.34
Protein fraction 2 (66–105 kDa) 0.23 0.29
Protein fraction 3 (38–52 kDa) 0.80 ** 0.82 **
Protein fraction 4 (13–20 kDa) 0.42 0.44

Total protein (g/L) 0.83 ** 0.95 **
1 SDS-PAGE gel electrophoresis bands were analyzed in gray value using ImageJ software, and each band was
used as a group of proteins for quantification of the protein fractions. 2 Correlation analysis using Pearson’s
method, ** p < 0.01.

3.1.3. Total Protein and P3 Concentrations as Well as Foaming Characteristics After
Addition of Different Doses of CT to Rumen Fluid

As illustrated in Figure 1, the gray value of P3 was significantly higher in the CON
group compared to the group with added CT (p < 0.05). Additionally, the 1% CT group
exhibited a significantly higher gray value than both the 2% CT and 3% CT groups (p < 0.05),
while no significant difference was observed between the 2% CT and 3% CT groups
(p > 0.05). The total protein concentration of rumen fluid in the CON group was markedly
greater than that in the CT-added group (p < 0.05). Furthermore, treatment comparisons
revealed that the total protein concentration in the 1% CT group surpassed that of the
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3% CT group (p < 0.05) and was also higher than that of the 2% CT group. However, the
differences were not statistically significant (p > 0.05).
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Figure 1. The effect of adding condensed tannins to the rumen fluid on the concentration of total
protein (A) and the gray value of P3 (38–52 kDa) (B). CON = adding no CT to rumen fluid, T1 = adding
1% (w/v) condensed tannin to rumen fluid, T2 = adding 2% (w/v) condensed tannin to rumen fluid,
and T3 = adding 3% (w/v) condensed tannin to rumen fluid. a,b—means with different superscripts
within the same column differ significantly (p < 0.05).

The results regarding foaming characteristics of rumen fluid across each treatment
are presented in Figure 2. When compared to the CON group, all foaming characteristics
in the CT-added group were significantly reduced (p < 0.01). Moreover, when contrasted
with data from the added 1% CT group, both foaming characteristics for groups 2% CT
and 3% CT showed substantial reductions as well (p < 0.05). Notably, at a dosage of 3% CT
addition, there was no further reduction observed compared to that recorded for 2% CT
addition (p > 0.05), indicating a dose-dependent effect where saturation may occur at an
additive level of 2%.
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Figure 2. The effect of adding condensed tannins to the rumen fluid on foaming production (A) and
foaming retention (B). CON = adding no CT to rumen fluid, T1 = adding 1% (w/v) condensed tannin
to rumen fluid, T2 = adding 2% (w/v) condensed tannin to rumen fluid, T3 = adding 3% (w/v)
condensed tannin to rumen fluid. a–c—means with different superscripts within the same column
differ significantly (p < 0.05).

3.1.4. Correlation Analysis Between P3 Concentration and Foaming Characteristics After
Addition of Different Doses of CT to Rumen Fluid

Through SDS-PAGE electrophoresis analysis conducted on rumen fluid samples from
four treatments and subsequent evaluation of P3’s gray value, it became evident that adding
CT resulted in a highly significant positive correlation between P3 values and foaming
characteristics within rumen fluid samples (p < 0.01). The total protein concentration
demonstrated a strong positive correlation with foaming characteristics as well (p < 0.05)
(Figure 3).
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3.2. Trial 2
3.2.1. Tympanism Scoring During the Digestive Trial in Goats

As shown in Table 6, during the digestion trial, the tympanism scores of the 2% CT
group were significantly lower than those of the other groups, with the average score being
significantly lower than that of the CON group (p < 0.05).

Table 6. Effects of adding condensed tannins into a high-concentrate diet on the average tympanism
score in goats.

Score CON 1 T1 T2

Average 1.67 ± 0.42 a 0.89 ± 0.61 ab 0.50 ± 0.53 b

1 CON = high-concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and
T2 = high-concentrate diet + 2% condensed tannin. a, b means with different superscripts within the same column
differ significantly (p < 0.05).
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3.2.2. Digestibility of Nutrients

As can be seen from Table 7, there was no significant difference (p > 0.05) in the
apparent digestibility of nutrients DM, OM, CP, NDF, ADF, and EE among treatment groups,
and the addition of CT to the diets did not have a significant effect on nutrient digestibility.

