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Simple Summary: In China, chestnut involucres, an agricultural byproduct, are not appropriately
used and are regarded as agricultural waste. To reduce the environmental pollution caused by
burning or misuse of chestnut involucres, the authors extracted polyphenols from the involucres
of Castanea mollissima Blume (PICB) to produce a new additive. PICB is known to have beneficial
effects on monogastric animals. However, the effects of PICB on ruminants need further investigation.
This study shows that the addition of PICB to the ruminant diet can significantly reduce methane
yields and the ratio of acetic acid to propionic acid, thus improving feed efficiency. The results
contribute to the knowledge of tannins from a specific part of the Castanea mollissima Blume plant
and provide a theoretical basis for the potential use of involucres. Such an application would limit
environmental pollution caused by their disposal and reduce the negative influence of ruminants on

the environment.

Abstract: Nutritional strategies can be employed to mitigate greenhouse emissions from ruminants.
This article investigates the effects of polyphenols extracted from the involucres of Castanea mollissima
Blume (PICB) on in vitro rumen fermentation. Three healthy Angus bulls (350 £ 50 kg), with perma-
nent rumen fistula, were used as the donors of rumen fluids. A basic diet was supplemented with five
doses of PICB (0%—-0.5% dry matter (DM)), replicated thrice for each dose. Volatile fatty acids (VFAs),
ammonia nitrogen concentration (NH3-N), and methane (CHy) yield were measured after 24 h of
in vitro fermentation, and gas production was monitored for 96 h. The trial was carried out over three
runs. The results showed that the addition of PICB significantly reduced NH;3-N (p < 0.05) compared
to control. The 0.1%-0.4% PICB significantly decreased acetic acid content (p < 0.05). Addition of
0.2% and 0.3% PICB significantly increased the propionic acid content (p < 0.05) and reduced the
acetic acid/propionic acid ratio, CHy content, and yield (p < 0.05). A highly significant quadratic
response was shown, with increasing PICB levels for all the parameters abovementioned (p < 0.01).
The increases in PICB concentration resulted in a highly significant linear and quadratic response by
96-h dynamic fermentation parameters (p < 0.01). Our results indicate that 0.2% PICB had the best
effect on in-vitro rumen fermentation efficiency and reduced greenhouse gas production.

Keywords: polyphenols of Castanea mollissima Blume involucres; in vitro fermentation; ammonia
nitrogen; methane yield; acetic/propionic ratio
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1. Introduction

Greenhouse gas (GHG) emissions from animal husbandry must be reduced to mitigate
the effects of climate change. Anaerobic rumen fermentation produces a large amount
of methane (CHy), accounting for 39% of GHG emissions from the animal husbandry
industry [1,2]. Furthermore, in ruminants, the rate of utilization of nitrogen is slow and
equal to approximately 25% of nitrogen intake [3]. A large amount of nitrogen is lost
through feces and urine, causing the emission of ammonia nitrogen (NH3-N) and nitrous
oxide (NO) [4]. These losses are responsible for environmental pollution, compound the
greenhouse effect, and increase the production costs of the farm. Many studies aimed
at reducing GHG emissions have suggested that the addition of tannins in the diet of
ruminants is one of the most promising nutritional strategies because these molecules can
increase nitrogen retention and energy utilization by reducing CH4 and NH;3 emissions [5].

Tannins are high molecular weight polyphenols. They are an important class of plant
secondary metabolites and encompass a wide variety of molecules of different size and
complexity [6]. Based on their molecular structure, they can be divided into hydrolyzable
tannins (HTs) or condensed tannins (CTs) [7]. Both HTs and CTs have been shown to reduce
methane production. Tannins derived from chestnut, myrobalan, mimosa, and quebracho
reduced CHy4 production in in-vitro experiments [8]. Deaville et al. [9] reported chestnut
wood tannins could change the nitrogen excretion pattern, reducing nitrogen in urine while
increasing nitrogen in feces.

According to the United States Food and Agriculture Organization, the worldwide
production of American, European, and Chinese chestnuts and their hybrids is about
2.3 million tons per year [10]. Chestnut involucres are a byproduct of the agro-food indus-
try, accounting for about 10%-25% of the total weight of the chestnuts [11]. These involucres
are often a wasted resource, directly discarded or burned [12], producing dioxin-like toxic
substances and causing environmental pollution [13]. Polyphenols extracted from the in-
volucres of Chinese chestnut (Castanea mollissima Blume; PICB) mainly contain HTs such as
ellagitannin and gallotannin [14]. Dong et al. [15] and Xiong et al. [16] reported the antioxi-
dant activity of PICB from in vitro and in vivo experiments and investigated the effect of
PICB on broilers. Although many studies have reported on the use of chestnut tannin from
the wood of Castanea sativa, no literature report has addressed the effects of PICB on rumen
fermentation. Aboagye and Beauchemin [17] indicated the effects of dietary polyphenols
on intake, digestibility, rumen fermentation, CH4 production, and animal performance
vary depending on diet composition, tannin source and type, dose, and molecular weight,
part of the plant, stage of growth, and growing conditions. The effects of different tannin
sources should be studied case by case. The aim of this study is to investigate the effects of
different concentrations of PICB on pH, NH3-N concentration, volatile fatty acids (VFAs)
and its components, gas production, and the dry matter degradation rate (IVDMD) during
in vitro fermentation.

2. Materials and Methods

The experimental procedure was evaluated and approved by the Committee for the
Care and Use of Experimental Animals, Beijing University of Agriculture (Approval No.
BUA 1901030). The animals were cared for and handled according to the welfare and ethics
standards for experimental animals of Beijing Municipality (Announcement No. 31 of the
Standing Committee of the Beijing Municipal People’s Congress on regulations of Beijing
Municipality on the administration of laboratory animals).

