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Abstract

This experiment aimed to investigate the effects of grape seed proanthocyanidins
on rumen fermentation parameters and microbial flora in dairy cows using an
in vitro culture method. The experiment was divided into 6 groups, using
500 g of total mixed ration with a concentrate-to-forage ratio of 40:60 as the
fermentation substrate, with each group supplemented with 0 (control), 0.1,
0.2, 0.3, 0.4, or 0.5 g/kg of grape seed proanthocyanidins. After 24 h of in vitro
fermentation, gas production was recorded and rumen fermentation parameters
and microbial contents were determined. The results showed that, compared
with the control group: 1) Supplementation with 0.4 and 0.5 g/kg of grape
seed proanthocyanidins significantly decreased the contents of butyric acid and
isovaleric acid in the fermentation fluid (P<0.05), while supplementation with
0.2 g/kg of grape seed proanthocyanidins significantly increased the content of
isobutyric acid in the fermentation fluid (P<0.05); 2) Supplementation with
different levels of grape seed proanthocyanidins all significantly increased the
pH of the fermentation fluid (P<0.05); 3) Supplementation with different levels
of grape seed proanthocyanidins tended to reduce gas production from in vitro
fermentation, with the 0.3 g/kg group showing a significant effect (P<0.05),
while the 0.2 g/kg group significantly decreased methane production (P<0.05);
4) Grape seed proanthocyanidins significantly decreased the contents of protozoa
(in the 0.2, 0.3, 0.4, and 0.5 g/kg groups), methanogens (in the 0.1, 0.2, 0.4, and
0.5 g/kg groups), Butyrivibrio fibrisolvens (in the 0.2, 0.3, 0.4, and 0.5 g/kg
groups), and Fibrobacter succinogenes (in the 0.1, 0.3, 0.4, and 0.5 g/kg groups)
in the fermentation fluid (P<0.05). Therefore, supplementation of grape seed
proanthocyanidins in dairy cow rumen in vitro fermentation fluid improved the
rumen fermentation pattern, significantly affected the rumen microbial flora,
and significantly reduced methane production, with the supplementation level
of 0.2 g/kg being relatively appropriate.
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Abstract: This trial was conducted to investigate the effects of grape seed
procyanidins on rumen fermentation parameters and microflora in dairy cows
using an in vitro culture method. The experiment consisted of six groups, with
a total mixed ration (TMR) at a concentrate-to-forage ratio of 40:60 serving as
the fermentation substrate. Grape seed procyanidins were added at levels of 0
(control), 0.1, 0.2, 0.3, 0.4, and 0.5 g/kg. After 24 h of in vitro fermentation,
gas production was recorded, and rumen fermentation parameters and micro-
bial populations were measured. Compared with the control group, the results
showed that: (1) supplementation with 0.4 and 0.5 g/kg grape seed procyani-
dins significantly decreased the contents of butyric acid and isovaleric acid in
the fermentation fluid (P<0.05), while 0.2 g/kg supplementation significantly
increased isobutyric acid content (P<0.05); (2) different levels of grape seed pro-
cyanidins significantly increased fermentation fluid pH (P<0.05); (3) grape seed
procyanidins reduced in vitro gas production, with a significant effect observed
in the 0.3 g/kg group (P<0.05), and the 0.2 g/kg group significantly decreased
methane production (P<0.05); (4) grape seed procyanidins significantly reduced
the populations of protozoa (0.2, 0.3, 0.4, and 0.5 g/kg groups), methanogens
(0.1, 0.2, 0.4, and 0.5 g/kg groups), Butyrivibrio fibrisolvens (0.2, 0.3, 0.4, and 0.5
g/kg groups), and Fibrobacter succinogenes (0.1, 0.3, 0.4, and 0.5 g/kg groups)
in the fermentation fluid (P<0.05). In conclusion, grape seed procyanidin sup-
plementation improved rumen fermentation patterns, significantly affected ru-
men microflora, and substantially reduced methane production, with 0.2 g/kg
being the optimal addition level.