Table 7. Effects of adding condensed tannins into a high-concentrate diet on apparent digestibility of
nutrients in goats.

Items (%) CON 1 T1 T2

Dry matter 60.49 ± 3.11 61.32 ± 2.19 60.63 ± 3.08
organic matter 77.32 ± 3.13 79.41 ± 2.48 76.51 ± 3.19
Ether extract 50.67 ± 9.29 52.84 ± 8.13 53.39 ± 5.95

Crude protein 63.96 ± 1.30 64.62 ± 1.28 64.46 ± 1.41
Neutral detergent fiber 51.36 ± 3.52 52.15 ± 1.50 52.92 ± 5.17

Acid detergent fiber 45.21 ± 13.56 46.77 ± 10.13 46.84 ± 8.35
1 CON = high-concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and
T2 = high-concentrate diet + 2% condensed tannin.

3.2.3. Foaming Characteristics of Rumen Fluid

The results regarding foaming characteristics of rumen fluid across each treatment
group are presented in Figure 4. The foam production from rumen fluid in the 2% CT
group was markedly reduced compared to both the CON and T1 groups (p < 0.05), while
no significant difference was observed between the T1 and CON groups (p > 0.05). When
compared with the CON group, foam retention across all CT-added groups showed a highly
significant reduction (p < 0.01); however, differences among CT-added groups themselves
did not reach significance (p > 0.05).
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Figure 4. The effect of adding condensed tannins to a high-concentrate diet on the foaming production
(A) and foaming retention (B) of rumen fluid in goats. CON = high-concentrate diet + 0% condensed
tannin, T1 = high-concentrate diet + 1% condensed tannin, and T2 = high-concentrate diet + 2%
condensed tannin. a, b—means with different superscripts within the same column differ significantly
(p < 0.05).

3.2.4. Rumen Fermentation Parameters

From Table 8, it can be seen that the pH values for both the 1% CT and 2% CT groups
were significantly higher compared to those of the CON group (p < 0.05). Furthermore,
concentrations of acetic acid, propionic acid, butyric acid, and valeric acid in both the 1%
CT and 2% CT groups were found to be significantly lower than those in the CON group
(p < 0.01). Notably, isovaleric acid concentration was lowest in the CON group; this value
was significantly lower than that observed in the 2% CT group (p < 0.05), although no
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significant difference existed when comparing it with the 1% CT group (p > 0.05). The ratio
of acetic acid to propionic acid was significantly higher in the 2% CT group as opposed
to the 1% CT group (p < 0.05), while differences in NH3-N levels, as well as MCP and
isobutyric acid concentrations among treatment groups, remained non-significant (p > 0.05).

Table 8. Effects of adding condensed tannins into a high-concentrate diet on rumen fermentation
parameters in goats.

Items CON 1 T1 T2

NH3-N (mg/dL) 65.04 ± 11.51 56.12 ± 7.61 55.07 ± 4.91
pH value 6.27 ± 0.13 b 6.69 ± 0.13 a 6.62 ± 0.19 a

Microbial protein (mg/dL) 26.12 ± 3.25 27.93 ± 5.72 29.41 ± 7.02
Acetate (mmol/L) 83.44 ± 29.97 a 30.79 ± 7.12 b 33.83 ± 4.80 b

ProPionic (mmol/L) 35.10 ± 17.63 a 12.92 ± 3.41 b 11.16 ± 0.93 b

Butyrate (mmol/L) 10.71 ± 3.16 a 4.24 ± 0.96 b 5.12 ± 0.88 b

Valeric (mmol/L) 1.21 ± 0.23 a 0.85 ± 0.25 b 0.70 ± 0.24 b

Isobutyric (mmol/L) 1.37 ± 0.39 1.05 ± 0.45 1.17 ± 0.45
Isovaleric (mmol/L) 1.65 ± 0.14 b 2.05 ± 0.40 ab 2.56 ± 0.63 a

Acetate/propionic 2.54 ± 0.50 ab 2.40 ± 0.26 b 3.02 ± 0.31 ab

a, b Means with different superscripts within the same column differ significantly (p < 0.05). 1 CON = high-
concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and T2 = high-
concentrate diet + 2% condensed tannin.