2.1. PICB Extraction

Castanea mollissima Blume involucres were sampled from Huairou Chestnut Station.
PICB were extracted according to the method described by Shi et al. [14]. Briefly, the in-
volucres were dried at room temperature and ground to pass through a No. 80 mesh
sieve. The powder was added to 40% aqueous ethanol and extracted at 67 °C for 38 min.
The supernatant was isolated and centrifuged at 4919.2 x g for 15 min. PICB extract was
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obtained by drying the supernatant with a rotary evaporator. The final PICB had 52.5%
total polyphenol content, among which 18.65% was ellagic acid, which is considered the
effective component. The nonpolyphenol content of the PICB extract was made up of crude
fiber, ash, and water [14,15].

All chemicals and reagents used in this trial were of analytical grade and were pur-
chased from commercial sources.

2.2. Donor Animals, Diet, and Rumen Fluid Collection

The trial was carried out at the experimental farm of the Beijing University of Agricul-
ture. Three healthy Angus bulls (350 £ 50 kg), equipped with permanent rumen fistula,
were selected as rumen fluid donors. The cattle were raised in a confined barn, and their
total mixed ration (TMR) is shown in Table 1. The cattle were fed twice daily at 08:00 and
16:00 and had free access to fresh water; the bedding was cleaned daily.

Table 1. Ingredients and characteristics of the total mixed ration.

Ingredient g/100 g DM
Flaked corn 17.6
DDGS (dry) ! 7.8
Soybean meal 24
Cottonseeds fuzzy 2.9
Corn silage 66.6
Sodium chloride 0.2
Premix 2 2.5
Chemical Composition % DM
Crude protein 13.52
NDE 3 31.48
ADF 4 16.71
Calcium (Ca) 0.81
Phosphorus (P) 0.36
Metabolized energy (M]/kg) ° 11.50

1 DDGS, distillers’ dried grains with solubles. > Contained (per kg of premix; DM basis): 50,000 mg NaCl, 2400
mg Mg, 7600 mg K, 200 mg Cu, 400 mg Mn, 650 mg Zn, 22 mg I, 2 mg Se, 9 mg Co, 121,000 IU vitamin A, 374,000
IU vitamin D3, 5500 IU vitamin E. ® NDF = neutral detergent fiber. * ADF = acid detergent fiber. > Based on NRC
(2001) [18] ingredient composition.

After 14 days of adaptation, samples of rumen fluid were collected from the three
donors via the rumen fistula before the morning feed. Rumen fluid was then placed in
a thermos flask and brought to the laboratory within 20 min. Rumen fluid was filtered
through four layers of gauze into a flask while continuously flushing with CO, to maintain
anaerobic conditions. The operation was completed in the shortest possible time.

2.3. Experimental Design and Treatments

The trial was carried out three times. The basic fermentation substrate for the in-vitro
trials was obtained by drying and grinding the TMR fed to donor cattle to pass through a
1-mm sieve.

The method described by Menke and Steingass [19] was used for the in-vitro gas
production assay. All operations were carried out in a 39 °C water bath with a magnetic
stirrer under continuous CO, flushing. The artificial rumen culture solution was made by
mixing a preprepared mineral buffer solution and rumen fluid (2:1). The substrates were
prepared by mixing the basic fermentation substrate with appropriate amounts of PICB to
obtain samples with concentrations of 0, 0.1, 0.2, 0.3, 0.4, and 0.5% PICB; each concentration
was prepared in triplicate. Substrate (200 mg DM) was weighed into a 100-mL calibrated
glass syringe (HFT000025, Haberle Maschinenfabrik, Germany), and 30 mL of artificial
rumen culture solution was added. The syringe was kept vertical and shaken gently.
By pushing the piston upward, no gas headspace at the liquid inlet end of the syringe
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was permitted. The silicon rubber tube was clipped, and the initial volume was recorded.
Each syringe was placed in an incubator at 39 °C for 24 h, and the gas volume was recorded
at different time points; the fermentation parameters and gas composition were analyzed
at the end of the trial.

In-vitro gas production over 96 h was recorded at 16 different time points of fermen-
tation using the method described above. Gas production was calculated relative to the
gas volume of a blank control group at every time point. Cumulative gas production was
calculated, and a gas production curve was prepared.

2.4. Sampling and Chemical Analyses

After 24 h of in vitro incubation, the fermentation syringes were removed and placed
in an ice-water bath to terminate the fermentation. Gas production was recorded. Us-
ing a disposable syringe, 1 mL of gas was extracted from the fermentation syringe and
immediately injected into a TP-2060T gas chromatograph (Beifen Tianpu Instrument Tech-
nology, Beijing, China). Chromatographic analysis was performed under the following
conditions: thermal conductivity detection, TDX-01 packed column (1 m x 3 mm), inlet
temperature 150 °C, column temperature 120 °C, detector temperature 150 °C, helium
carrier gas (flow rate 50 mL/min), injection volume 1 mL. The CHy yield was calculated
from the resultant data.

Immediately after gas sampling, the pH of the fermentation liquid was measured
with a pH meter equipped with a glass electrode (Model PHS-3C, Shanghai Leici Scientific
Instrument, China).