Keywords: grape seed procyanidins; dairy cow; rumen fluid; in vitro fermen-
tation; microflora

Introduction

Grape seed procyanidins are phenolic compounds found in grape fruits, with
particularly high concentrations present in the seeds [1-3]. They possess vari-
ous biological activities, including antioxidant [4-5], free radical scavenging [6],
anti-radiation, and anti-stress effects [7-8]. Studies on their supplementation
in ruminant and pig feeding have been reported both domestically and inter-
nationally [9-18]. In China, research on the effects of grape seed procyanidins
on dairy cow production performance and on rumen fermentation in sheep has
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been relatively extensive [9-14]; however, systematic studies on their impact on
rumen fermentation and microflora in dairy cows remain limited, necessitating
further in-depth investigation.

Currently, the addition of plant saponin substances to improve livestock per-
formance shows broad application prospects, particularly in regulating rumen
fermentation in dairy cows, making it a prominent research focus [19-21]. Wu
et al. [9] reported that replacing portions of corn, wheat bran, and soybean
meal with grape pomace, or supplementing dairy cow diets with appropriate
proportions of grape seed meal [10], had no adverse effects on milk production
performance, milk quality, or daily economic benefits, while improving milk fat
percentage and production efficiency. Gessner et al. [11] found that substituting
alfalfa hay with grape seed meal increased milk yield and milk fat percentage
in dairy cows and reduced somatic cell counts. Sun et al. [12] observed signifi-
cant improvements in production performance and feed conversion efficiency in
adult sheep fed grape pomace. Zhao et al. [13] demonstrated that grape po-
mace supplementation enhanced nitrogen apparent digestibility and retention
in sheep, increased propionic acid content in rumen fluid, and decreased bu-
tyric acid content and the acetate/propionate ratio” s effect on rumen pH. Li et
al. [14] reported that adding different levels of grape pomace and grape seeds to
diets significantly improved average daily gain, apparent digestibility of crude
protein, and energy utilization in adult Small-tailed Han sheep. Meanwhile, nu-
merous studies have shown that grape seed procyanidins also improve various
aspects in weaned piglets, including production performance, intestinal digestive
enzyme activity [15], immunity [16], antioxidant capacity [17], and reproductive
performance [18].

Overall, current reports on grape seed procyanidins regulating in vitro fermen-
tation patterns in dairy cows are scarce, particularly regarding their effects on
rumen fermentation parameters and microflora. Therefore, this study aimed to
investigate the effects of grape seed procyanidins on rumen fermentation param-
eters and microflora in dairy cows using in vitro methods, providing a theoretical
basis for the application of grape seed procyanidins as rumen fermentation reg-
ulators in production practice.

1.1 Experimental Materials

Fermentation substrate: The total mixed ration (TMR) with a concentrate-
to-forage ratio of 40:60 was obtained from a dairy farm in Beijing. The substrate
contained 54.80% dry matter (DM), 15.68% crude protein (CP), and 39.80% neu-
tral detergent fiber (NDF'). After drying and grinding, the material was passed
through a 40-mesh sieve. The composition and nutrient levels are presented in

Grape seed procyanidins: Purchased from Tianjin Jianfeng Natural Prod-
uct R&D Co., Ltd., containing 18.4% monomers, 20.4% dimers, 15.2% trimers,
14.1% tetramers, 28.5% oligomers (5-13 units), and 4.3% phenolic aldehydes.
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Buffer solution: Prepared according to the method of Menke et al. [19], con-
tinuously infused with CO, and maintained at 39°C in a water bath until use.

Rumen fluid: Rumen contents were collected before morning feeding from four
healthy Holstein cows fitted with rumen cannulas, fed a diet with a concentrate-
to-forage ratio of 40:60 (700 g/kg Leymus chinensis and 300 g/kg concentrate
supplement). The contents were mixed, filtered through four layers of cheese-
cloth at 39°C, placed in a thermos flask, and quickly transported to the labora-
tory, with all operations completed within the shortest possible time [21].