3.2.5. Blood Indicators

The concentration of ALT in the 2% CT group was significantly lower than in the
remaining two groups (p < 0.05) (Table 9). Compared with the CON group, the AST
concentration in the 2% CT group was significantly lower (p < 0.05), but the difference with
the 1% CT group was not significant (p > 0.05). GLU concentration in the 1% CT group was
significantly lower than in the remaining two groups (p < 0.05). TG concentration in the
2% CT group was significantly higher than in the remaining two groups (p < 0.05). Other
biochemical indicators did not differ significantly among the three groups (p > 0.05).

Table 9. Effects of adding condensed tannins into a high-concentrate diet on serum biochemical
indices in goats.

Items CON 1 T1 T2

Total protein (g/L) 69.37 ± 4.24 67.05 ± 2.17 67.03 ± 4.12
Albumin (g/L) 36.37 ± 1.75 36.10 ± 2.11 34.42 ± 1.98
Globulin (g/L) 33.00 ± 4.30 30.95 ± 0.52 32.62 ± 3.51

Albumin/globulin 1.12 ± 0.16 1.17 ± 0.07 1.07 ± 0.13
Creatinine (µmol/L) 72.50 ± 10.48 75.83 ± 9.45 62.00 ± 16.80

Brea nitrogen (mmol/L) 8.56 ± 1.40 7.37 ± 0.89 8.65 ± 3.83
Uric acid (µmol/L) 2.50 ± 0.55 1.67 ± 0.52 2.00 ± 1.26

Alanine aminotransferase (U/L) 22.65 ± 1.70 a 22.48 ± 5.32 a 15.85 ± 2.48 b

Aspartate aminotransferase (U/L) 105.80 ± 24.36 a 85.80 ± 13.78 ab 73.73 ± 9.16 b

Glucose (mmol/L) 2.02 ± 0.19 a 1.25 ± 0.43 b 2.05 ± 0.57 a

Triglycerides (mmol/L) 0.17 ± 0.05 b 0.18 ± 0.04 b 0.26 ± 0.06 a

High-density lipoprotein
(mmol/L) 1.26 ± 0.26 1.37 ± 0.16 1.40 ± 0.31

Low-density lipoprotein (mmol/L) 0.53 ± 0.15 0.57 ± 0.13 0.81 ± 0.53
a, b Means with different superscripts within the same column differ significantly (p < 0.05). 1 CON = high-
concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and T2 = high-
concentrate diet + 2% condensed tannin.

The concentrations of IL-1β and IL-6 in the CON group were significantly higher than
the remaining two groups (p < 0.05) (Table 10). The concentration of TNF-α in the 2% CT
group was significantly lower than that in the CON and 1% CT groups (p < 0.05). The
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concentration of GSH-PX in the 2% CT group was significantly higher than that in the
remaining two groups (p < 0.05). Other immune and antioxidant indices did not differ
significantly among the three groups (p > 0.05).

Table 10. Effects of adding condensed tannins into a high-concentrate diet on serum immunological
and antioxidant indices in goats.

Items CON 1 T1 T2

Immunoglobulin M (g/L) 69.37 ± 4.24 67.05 ± 2.17 67.03 ± 4.12
Immunoglobulin G (g/L) 36.37 ± 1.75 36.10 ± 2.11 34.42 ± 1.98
Immunoglobulin A (g/L) 33.00 ± 4.30 30.95 ± 0.52 32.62 ± 3.51
Interleukin 1β (pg/mL) 96.64 ± 9.98 a 78.89 ± 5.43 b 68.66 ± 8.33 b

Interleukin 10 (pg/mL) 25.60 ± 5.92 25.71 ± 3.48 28.90 ± 5.53
Tumour necrosis factor α (pg/mL) 145.56 ± 12.88 a 152.66 ± 10.91 a 119.92 ± 7.90 b

Interleukin 6 (pg/mL) 107.64 ± 6.41 a 69.64 ± 8.23 b 79.35 ± 8.80 b

Malondialdehyde (nmol/mL) 0.91 ± 0.24 0.90 ± 0.60 0.88 ± 0.43
Total antioxidant capacity (U/mL) 0.28 ± 0.03 0.29 ± 0.02 0.30 ± 0.04

Protein carbonyls (µmol/mL) 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
Glutathione peroxidase (U/mL) 3.76 ± 1.16 b 5.44 ± 4.68 b 13.16 ± 6.57 a

Superoxide dismutase (U/mL) 0.92 ± 0.39 1028 ± 0.99 2.33 ± 1.52
a, b Means with different superscripts within the same column differ significantly (p < 0.05). 1 CON = high-
concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and T2 = high-
concentrate diet + 2% condensed tannin.