To measure VFA concentration, 5.0 mL of fermentation liquid was mixed with 1 mL of
phosphoric acid (25% w/v); the mixture was kept at 4 °C for 30 min and then centrifuged
(15,000 x g, 15 min). The supernatant (1 mL) was used for the determination of VFA by
gas chromatography (GC522, Wufeng Instruments, Shanghai, China), as described by Cao
and Yang [20]. Another 4 mL of supernatant was mixed with 0.8 mL of 1% sulfuric acid for
the determination of NH3-N using the phenol-sodium hypochlorite colorimetric method
described by Broderick and Kang [21]. The samples were stored at —20 °C prior to analysis.

For the in-vitro DM degradation rate IVDMD) assay, the substrates (600 mg DM)
were prepared by mixing the basic fermentation substrate with the appropriate amount of
PICB to obtain samples with concentrations of 0, 0.1, 0.2, 0.3, 0.4, and 0.5% (w/w) PICB.
Each concentration was prepared in triplicate. The substrates were poured into a filter
bag, placed in 100-mL glass culture tubes (in duplicate), and mixed with 70 mL of artificial
rumen culture solution. The tubes were then covered quickly and placed in a 39 °C water
bath with a shaker. After 24 h of fermentation, the filter bags were removed, rinsed with
water, and dried at 105 °C for 12-24 h to constant weight. The in-vitro DM degradation
rate (IVDMD) was calculated as follows:

IVDMD(%) = 7—————~ % 100% 1)

where WO is the filter bag weight, W1 is the final weight of the dried sample and the filter
bag, and W2 is the initial weight of the substrate and the filter bag.

2.5. Statistics and Analysis

The data for pH, NH3-N concentration, VFA, gas production, gas composition,
and DM degradation were analyzed using the ANOVA of SPSS 25.0. The Tukey multi-
comparison method was used to compare the effects of different doses of PICB. Linear
(L) and quadratic (Q) responses were analyzed to evaluate the dose-dependent trends.
The significant level was p < 0.05, and the highly significant level was p < 0.01 [22-24].
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The nonlinear method of SPSS 25.0 was used to calculate the dynamic fermentation
parameters, and an exponential model (Equation (2)) was adopted to analyze the nonlinear
fitting of cumulative gas production at different PICB concentrations:

Y=B[1—e 0] 2)

where Y is the cumulative gas production (mL) at time ¢, B is the theoretical maximum gas
production (mL), ¢ is the gas production rate (h™1), and t is the fermentation time (h) [25].

3. Results
3.1. Fermentation Parameters and DM Degradation Rate

Table 2 shows the fermentation parameters and the in-vitro DM degradation rate (IVDMD).

The pH (average value: 6.60 £ 0.36) was not modified by the addition of PICB, and no
significant difference was observed among the different PICB concentrations (p > 0.05).

PICB addition significantly affected the NH3-N concentration during fermentation.
Compared with the control group, the addition of PICB significantly reduced NH3-N
concentration (p < 0.05). A PICB concentration of 0.3% showed the largest decrease,
which was significantly different from the other PICB groups except for 0.2%. A significant
quadratic response was observed with increasing PICB concentration (p < 0.01).

While the addition of PICB had no significant effect on total VFA concentration
during fermentation (p > 0.05), the proportions of acetic, propionic, and butyric acids were
significantly affected. Compared with the control group, the addition of 0.1-0.4% PICB
significantly reduced the percentage of acetic acid (p < 0.05), with the 0.2% and 0.3% groups
significantly lower than the 0.1% and 0.4% groups. In contrast, the addition of 0.1-0.4%
PICB significantly increased the percentage of propionic acid (p < 0.05), with 0.2% and 0.3%
groups significantly higher than the 0.1% group. Correspondingly, the addition of 0.2% and
0.3% PICB significantly reduced the acetic/propionic acid (A:P) ratio compared with the
control group. The 0.3% PICB inclusion significantly increased butyric acid content during
fermentation (p < 0.05). Highly significant quadratic responses (p < 0.01) were observed
with the increase of PICB concentration for acetic, propionic, and butyric acids and for the
A:P ratio.

PICB had no significant effect on isobutyric, isovaleric, and valeric acids and IVDMD
(p > 0.05) at any dose.

3.2. Gas Production, Composition, and Methane Yield

The results related to gas production and composition after 24 h of in-vitro fermenta-
tion are reported in Table 3. Compared with the control group, 0.4% and 0.5% PICB addition
significantly decreased overall gas production (p < 0.05); 0.2% and 0.3% PICB did not signif-
icantly influence gas production even though the values were higher. The CHy percentage
and volumetric yield for 0.2% and 0.3% PICB were significantly lower than those of the
control group (p < 0.05), with the 0.2% results lower than the 0.3% results. Highly significant
quadratic responses with increasing PICB concentration were observed for CHy volumetric
yield and CHy percentage (p < 0.01). The addition of PICB did not significantly affect Hy,
oxygen + nitrogen, and CO, content during 24 h of in-vitro fermentation (p > 0.05).

3.3. Gas Production after 96 h In-Vitro Fermentation

As shown in Table 4, the addition of PICB did not significantly affect rumen gas
production parameters after 96 h of in vitro fermentation. The theoretical maximum
gas production and gas production rate of PICB groups showed oscillations at about
control group levels. Gas production, theoretical maximum gas production, and gas
production rate showed highly significant linear responses (p < 0.01) with increasing PICB
concentration. Gas production and maximum gas production showed highly significant
quadratic responses with increasing PICB concentration (p < 0.01).
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Table 2. pH, NH3-N, total VFAs and their components, and DM degradation after 24-h in-vitro fermentation with different doses of PICB !.