1.2 Experimental Design

This experiment employed a single-factor design with six levels. Five hundred
milligrams of fermentation substrate were placed in 150 mL anaerobic fermenta-
tion bottles, with grape seed procyanidins added at levels of 0 (control), 0.1, 0.2,
0.3, 0.4, and 0.5 g/kg. Each group had six replicates. During inoculation, 50 mL
of pre-warmed buffer solution and 25 mL of fresh rumen fluid filtered through
four layers of cheesecloth were quickly added to each bottle. After continuous
CO, infusion for 5 seconds, bottles were immediately sealed and connected to
gas production sensors [22], followed by continuous incubation at 39°C for 24 h.
The entire experiment was repeated three times.

1.3 Sample Collection and Analysis

1.3.1 Fermentation Fluid Sample Collection and Processing After 24
h of in wvitro incubation, fermentation tubes were removed and placed in an ice-
water bath to terminate fermentation. Fermentation fluid was transferred to
pre-weighed 50 mL plastic centrifuge tubes, and pH was measured immediately.
The fluid was then centrifuged at 5,000 x g for 10 min, and the supernatant
was collected for determination of ammonia nitrogen (NH;-N), microbial crude
protein (MCP), and volatile fatty acid (VFA) contents according to the method
of Yan et al. [24].

1.3.2 Gas Production and Methane Measurement The 24 h gas produc-
tion was measured using the AGRS-III automatic microbial fermentation gas
production recorder developed by Shen et al. [24]. Gas samples collected after 24
h fermentation were analyzed for methane content using an Agilent 7890B gas
chromatograph with the following conditions: TCD detector, hydrogen carrier
gas at 28 mL/min, PorapakQ packed column, detector temperature 100°C, inlet
temperature 150°C, column temperature 38°C, and injection volume 1 mL.

1.3.3 Total DNA Extraction and Bacterial Quantification Total DNA
was extracted from fermentation fluid using the bead-beating cetyltrimethy-
lammonium bromide (CTAB) method [25]. Primers for real-time quantitative
PCR were designed according to literature reports [23], with sequences listed
in . Primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd. A 20 L
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reaction system and conditions were established using SYBR Premix Ex Taq™
reagent [26], with three replicates per sample.

Target bacterial populations were expressed as a percentage of total rumen
bacterial 16S rDNA based on the threshold cycle (Ct) values obtained from
qRT-PCR using the following formula:

Target bacteria content (%) = 100 x 27-(Ct target bacteria - Ct total bacteria)
[25].

1.4 Statistical Analysis

Data were analyzed using one-way ANOVA in SPSS 17.0 software, with Duncan’
s multiple comparison test used for mean separation. Significance was declared
at P < 0.05.

Results

2.1 Effects of Grape Seed Procyanidins on Rumen Fermentation Pa-
rameters

As shown in , compared with the control group, supplementation with different
levels of grape seed procyanidins significantly increased fermentation fluid pH
(P < 0.05), with the highest value observed in the 0.3 g/kg group (pH = 6.31).
Ammonia nitrogen content ranged from 37.29 to 47.43 mg/dL, with the 0.2 g/kg
group showing the lowest value, which was significantly lower than the control (P
< 0.05), while the 0.4 g/kg group showed the highest value, significantly higher
than the control (P < 0.05). The 0.2 g/kg group significantly decreased methane
production (P < 0.05), whereas the 0.3 g/kg group significantly reduced total
gas production (P < 0.05). No significant differences were observed in microbial
crude protein content among groups (P > 0.05).

2.2 Effects of Grape Seed Procyanidins on Volatile Fatty Acid Con-
tents

As presented in , grape seed procyanidin supplementation at different levels had
no significant effects on total volatile fatty acids (TVFA), acetic acid, propionic
acid, valeric acid contents, or the acetate/propionate ratio (P > 0.05). However,
supplementation at 0.4 and 0.5 g/kg significantly decreased butyric acid and
isovaleric acid contents (P < 0.05), while 0.2 g/kg supplementation significantly
increased isobutyric acid content (P < 0.05).