Erythrocyte-related indices MCV, RBC, and HCT in the 1% CT group were the high-
est among the three groups (p < 0.05) (Table 11), but MCH was the lowest among the
three groups (p < 0.05); WBC values in group 2% CT were significantly higher than those in
the remaining two groups (p < 0.05). Other blood routine indices did not differ significantly
among the three groups (p > 0.05).

Table 11. Effects of adding condensed tannins to a high-concentrate diet on routine blood indices
in goats.

Items CON 1 T1 T2

White blood cell count (109/L) 11.56 ± 2.93 b 11.35 ± 1.71 b 16.97 ± 5.27 a

Neutrophil percentage (%) 15.85 ± 5.35 12.60 ± 5.23 17.25 ± 14.11
Mean hemoglobin content (pg) 43.5 ± 1.41 a 39.08 ± 2.30 b 44.38 ± 1.62 a

Mean corpuscular volume (fL) 35.68 ± 0.38 b 36.98 ± 0.73 a 35.58 ± 0.51 b

Red blood cell count (1012/L) 2.44 ± 0.43 ab 2.82 ± 0.44 a 2.35 ± 0.34 b

Hemoglobin concentration (g/L) 102.50 ± 11.95 110.50 ± 7.01 100.00 ± 6.54
Hematocrit (%) 8.78 ± 1.38 ab 10.40 ± 1.89 a 8.42 ± 1.38 b

a, b Means with different superscripts within the same column differ significantly (p < 0.05). 1 CON = high-
concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and T2 = high-
concentrate diet + 2% condensed tannin.

3.2.6. Analysis of Rumen Microbial Composition and Intergroup Differences

The 16S rRNA sequencing of 18 rumen fluid samples produced a total of 2,440,767 orig-
inal sequences, 2,390,415 sequences after splicing, 2,345,557 valid sequences after quality
control filtering, and finally, 1,740,987 sequences after filtering chimeras for subsequent
analysis. The basic percentages of Q20 and Q30 for each sample were above 97.41% and
92.69%, respectively. The average GC content was 53.43% (Table S1).

A total of 32 microbial phyla and 447 bacterial genera were detected in the rumen
via this sequencing. Based on the average relative abundance of bacterial phylum > 0.1%
in at least one group as the major bacterial phylum and the average relative abundance
of bacterial genus > 1% in at least one group as the major bacterial genus, a total of
10 bacterial phyla and 10 bacterial genera were screened, as shown in Table 12. Among
rumen microorganisms, Bacteroidetes had the highest relative abundance; Proteobacteria
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ranked second; the third was Firmicutes. This was followed by Euryarchaeota, Spirochaetota,
and others. At the genus level, the highest relative abundance of Pseudomonas and Prevotella
was found in the rumen, which also included Methanobacter and Ralstonia.

Table 12. Effects of adding condensed tannins to a high-concentrate diet on the relative abundance of
ruminal dominant microorganisms (top 10) at the phylum and genus level in goats.

Items CON 1 T1 T2

Phylum
Bacteroidota 42.20 ± 0.19 49.90 ± 0.12 45.80 ± 0.18
Proteobacteria 16.90 ± 0.20 5.60 ± 0.03 7.20 ± 0.09
Firmicutes 29.70 ± 0.11 29.10 ± 0.08 2.97 ± 0.10
Euryarchaeota 5.40 ± 0.04 8.90 ± 0.09 10.80 ± 0.11
Patescibacteria 0.30 ± 0.00 0.20 ± 0.00 2.20 ± 0.03
Spirochaetota 3.30 ± 0.03 3.80 ± 0.02 2.50 ± 0.02
Cyanobacteria 0.50 ± 0.01 0.02 ± 0.00 0.09 ± 0.00
Actinobacteriota 0.80 ± 0.01 0.50 ± 0.00 0.60 ± 0.01
Fibrobacterota 0.10 ± 0.00 b 0.60 ± 0.00 a 0.10 ± 0.00 b