Items

PICB inclusion (DM, %)

Polynomial ¢

0% 0.1% 0.2% 0.3% 0.4% 0.5%
pH 6.598 + 0.008 6.621 + 0.042 6.600 + 0.066 6.596 + 0.012 6.610 + 0.034 6.598 + 0.018
NH;3-N (mmol/L) 2 2451+ 0.762 24.05 + 0.62° 23.66 + 0.58 be 23.35+0.51°¢ 2392 +0.55P 2394 +0.72b Q
Total VFAs (mmol/L) 3 47.07 + 1.65 46.96 & 1.47 48.00 £ 2.32 47.42 +1.43 46.50 + 2.61 48.04 +2.79
Acetic acid (%) 60.38 +0.212 59.98 + 0.36 ° 59.03 + 0.38 ¢ 59.02 + 0.40 59.82 4+ 0.43 P 60.22 +0.302 Q
Propionic acid (%) 20.70 £ 0.39 4 21.00 £ 0.31°¢ 21.50 +0.412 21.26 + 0.41 2P 21.11 + 0.40 be 20.86 + 0.25 d Q
Isobutyrate acid (%) 1.35 4 0.09 1.35 4 0.04 1.34 4 0.09 1.35 4 0.06 1.34 + 0.06 1.30 + 0.09
Butyric acid (%) 13.31 £ 0.37P 13.61 + 0.33P 13.85 + 0.34 2P 14.06 & 0.38 2 13.60 + 0.36 P 13.68 £ 0.29b Q
Isovaleric acid (%) 2.66 + 0.07 2.70 + 0.10 2.69 +0.13 2.68 + 0.06 2.65 %+ 0.07 2.64 +0.11
Valeric acid (%) 1.40 + 0.06 1.41 + 0.04 1.42 +0.09 1.42 + 0.06 1.37 £ 0.09 1.38 + 0.06
AP* 2917 4 0.054 2 2.857 +0.037 2 2.740 + 0.056 © 2.777 4+ 0.062 b° 2.834 + 0.040 2P 2.887 +0.033 2 Q
IVDMD (%) 56.30 + 0.89 56.84 & 0.90 56.51 & 1.12 56.14 + 1.64 57.16 & 2.37 56.15 & 1.50

Different letters indicate significant differences (p < 0.05). ! PICB = polyphenols extracted from the involucres of Castanea mollissima Blume. 2 NH3-N = ammonia nitrogen. 3 VFAs = volatile fatty acids. * A:P =
acetic acid:propionic acid. > IVDMD = in-vitro dry matter degradation after 24 h. ® Q = highly significant quadratic effect of dietary addition of PICB (p < 0.01).

Table 3. Gas production and composition at 24-h in-vitro fermentation with different rates of PICB addition.

PICB inclusion (DM, %) 1

Polynomial 2

Items
0% 0.1% 0.2% 0.3% 0.4% 0.5%
24-h gas production (mL) 48.22 4+ 0.52 @b 48.16 + 0.45 P 4853 +1.242 48.23 4 (.74 b 47.79 + 0.68 b¢ 47.56 + 1.00 ¢
H, (%) 0.0078 + 0.0035 0.0090 + 0.0023 0.0094 + 0.0010 0.00823 =+ 0.0042 0.0094 + 0.0013 0.0089 + 0.0023
Oxygen + Nitrogen (%) 2.99 + 0.66 293 +0.61 2.79 + 0.63 2.74 + 0.49 3.01 £ 0.52 2.78 + 0.68
CO5 (%) 74.66 + 0.59 7451 + 1.04 74.65 + 1.17 74.61 + 0.87 7424 +1.15 7427 +1.17
CHy (%) 14.65 £ 0.27 2 1452 +£ 0272 13.36 + 0.35 ¢ 14.15 + 0.47b 1452 +£0.382 14.60 + 0.452 Q
CHy, yield (mL) 7.063 +0.101 2 6.991 4+ 0.109 2 6.468 + 0.171°¢ 6.823 +0.214 P 6.940 + 0.249 ab 6.958 + 0.0234 2 Q

Different letters indicate significant differences (p < 0.05). ! PICB = polyphenols extracted from the involucres of Castanea mollissima Blume. 2 Q = highly significant quadratic effect of dietary addition of PICB

(p <0.01).
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Table 4. Effect of different concentrations of PICB on in-vitro rumen fermentation 96-h dynamic fermentation parameters.

PICB Inclusion (DM, %) 1

Items Polynomial 4
0% 0.1% 0.2% 0.3% 0.4% 0.5%
96-h gas production (mL) 61.30 4= 0.48 62.34 4+ 0.92 62.52 + 0.51 60.04 4+ 0.33 60.88 4= 0.85 59.16 4+ 0.91 L Q
B (mL) 2 61.41 +0.47° 6241 +0912 62.65 +0.512 60.19 + 0.34 € 61.01 & 0.85 b¢ 59.29 4+ 0.92 4 L Q
c(%/h~1)3 0.0658 + 0.0014 P 0.0699 + 0.0011 @ 0.0649 + 0.0009 b¢ 0.0630 + 0.0015 4 0.0642 + 0.0009 <4 0.0638 C:s 0.0009

Different letters indicate significant differences (p < 0.05). ! PICB = polyphenols extracted from the involucres of Castanea mollissima Blume. 2 B = theoretical maximum gas production. 3 ¢ = gas production rate. *
L = highly significant linear effect of dietary addition of PICB (p < 0.01). Q = highly significant quadratic effect of dietary addition of PICB (p < 0.01).
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4. Discussion
4.1. Effect of PICB on pH

Rumen pH depends mainly on diet characteristics (chemical and physical) and can
range between pH 5.6 and 7.5 in response to different feed formulations [26]. In the present
study, different concentrations of PICB did not significantly affect the pH, ranging from
pH 6.4 to 6.7. These findings are in agreement with those of Sarnataro and Spanghero [27]
and Aguerre et al. [28], who found similar results for in-vitro fermentation and in Holstein
cows. On the contrary, Hassanat and Benchaar [29] found that the addition of chestnut
tannin significantly increased the pH of rumen fluid.