2.3 Effects of Grape Seed Procyanidins on Microbial Populations

As shown in , compared with the control, the 0.2, 0.3, 0.4, and 0.5 g/kg groups
significantly reduced protozoa and Butyrivibrio fibrisolvens populations (P <
0.05). The 0.1, 0.2, 0.4, and 0.5 g/kg groups significantly decreased methanogen
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populations (P < 0.05), while the 0.3, 0.4, and 0.5 g/kg groups significantly in-
creased fungal populations (P < 0.05). The 0.1, 0.3, 0.4, and 0.5 g/kg groups
significantly reduced Fibrobacter succinogenes populations (P < 0.05). No sig-
nificant differences were observed in Ruminococcus flavefaciens or Ruminococcus
albus populations among groups (P > 0.05).

Discussion
3.1 Effects on Rumen Fermentation Parameters

Ammonia nitrogen is an important product of rumen digestive metabolism in
ruminants and serves as a primary substrate for microbial protein synthesis,
with its concentration directly reflecting rumen fermentation conditions. In this
study, appropriate supplementation with grape seed procyanidins significantly
reduced fermentation fluid ammonia nitrogen content. Previous reports indicate
that excessively high rumen ammonia nitrogen content can be absorbed into the
bloodstream through the rumen wall, increasing the body’ s nitrogen metabolic
burden [27], wasting nitrogen resources, and potentially causing ammonia tox-
icity. In our trial, the 0.2 g/kg supplementation level significantly decreased
fermentation fluid ammonia nitrogen content. If nitrogenous substances are
insufficient, microbial growth is hindered, reducing animal performance; how-
ever, at this level, microbial protein content also reached its minimum value.
Ammonia nitrogen content is closely correlated with microbial protein content
[28]. Mireguli et al. [29] reported that grape seed essential oil reduced fermen-
tation fluid ammonia nitrogen content through in wvitro culture. Li et al. [30]
found that feeding grape pomace significantly decreased rumen fluid ammonia
nitrogen content in lambs. Li et al. [31-32] reported that condensed tannin-rich
substances reduced microbial protein content in fermentation fluid in in wvitro
trials. Wang et al. [33] demonstrated that dietary supplementation with con-
densed tannin-rich substances significantly reduced protein degradation in the
rumen. Pan et al. [34] showed that higher dietary tannin content more strongly
inhibited microbial protein synthesis. Previous studies have reported a high
positive correlation between in vitro fermentation fluid NH;-N content and gas
production (r > 0.99) [35], consistent with our findings that different levels of
grape seed procyanidins not only reduced ammonia nitrogen content but also
inhibited gas production. Di et al. [36] found that tannin content was nega-
tively correlated with gas production. Li [37] reported that condensed tannins
disrupted the cell membranes of some rumen bacteria, preventing normal bac-
terial reproduction and blocking enzyme-substrate binding, ultimately affecting
rumen fermentation and reducing gas production.

3.2 Effects on Volatile Fatty Acid Contents

Volatile fatty acids serve as the primary energy source in ruminants, with their
concentrations and composition ratios directly reflecting rumen metabolic ac-
tivity. The VFAs produced during rumen fermentation are mainly acetic acid,
propionic acid, and butyric acid, accounting for approximately 95% of TVFA.
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Energy released during VFA fermentation generates ATP, which microorgan-
isms utilize as an energy source for microbial protein synthesis [38]. In this
study, TVFA content and the acetate/propionate ratio showed no significant
differences among groups; however, increasing grape seed procyanidin supple-
mentation levels significantly inhibited butyric acid production, consistent with
findings by Lii [39], Mireguli et al. [29], and Zhao et al. [13]. Additionally, grape
seed procyanidins significantly affected isobutyric acid content. Fermentation
fluid pH ranged from 6.22 to 6.31 in this study, all within the normal physi-
ological range [38] without adverse effects on rumen microbial growth. These
results are similar to those reported by Li [37] and Li et al. [32], who found that
condensed tannin-rich substances increased fermentation fluid pH in in vitro tri-
als. These findings demonstrate that grape seed procyanidins can alter in vitro
rumen fermentation patterns.