Halobacterota 0.20 ± 0.00 0.50 ± 0.00 0.10 ± 0.00
Others 0.70 ± 0.00 0.90 ± 0.00 0.70 ± 0.00
Genus
Pseudomonas 10.60 ± 0.16 1.26 ± 0.01 4.80 ± 0.07
Prevotella 150 ± 0.08 2.02 ± 0.14 14.3 ± 0.09
Prevotellaceae_YAB2003_group 4.70 ± 0.11 0.20 ± 0.00 0. 07 ± 0.00
Methanobrevibacter 5.30 ± 0.04 8.80 ± 0.09 10.70 ± 0.11
Rikenellaceae_RC9_gut_group 5.40 ± 0.03 7.20 ± 0.06 14.40 ± 0.07
F082 9.50 ± 0.09 9.40 ± 0.07 7.10 ± 0.07
Christensenellaceae_R-7_group 3.25 ± 0.05 2.00 ± 0.01 2.70 ± 0.01
Muribaculaceae 2.80 ± 0.02 4.70 ± 0.04 4.40 ± 0.05
Ralstonia 3.50 ± 0.04 1.20 ± 0.01 0. 90 ± 0.01
Clostridia_UCG-014 1.80 ± 0.03 0.70 ± 0.02 1.70 ± 0.03
Others 38.10 ± 0.05 44.80 ± 0.06 38.90 ± 0.06

1 CON = high-concentrate diet + 0% condensed tannin, T1 = high-concentrate diet + 1% condensed tannin, and
T2 = high-concentrate diet + 2% condensed tannin. a, b Means with different superscripts within the same column
differ significantly (p < 0.05).

4. Discussion
Effects of protein concentration in rumen fluid on rumen tympanism. Under high-

concentrate feeding conditions, goats’ rumens produce substantial amounts of stable
foam [19]. Trial 1 demonstrated a significant positive correlation between the total protein
concentration in rumen fluid and its foaming properties (Table 5). As the protein content
in rumen fluid increased, foam production per unit volume also rose, but foam stability
may not always improve. Protein acts as a surfactant, significantly influencing the liquid’s
foaming properties when dissolved [20]. Rumen microorganisms ferment feed, producing
gas that can become trapped in rumen contents, forming bubbles that may accumulate
into foam [6]. During the ascent, hydrolyzed protein peptides unfold at the liquid surface,
facilitating intermolecular forces that create a viscoelastic film adhering to bubble edges.
The hydrophobic side stabilizes the gas, while the hydrophilic side stabilizes the aqueous
phase [21,22], reducing surface tension and enhancing foam stability by preventing bubble
collapse and rupture [23].

Furthermore, protein hydrolysis may induce peptide chain cross-linking and increase
viscosity, further contributing to foam stabilization. This phenomenon elucidates the ob-
served positive correlation between protein concentration in rumen fluid and foam stability
identified in this study. To our knowledge, this is the first report on the impact of rumen
fluid’s protein concentration on its foaming performance. Research on beer foam has
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shown that barley hordein, poorly soluble in water, forms soluble proteins after microbial
hydrolysis, significantly improving beer foam’s performance [24]. However, not all pro-
teins enhance liquid foaming [25]. This study found that only a protein component with
a molecular weight of 38–52 kDa positively correlates with rumen fluid’s foaming power
and bubble retention (Table 5). Previous beer foam studies identified a 40 kDa protein,
Protein Z, as a key factor affecting beer foam volume and stability, termed “beer foam
protein” [26,27]. It binds with sugar groups during wort boiling, significantly enhancing
beer foam stability [28,29]. Since the rumen of ruminants lacks a secretory function, it is
postulated that the proteins forming foam in the rumen primarily originate from dietary
and microbial sources. Most proteins in ruminant feed ingredients, including gluten and
prolamins in corn, wheat, and rice, as well as globulins in soybeans and cottonseeds, are
largely insoluble in water and possess ordered structures [30]. Consequently, proteins in
natural grain feeds exhibit poor foaming properties. However, microbial fermentation in
the rumen alters feed proteins, increasing their hydrophobicity and potentially enhancing
foaming ability. Additionally, hydrolysis may increase peptide chain cross-linking and
lamellar viscosity, thereby improving foam stability. Rumen microorganisms are capable
of synthesizing substantial amounts of secretory proteins. If ruminal foam formation is
associated with microbial secretory proteins and high-concentrate diets are the primary
inducer of ruminal foam, it can be inferred that such diets may modify the structure
and composition of rumen microorganisms, affecting the type or quantity of secretory
proteins produced and ultimately inducing ruminal foam formation [31]. Therefore, the
amino acid composition and spatial structure of the 38–52 kDa protein component in
rumen fluid remain unclear, and its origin—whether from feed or de novo synthesis by
rumen microorganisms—requires further investigation. On the other hand, studies [32]
have demonstrated that polysaccharides in rumen fluid can bind to proteins via electro-
static interactions, forming protein–polysaccharide complexes. These complexes, stabi-
lized by hydrophobic forces as well as electrostatic interactions, contribute to maintaining
foam stability.