4.2. Effect of PICB on NH3-N Concentration

The nitrogen retention rate in the rumen is an important indicator of the efficiency of
protein utilization. A higher nitrogen retention rate indicates more efficient utilization of
nitrogen compounds and less nitrogen loss in urine and feces. NH3-N is a key nitrogen
source for fermentation and one of the primary nitrogen sources for microbial growth.
High NH3-N concentration in the rumen leads to more nitrogen loss and can even influence
reproductive performance [30]. Three factors may cause a decrease of NH3-N content. First,
Al-Dobaib [31] reported that tannins can form complexes with feed proteins and reduce
their utilization by rumen microorganisms, thereby improving the nitrogen utilization rate
and reducing nitrogen emissions. PICB is mainly composed of HTs such as ellagic acid,
with a small percentage of CTs such as proanthocyanins [14,32]. CTs can form complexes
with feed proteins and decrease their degradability [33], thus reducing the NH3-N con-
centration. HTs can also combine with protein to form HT-protein complexes, but some
rumen microorganisms can dissociate the HT-protein complex [8]. Second, tannin can
inhibit the activity of microbial dehydrogenase [34]. Third, the bacteria-degrading activity
of protozoa can be inhibited by tannins [35]. In this study, 0.2% and 0.3% PICB decreased
NH;3-N production by 3.5% and 4.7%, respectively, which was consistent with the results of
Sarnataro and Spanghero [27], who reported that the addition of 0.25%-1.5% DM chestnut
tannin to beef cattle diet reduced in-vivo ammonia concentration without adverse effects
on beef cattle growth [36]. The decrease of NH3-N concentration may be attributed to the
inhibitory activity of tannin against protozoan symbiotic bacteria [35].

4.3. Effect of PICB on VFA Production

Carbohydrates are degraded by rumen microorganisms to form adenosine triphos-
phate (ATP), VFAs, CO,, Hy, CHy, and other minor compounds. VFAs are the main source
of energy for ruminants, accounting for 70%-80% of energy absorption; for this reason,
the measurement of rumen VFAs is of great significance [37]. Vasta et al. [38] summarized
the available literature regarding changes in levels of VFAs and acetic, propionic, and bu-
tyric acids after the use of tannin. The results varied from increased levels to unchanged
or decreased levels for all four parameters, including studies using tannins from chestnut.
Aboagye and Beauchemin [17] reported that the effects of tannins on intake, digestibility,
rumen fermentation, CHy production, and animal performance vary, depending on the
part of the plant, stage of growth, and growing conditions. Therefore, the effects of tannin
addition should be studied case by case. In this trial, the addition of PICB significantly
affected the relative contents of acetic and propionic acids and significantly reduced the
A:P ratio. The butyric acid content for 0.3% PICB was significantly higher than that of
the other groups. Jayanegara et al. [22] and Bhatta et al. [8] reported similar results and
suggested that certain types of tannins could improve energy efficiency. Hassanat and
Benchaar [29], however, showed that the addition of chestnut tannin increased in-vitro
acetic acid production and reduced the proportion of valeric acid and branched-chain VFAs
without any influence on the A:P ratio. Sarnataro and Spanghero [27] reported that the
addition of chestnut tannin reduced the amount of total VFAs, isobutyrate, and isovalerate
and increased the proportion of valerate. However, no significant change was observed for
total VFAs, isobutyrate, isovalerate, or valerate in this study.
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4.4. Effect of PICB on Methane Production

Many authors have reported that the addition of CTs and HTs reduces CHy production
in the rumen [6,22]. Bhatta et al. [8] reported that chestnut tannins reduced CHy4 produc-
tion in vitro and demonstrated that the effect was associated with a reduced protozoa
population. Liu et al. [39] reported that the supplement of chestnut tannins decreased
CH,4 emissions from sheep by reducing methanogen and protozoa populations. Simi-
lar results were reported by Jayanegara et al. [22], Witzig et al. [40], and Aboagye and
Beauchemin [17]. Vasta et al. [38], after reviewing the microbiota analyses achieved in the
past 10 years, concluded that an overall depressive effect of dietary polyphenols was related
to total methanogen and protozoa populations, given that archaea are associated with
protozoa and the reduced protozoa population in the presence of tannins partly contributes
to decreased methane production. The decrease of methane production might be related
to the transfer of the protozoan population from a type-B ciliate community to a type-A
ciliate community [41]. CTs indirectly reduced the CH4 production by reducing fiber diges-
tion, while HTs inhibited the activity and growth of methane- and hydrogen-producing
microorganisms [6]. HT reduced CHy4 production more efficiently than CT [22,37]. Shi [14]
reported that the main effective polyphenols in PICB were HTs, such as ellagic acid and
gallic acid, rather than CTs. The aim of the current study is to explore the effects of PICB
on CHy production. The study compared the function of PICB from Castanea mollissima
Blume with chestnut tannins from Castanea sativa in studies reported by Liu et al. [39],
Jayanegara et al. [22], and many others. We consider that PICB shows a similar influence
on rumen microbiota.