3.3 Effects on Microbial Populations

This study demonstrated that grape seed procyanidins significantly reduced pro-
tozoa and methanogen populations in fermentation fluid. Protozoa primarily
prey on bacteria and fungi in the rumen, producing substantial methane during
metabolism and maintaining a symbiotic relationship with methanogens [40].
Therefore, literature suggests that eliminating protozoa can reduce methanogen
populations and subsequently decrease methane emissions [41]. Wang et al. [42]
found that tannic acid significantly reduced rumen protozoa numbers in in vitro
trials, and Anantasook et al. [43] observed similar effects with dietary condensed
tannins, consistent with our results. This reduction may occur through disrup-
tion of protozoal living environments or direct action on protozoa. Reports
indicate that protozoa provide growth substances for methanogens, which con-
tain coenzymes related to methane production [44]. Our results showed that
grape seed procyanidins significantly reduced methanogen populations, consis-
tent with findings by Zhao [45]. Since most methane in the rumen is produced
directly by methanogens, reducing their populations is crucial for methane mit-
igation.

Fungi and bacteria play major roles in cellulose degradation by rumen microor-
ganisms. Wood et al. [46] demonstrated through in vitro studies that rumen
fungi promote cellulose degradation. Yuan [47] found that tannic acid supple-
mentation significantly increased fungal populations in the rumen, similar to
our results showing that grape seed procyanidins significantly enhanced fungal
populations in fermentation fluid. Although rumen fungi secrete highly active
cellulolytic enzymes, their reproduction rate is slower than that of bacteria,
which dominate the rumen environment [48]. Major rumen bacteria include Bu-
tyrivibrio fibrisolvens, Ruminococcus flavefaciens, Ruminococcus albus, and Fi-
brobacter succinogenes. Butyrivibrio fibrisolvens is an anaerobic Gram-positive
bacterium that plays an important role in protein degradation in the rumen.
Due to its proteolytic enzyme activity, enzyme activity is inhibited when the
diet contains resistant proteins. Our results showed that grape seed procyani-
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dins significantly reduced B. fibrisolvens populations, consistent with Zhao [45].
This may occur because condensed tannins in grape seed procyanidins are plant-
derived resistant proteins that bind to dietary proteins, forming complexes that
reduce B. fibrisolvens populations.

Fibrobacter succinogenes is a Gram-negative bacterium with high cellulolytic
activity [44]. Under pure culture conditions, F. succinogenes exhibits strong
degradation capabilities, breaking down structurally tough substances and some
cellulose types that R. flavefaciens cannot degrade, while also showing strong
antibiotic tolerance [49]. This study found that grape seed procyanidins signifi-
cantly reduced F. succinogenes populations. Wang [50] reported that condensed
tannins strongly inhibited both endogenous and exogenous enzymes of F. suc-
cinogenes, thereby reducing its numbers, which aligns with our findings.

Ruminococcus flavefaciens and R. albus are the predominant rumen cocci in-
volved in cellulose degradation. These two species exhibit both synergistic and
inhibitory interactions, as R. albus produces various bacteriocins that inhibit R.
flavefaciens growth [51]. Li et al. [52] found that dietary tannin supplementa-
tion significantly reduced both R. flavefaciens and R. albus populations in goat
rumen fluid. However, our study showed no significant effects of grape seed
procyanidins on these two bacterial species, possibly due to differences between
the complex rumen environment in vivo and experimental conditions in wvitro.

Conclusion

1. Grape seed procyanidins increased fermentation fluid pH, but all values
remained within the normal physiological range. Appropriate supplemen-
tation levels reduced NH;-N content, increased isobutyric acid content,
and decreased gas and methane production; however, levels exceeding
0.2 g/kg promoted NH;-N release and inhibited butyric acid and isova-
leric acid production. Grape seed procyanidins had no significant effects
on TVFA, acetic acid, propionic acid, valeric acid contents, or the ac-
etate/propionate ratio.

2. Grape seed procyanidins reduced populations of protozoa, methanogens,
Butyrivibrio fibrisolvens, and Fibrobacter succinogenes in fermentation
fluid, while showing no significant effects on Ruminococcus flavefaciens
and Ruminococcus albus.

3. Based on comprehensive evaluation, the optimal supplementation level of
grape seed procyanidins for in vitro rumen fermentation in dairy cows is

0.2 g/kg.
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