Effects of CT on rumen tympanism. The results of Trial 1 reveal that adding CT
significantly diminishes the foaming power and bubble retention of rumen fluid (Figure 2).
It is important to note that CT itself does not function as an anti-foaming agent; rather,
the reduction in foaming performance can be attributed to its interaction with proteins,
leading to the formation of insoluble substances that lower protein concentrations in
rumen fluid (Figure 1). These in vitro findings suggest that CT may alleviate the risk of
ruminal tympanism by binding to soluble proteins. Subsequent animal trials confirmed this
hypothesis. Specifically, Trial 2 demonstrated that, compared to the CON group, goats in
the 1% CT and 2% CT groups exhibited a significant reduction in the incidence and severity
of ruminal tympanism (Table 6). Furthermore, the foaming power and bubble retention
of rumen fluid in the 2% CT group were significantly decreased (Figure 4), indicating
that an appropriate dosage of CT incorporated into a high-concentrate diet effectively
prevents ruminal tympanism. The phenolic hydroxyl groups and aromatic ring structures
present in CT exhibit a strong binding affinity for protein carbonyl groups [33], facilitating
the formation of stable tannin–protein complexes through surface adsorption [34]. These
complexes are insoluble and resistant to microbial degradation within the typical rumen pH
range (5.0–7.0) [11,35], maintaining stability in the ruminal environment. Previous studies
have shown that CT efficacy in ruminants is influenced by various factors, including dosage,
source, animal species, microorganism, and basal diet composition [34,36]. In Trial 1, it was
observed that 3% CT did not further decrease the foaming properties of rumen fluid. This
may be due to the fact that proteins with a molecular weight of 38–52 kDa are crucial in
determining these properties, and CT reduces them by binding to these proteins. However,
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at higher CT concentrations, the available proteins within this molecular weight range in
the rumen fluid may already be fully saturated, thereby preventing any further reduction
in foam characteristics from additional CT. The current study preliminarily explores the
feasibility of adding CT to HCDs to prevent ruminal tympanism and finds that 2% CT
effectively prevents ruminal tympanism in goats. Further research is needed to investigate
the impact of other additives and nutrient levels on CT efficacy.

Effects of CT on rumen fermentation and nutrient digestibility in goats. The results
of Trial 2 indicate that adding 1% CT and 2% CT to HCDs had no significant impact on
the digestibility of nutrients such as DM, CP, NDF, and ADF in goat diets. This finding
is consistent with previous research by Xiaofeng [37], where the addition of 3% poplar
CT did not alter the digestibility of DM, NDF, and ADF in dairy cattle diets. However,
contrasting studies have shown that the inclusion of argan tannins in Holstein cow diets
significantly reduced the apparent digestibility of fiber [38]. This inconsistency may stem
from the varying doses of CT used in different trials. High doses of CT in the diet can
disrupt rumen fermentation, thereby affecting the digestibility of fiber and other nutrients.
The CT utilized in this study originated from bayberry extract, suggesting that bayberry
CT at concentrations of 1% and 2% has no effect on nutrient digestibility in goats.

The stability of the rumen environment can be visually evaluated by measuring the
pH value of rumen fluid. A fermentation environment is deemed more stable when the
pH ranges between 6.2 and 7.0 [39]. In our animal experiment, all groups exhibited a
normal pH range for rumen fluid, yet the CON group displayed a significantly lower pH
compared to both the 1% CT and 2% CT groups. Research conducted by Chengyun [40]
has indicated that enhancing the diet of Yanbian yellow cattle with higher concentrations
of hazelnut-leaf condensed tannins (CT) results in an increase in rumen pH, which aligns
with our experimental results.

Volatile fatty acids (VFAs), crucial products stemming from ruminal fermentation,
primarily consist of acetic, propionic, and butyric acids [41], serve as pivotal energy sources
for the host organism. Post-feeding with HCDs, VFAs concentrations in the rumen pro-
gressively rise until peaking, fueled by accelerated fermentation processes. Of note, in the
treatment groups that received CT supplementation during our animal trial, concentrations
of acetic, propionic, and butyric acids were notably lower than those recorded in the CON
group. This implies that CT supplementation may effectively mitigate VFA concentrations,
aligning with previous findings [42,43] which observed a reduction in acetic and propionic
acid concentrations within VFAs upon CT addition.