4.5. Effects of PICB on IVDMD

The DM degradation rate is a reflection of ruminant diet digestion and absorption
efficiency. Jayanegara et al. [22] and Jafari et al. [42] reported that HTs had no significant
effect on the in-vitro DM degradation rate in ruminant diets, while CTs had more influence
on DM degradation. Aboagye et al. [2,36] reported that chestnut wood tannin did not affect
the IVDMD or organic matter degradation. In the current study, PICB addition did not
affect IVDMD, which might be because of the gallic acid subunit or its metabolites [14,42].
However, Wischer et al. [5] reported that in-vivo DM degradation and organic matter
degradation decreased after the addition of chestnut tannin to sheep diets. Further work is
needed to study the effects of different sources of tannin on animal performance.

4.6. Effect of PICB on Gas Production after 24 and 96 h In-Vitro Fermentation

In-vitro culture gas production reflects diet degradation and microbial activity in the
rumen [22]. Regarding gas production after 24 h of fermentation, the results in the literature
are quite variable. Some have reported reduced gas production [29,43], some were un-
changed [27], while Wei et al. [24] reported increased gas production. In the present study,
the addition of 0.2% and 0.3% PICB did not significantly increase gas production when
compared with the control group, even though the experimental values were marginally
higher. In contrast, the addition of 0.4% PICB induced a decline in gas production and
0.5% PICB caused a significant decrease. These results were similar to those of Jayanegara
etal. [22], who showed a slight decline in gas production at the 0.39% (0.5 mg/mL) addition
level of chestnut tannin and a significant decrease at 0.78% (1 mg/mL).

The addition of PICB did not significantly affect 96-h gas production, although there
were significant differences and highly significant linear and quadratic responses for gas
production, theoretical maximum gas production (B), and gas production rate (c) during
the 96-h in-vitro fermentation (see Table 4). While PICB might modify the fermentation
rate, it did not modify final gas production because the fermentation bases were the same
among groups. This result was in agreement with that of Sarnataro and Spanghero [27],
who reported that the addition of chestnut tannin had no effect on gas production during
in vitro fermentation.
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5. Conclusions

In this study, the addition of PICB to a ruminant diet significantly affected the NH3-N
concentration, the content of acetic, propionic, and butyric acids, the A:P ratio, and CHy
production after 24 h of in-vitro rumen fermentation. The addition of PICB had no influ-
ence on 24-h DM degradation or 96-h total gas production. The addition of 0.3% PICB
significantly reduced the NH3-N concentration relative to the control, while the addition
of 0.2% PICB significantly increased the relative content of propionic acid and reduced
acetic acid content and the A:P ratio. Furthermore, the addition of 0.2% PICB significantly
reduced the CHy yield during in-vitro rumen fermentation. These results indicate that the
addition of PICB is a promising dietary strategy for improving ruminant energy utilization
and mitigating greenhouse gas emissions.

Author Contributions: Conceptualization, K.G. and R.E,; data curation, Y.W. and S.Y.; formal analysis,
Y.W. and S.Y.; funding acquisition, K.G., Y.G., and R.F,; investigation, S.Z.; methodology, X.Q.; project
administration, X.Q. and Y.G.; resources, Y.L., S.Z., and K.G.; supervision, Y.G.; validation, Y.L. and
X.Q.; writing—original draft, Y.W.; writing—review and editing, YW,, S.Y,, Y.L, X.Q., K.G,, Y.G., and
R.E. All authors have read and agreed to the published version of the manuscript.

Funding: This work was conducted with financial support from the National Key Research and
Development Program of China: Application and demonstration of quality beef cattle high efficiency
and safe farming technology (2018YFD0501700), the program of the Beijing Dairy Cattle Innova-
tion Team of Modern Agriculture Industry Technology Systems: Construction of cattle production
standardization (BAIC06-2021), and the 2018 Ricerca Locale, University of Torino: Byproducts and
protein sources in animal nutrition.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Beijing University of Agricultture (protocol code BUA 1901030, date of approval: Jan. 30, 2019).

Informed Consent Statement: Not applicable

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the authors having to personal
website.

Acknowledgments: We thank X.D. Li and individual staff for their care of the experimental animals.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tackling Climate Change through Livestock: A Global Assessment of Emissions and Mitigation Opportunities. Available online:
http:/ /www.fao.org/3/i3437e/i3437e00.htm (accessed on 21 March 2020).

2. Aboagye, I.A.; Oba, M.; Koenig, K.; Zhao, G.Y.; Beauchemin, K.A. Use of gallic acid and hydrolyzable tannins to reduce methane
emission and nitrogen excretion in beef cattle fed a diet containing alfalfa silage. J. Anim. Sci. 2019, 97, 2230-2244.

3.  Calsamiglia, S.; Ferret, A.; Reynolds, C.K.; Kristensen, N.B.; Van Vuuren, A.M. Strategies for optimizing nitrogen use by ruminants.
Animal 2010, 4, 1184-1196.

4. Dijkstra, J.; Oenema, O.; Van Groenigen, J.W.; Spek, ].W.; Van Vuuren, A.M.; Bannink, A. Diet effects on urine composition of
cattle and N, O emissions. Animal 2013, 7, 292-302.

5. Wischer, G.; Greiling, A.; Boguhn, J.; Steingass, H.; Schollenberger, M.; Hartung, K.; Rodehutscord, M. Effects of long-term
supplementation of chestnut and valonea extracts on methane release, digestibility and nitrogen excretion in sheep. Animal 2014,
8,938-948.

6.  Goel, G.; Makkar, H. Methane mitigation from ruminants using tannins and saponins. Trop. Anim. Health Prod. 2011, 44, 729-739.