On the other hand, during foamy tympanism, the significant accumulation of foam in
the rumen can impede the interaction between VFAs and the rumen wall. This results in
reduced VFA absorption efficiency and subsequent accumulation within the rumen. The
inclusion of CT acts to bind with proteins and curb foam formation in the rumen, thereby
enhancing VFA absorption by minimizing obstacles. Consequently, this minimized the ac-
cumulation of VFAs in the rumen, resulting in a significant reduction in their concentration
in rumen fluid, which effectively prevents ruminal acidosis. Additionally, the decrease in
foam enhances the absorption surface area of VFAs on the rumen wall, potentially boosting
their contribution to energy supply in goats. Additionally, this explains why pH values in
CT-supplemented groups were markedly higher compared to the control group. In Trial
2, although the 1% CT group exhibited a significantly higher relative abundance of the
rumen-dominant bacterial phylum Fibrobacterota compared to the other groups, its overall
abundance remained relatively low, potentially having a minor impact on VFA production.
Consequently, the more pronounced reduction in VFA concentration observed in the CT
groups was more likely due to the dissipation of rumen foam.
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Effects of CT on goat health. Interleukins play a crucial role in information transmis-
sion, as well as the activation and regulation of immune cells and inflammatory responses.
IL-1β, IL-6, and TNF-α are categorized as pro-inflammatory factors that stimulate or am-
plify inflammatory responses. Conversely, IL-10 serves as an anti-inflammatory factor,
mitigating or even halting such responses. In Trial 2, we observed an elevated concentration
of IL-10 in the 2% CT group compared to the CON group, while levels of pro-inflammatory
factors such as IL-1β, IL-6, and TNF-α were notably reduced relative to the CON group.
These findings imply that the addition of 2% CT may enhance the immune status of
goats. Furthermore, previous research has demonstrated that plant-derived CTs possess
anti-inflammatory properties [44], supporting our experimental observations.

Blood routine analysis serves as a vital indicator for assessing animal health. White
blood cells (WBCs), functioning as defense cells within the organism, reflect changes in
immune status and directly signify immunity levels, particularly cellular immunity and
overall immune health [45]. As evident from Table 10, WBC counts in all three groups
remained within normal ranges [46]. Notably, however, the 2% CT group demonstrated
significantly elevated WBC levels compared to the other two groups. This finding indicates
that the addition of 2% CT may enhance goats’ immune status.

Effects of CT on dominant rumen flora in goats. In the present study, Bacteroidetes,
Proteobacteria, and Firmicutes were identified as the dominant microflora present in goats’
rumens. Analysis of microbial relative abundance (Table 12) failed to uncover any signifi-
cant differences among treatment groups, either at the phylum or genus levels, in terms of
the composition of the dominant flora. Consequently, it can be inferred that supplement-
ing with 1–2% CT does not alter the structural composition of the dominant flora within
goats’ rumens.

Some studies [47] have shown that long-term consumption of high levels of condensed
tannins may impair animals’ absorption of certain minerals, such as iron and zinc. However,
the extent of these antinutritional effects varies greatly depending on the source and dose of
the condensed tannins, as well as the animal species and their physiological state. This trial,
conducted over a period of one month, aimed to investigate whether tannins can eliminate
rumen foam induced by high-concentrate diets during intensive fattening periods. Current
research indicates that supplementing with 2% bayberry condensed tannins does not
adversely affect goats’ metabolic health. Nevertheless, the long-term impacts of condensed
tannin supplementation on feed efficiency and animal growth remain to be fully explored.

5. Conclusions
This study’s findings reveal that feeding goats with HCDs leads to the formation

of stable foam in the rumen, predisposing the goats to foamy rumen tympanism. The
foaming properties of rumen fluid are positively correlated with the concentration of
specific proteins or protein fractions within a molecular weight range of 38–52 kDa. Notably,
the incorporation of 2% condensed tannins into HCDs significantly reduces the foaming
capabilities of rumen fluid while enhancing both pH levels and the immune response
in goats. Importantly, this supplementation does not show adverse effects on nutrient
digestibility or animal health within the conditions tested, suggesting its potential as a
preventive strategy against rumen tympanism.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/fermentation11100581/s1, Table S1: Overview of sequencing results.
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