7.  McSweeney, C.S.; Palmer, B.; McNeill, D.M.; Krause, D.O. Microbial interactions with tannins: Nutritional consequences for
ruminants. Anim. Feed Sci. Technol. 2001, 91, 83-93.

8.  Bhatta, R,; Uyeno, Y,; Tajima, K.; Takenaka, A.; Yabumoto, Y.; Nonaka, I.; Enishi, O.; Kurihara, M. Difference in nature of tannins
on in vitro ruminal methane and volatile fatty acid production and on methanogenic archaea and protozoal populations. J. Dairy
Sci. 2009, 92, 5512-5522.

9. Deaville, E.R.; Givens, D.I.; Mueller-Harvey, I. Chestnut and mimosa tannin silages: Effects in sheep differ for apparent

digestibility, nitrogen utilisation and losses. Anim. Feed Sci. Technol. 2010, 157, 129-138.


http://www.fao.org/3/i3437e/i3437e00.htm

Animals 2021, 11, 108 11 of 12

10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.
36.

37.

FAOSTAT. Food and Agriculture Organization of the United States. Available online: http:/ /www.fao.org/faostat/en/?#data/QC
(accessed on 20 December 2019).

Vella, EM.; Laratta, B.; LaCara, F.; Morana, A. Recovery of bioactive molecules from chestnut (Castanea sativa Mill.) by-products
through extraction by different solvents. Nat. Prod. Res. 2017, 32, 1022-1032.

Maurelli, L.; Ionata, E.; LaCara, F.; Morana, A. Chestnut Shell as Unexploited Source of Fermentable Sugars: Effect of Different
Pretreatment Methods on Enzymatic Saccharification. Appl. Biochem. Biotech. 2013, 170, 1104-1118.

Liberti, A.; Goretti, G.; Russo, M.V. PCDD and PCDF formation in the combustion of the vegetable wastes. Chemosphere 1983, 12, 61-63.
Shi, E.H. Study on Extraction, Purification and the Antioxidant Activity of Polyphenol from Castanea Mollissina Blume. Master’s
Thesis, Beijing University of Agriculture, Beijing China, 7 June 2013.

Dong, S.; Li, H.; Gasco, L.; Xiong, Y.; Guo, K.J.; Zoccarato, I. Antioxidative activity of the polyphenols from the involucres of
Castanea mollissima Blume and their mitigating effects on heat stress. Poult. Sci. 2015, 94, 1096-1104.

Xiong, Y.; Dong, S.; Zhao, X.; Guo, K].; Gasco, L.; Zoccarato, I. The Research on the Mechanism of Antioxidative and Growth-Promoting
Effects of Polyphenols from the Involucres of Castanea Mollissima Blume on IEC-6 Cells. Poult. Sci. 2016, 95, 1869-1880.

Aboagye, I.A.; Beauchemin, K.A. Potential of Molecular Weight and Structure of Tannins to Reduce Methane Emissions from
Ruminants: A Review. Animals 2019, 9, 856.

NRC (National Research Council). Nutrient Requirements of Dairy Cattle, 7th ed.; National Academy Press: Washington, DC, USA, 2001.
Menke, K.H.; Steingass, H. Estimation of the energetic feed values obtained from chemical analysis and in vitro gas production
using rumen fluid. Anim. Res. Dev. 1988, 28, 7-55.

Cao, Y.C.; Yang, H.J. Ruminal digestibility and fermentation characteristics in vitro of fenugreek and alfalfa hay combination
with or without the inoculation of Neocallimastix sp. YAK11. Anim. Feed Sci. Technol. 2011, 169, 53—60.

Broderick, G.; Kang, ].H. Automated simultaneous determination of ammonia and amino acids in ruminal fluids and in vitro
media. J. Dairy Sci. 1980, 80, 2964-2971.

Jayanegara, A.; Goel, G.; Makkar, H.P.S.; Becker, K. Divergence between purified hydrolysable and condensed tannin effects on
methane emission, rumen fermentation and microbial population in vitro. Anim. Feed Sci. Technol. 2015, 209, 60-68.

Rira, M.; Morgavi, D.; Genestoux, L.; Djibiri, S.; Sekhri, I.; Doreau, M. Methanogenic potential of tropical feeds rich in hydrolysable
tannins. J. Anim Sci. 2019, 97, 2700-2710.

Wei, C.; Guyader, J.; Collazos, L.; Beauchemin, K.; Zhao, G. Effects of gallic acid on in vitro rumen fermentation and methane
production using rumen simulation (Rusitec) and batch-culture techniques. Anim. Prod. Sci. 2019, 59, 277-287.

Giridhar, K.S.; Prabhu, T.; Singh, K.; Nagabhushan, V.; Thirumalesh, T.; Rajeshwari, Y.; Umashankar, B. Nutritional potentialities
of some tree leaves based on polyphenols and rumen in vitro gas production. Vet. World 2018, 11, 1479-1485.

Kopecny, J.; Wallace, R J. Cellular Location and Some Properties of Proteolytic Enzymes of Rumen Bacteria. Appl. Environ. Microb.
1982, 43, 1026-1033.

Sarnataro, C.; Spanghero, M. In vitro rumen fermentation of feed substrates added with chestnut tannins or an extract from
Stevia rebaudiana Bertoni. Anim. Nutr. 2020, 6, 54-60.

Aguerre, M.].; Capozzolo, M.C.; Lencioni, P; Cabral, C.; Wattiaux, M.A. Effect of quebracho-chestnut tannin extracts at 2 dietary
crude protein levels on performance, rumen fermentation, and nitrogen partitioning in dairy cows. . Dairy Sci. 2016, 99,
4476-4486.

Hassanat, F.; Benchaar, C. Assessment of the effect of condensed (acacia and quebracho) and hydrolysable (chestnut and valonea)
tannins on rumen fermentation and methane production in vitro. J. Sci. Food Agr. 2013, 93, 332-339.

Kabasa, ].D.; Opuda-Asibo, ].; Thinggaard, G.; Ter Meulen, U. The Role of Bioactive Tannins in the Postpartum Energy Retention
and Productive Performance of Goats Browsed in a Natural Rangeland. Trop. Anim. Health Prod. 2004, 36, 567-579.

Al-Dobaib, S.N. Effect of different levels of Quebracho tannin on nitrogen utilization and growth performance of Najdi sheep fed
alfalfa (Medicago sativa) hay as a sole diet. Anim. Sci. J. 2009, 80, 532-541.

Cerulli, A.; Napolitano, A.; Masullo, M.; Hosek, J.; Pizza, C.; Piacente, S. Chestnut shells (Italian cultivar “Marrone di Roc-
cadaspide” PGI): Antioxidant activity and chemical investigation with in depth LC-HRMS/MSn rationalization of tannins. Food
Res. Int. 2020, 129. [CrossRef]

Mcsweeney, C.S.; Palmer, B.; Bunch, R.; Krause, D.O. Isolation and Characterization of Proteolytic Ruminal Bacteria from Sheep
and Goats Fed the Tannin-Containing Shrub Legume. Appl. Environ. Microb. 1999, 65, 3075-3083.

Tabacco, E.; Borreani, G.; Crovetto, G.M.; Galassi, G.; Colombo, D.; Cavallarin, L. Effect of Chestnut Tannin on Fermentation
Quality, Proteolysis, and Protein Rumen Degradability of Alfalfa Silage. J. Dairy Sci. 2006, 89, 4736-4746.

Jouany, J.P. Manipulation of microbial activity in the rumen. Arch. Anim. Nutr. 1994, 46, 133-153.

Aboagye, L.A.; Oba, M,; Castillo, A.R.; Koenig, K.M.; Iwaasa, A.D.; Beauchemin, K.A. Effects of hydrolyzable tannin with or
without condensed tannin on methane emissions, nitrogen use, and performance of beef cattle fed a high-forage diet. J. Anim. Sci.
2018, 96, 5276-5286.

Jayanegara, A.; Goel, G.; Makkar, H.P.S.; Becker, K. Reduction in Methane Emissions from Ruminants by Plant Secondary
Metabolites: Effects of Polyphenols and Saponins. In Sustainable Improvement of Animal Production and Health; Odongo, N.E.,
Garcia, M., Viljoen, G.J., Eds.; Food and Agriculture Organization of the United Nations: Rome, Italy, 2010; pp. 151-157.


http://www.fao.org/faostat/en/?#data/QC
http://doi.org/10.1016/j.foodres.2019.108787

Animals 2021, 11, 108 12 of 12

38.

39.

40.

41.

42.

43.

Vasta, V.; Daghio, M.; Cappucci, A.; Buccioni, A.; Serra, A.; Viti, C.; Mele, M. Invited review: Plant polyphenols and rumen
microbiota responsible for fatty acid biohydrogenation, fiber digestion, and methane emission: Experimental evidence and
methodological approaches. J. Dairy Sci. 2019, 102, 1-24.

Liu, H.; Vaddella, V.; Zhou, D. Effects of chestnut tannins and coconut oil on growth performance, methane emission, ruminal
fermentation, and microbial populations in sheep. J. Dairy Sci. 2011, 94, 6069-6077.

Witzig, M.; Zeder, M.; Rodehutscord, M. Effect of the ionophore monensin and tannin extracts supplemented to grass silage on
populations of ruminal cellulolytics and methanogens in vitro. Anaerobe 2018, 50, 44-54.

Kittelmann, S.; Janssen, P.H. Characterization of rumen ciliate community composition in domestic sheep, deer, and cattle,
feeding on varying diets, by means of PCR-DGGE and clone libraries. FEMS Microbiol. Ecol. 2011, 75, 468—481.

Jafari, S.; Ebrahimi, M.; Goh, Y.M.; Rajion, M.A.; Jahromi, M.E,; Al-Jumaili, W.S. Manipulation of rumen fermentation and methane
gas production by plant secondary metabolites (saponin, tannin and essential 0il)—A review of ten-year studies. Ann. Anim. Sci.
2019, 19, 3-29.

Amanzougarene, Z.; Yuste, S.; Fondevila, M. Addition of several tannin extracts to modulate fermentation of barley meal under
intensive ruminant feeding conditions simulated in vitro by incubating at pH 6.0-6.2. Anim. Prod. Sci. 2019, 59, 1081-1089.



	Introduction 
	Materials and Methods 
	PICB Extraction 
	Donor Animals, Diet, and Rumen Fluid Collection 
	Experimental Design and Treatments 
	Sampling and Chemical Analyses 
	Statistics and Analysis 

	Results 
	Fermentation Parameters and DM Degradation Rate 
	Gas Production, Composition, and Methane Yield 
	Gas Production after 96 h In-Vitro Fermentation 

	Discussion 
	Effect of PICB on pH 
	Effect of PICB on NH3-N Concentration 
	Effect of PICB on VFA Production 
	Effect of PICB on Methane Production 
	Effects of PICB on IVDMD 
	Effect of PICB on Gas Production after 24 and 96 h In-Vitro Fermentation 

	Conclusions 
	References

