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Introduction: This study investigated the effects of varying doses of Callicarpa
nudiflora water extract (CW) on in vitro rumen fermentation and sheep
microbial activity.

Methods: Four rumen-cannulated hybrid sheep were selected to provide mixed
rumen fluid, and the powder substrate remained consistent with the diet fed to
the sheep. A total of 14 supplementation levels (0—25 g/kg fresh substrate) of CW
were designed based on a completely randomized design, including 0, 0.5,1, 2, 3,
4,6, 8,10, 12, 14, 16, 20 and 25 g/kg. Each treatment was replicated in duplicate
across three independent batches, resulting in a total of six biological replicates
per treatment. The flasks were incubated at 39°C for 24 hours in water with a
rotation speed of 80 r/min.

Results: It showed that adding CW significantly affected in vitro rumen
fermentation in sheep and displayed a biphasic action: The supplementation
levels of 4 g/kg and 6 g/kg showed an improvement in the fermentation status
and nitrogen utilization efficiency with the enhanced microbial protein
concentration from 1.98 mg/mL (Con) to 2.84 mg/mL (P < 0.001) and the
relative abundance of total bacteria from 4.05 (Con) to 5.27 (P < 0.001); When
the dose surpassed 14g/kg, the decline in the hemicellulose degradation rate from
63.00% (Con) to 40.24% (P < 0.001), accompanied by an increase in ammonia-
nitrogen (NHz—N) concentration from 173.37 mg/L (Con) to 177.46 mg/L (P =
0.020) and total gas production from 154.87 mL/g (Con) to 161.47 mL/g (P =0.007),
signaled abnormal alterations in the fermentation process.

Conclusions: The optimal supplementation range in feed formulations was

established as 4-6g/kg, showing that CW could serve as a natural rumen
modulator for sheep.
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1 Introduction

In recent decades, due to the irrational use of antibiotics,
concerns about the increasing number of antibiotic-resistant
bacteria have prompted efforts to develop antibiotic alternatives
(Cheng et al., 2014). Plant secondary metabolites, previously
considered antinutritional factors, have been found to have high
potential in improving ruminant production performance and
rumen fermentation (Greathead, 2003). Plant extracts refer to
active ingredients or combinations of ingredients isolated from
plants through physical or chemical methods, which can prevent
oxidative stress (Mthiyane et al., 2023) and eliminate free radicals
(Yagi et al., 2024). Research has shown that plant extracts and their
derived secondary metabolites, such as flavonoids, polyphenols,
polysaccharides, and alkaloids, exhibit strong antioxidant effects
(Gill et al., 2020; Yeshi et al., 2022).

Plant extracts are widely used as green additives in medicine,
agriculture, food, and cosmetics (Vijayaraghavan and Ashokkumar,
2017), especially in ruminant animal feed with good application
effects. Adding specific plant extracts can regulate rumen microbial
community structure and fermentation in sheep (Faniyi et al,
2016), but their effects vary depending on the type, concentration,
and target of the extracts. For example, 3% extract of wolfberry
branches and leaves (Duan et al, 2024) reduced the NH;-N
concentration in the rumen of Hu sheep through bioactive
ingredients; 4% Quebracho extract (Vera et al., 2022) significantly
increased the ratio of propionic acid to acetic acid and inhibited
butyric acid production. However, the dose of CW needs to be
precisely controlled: Macleaya cordata extract had no significant
effect on dry matter digestion rate of the rumen fermentation with a
content of less than 0.21%, while it inhibited the digestion rate with
a content of more than 0.31% (Zeng et al.,, 2021).

Callicarpa nudiflora (Verbenaceae) is a common medicinal
plant in China, mainly distributed in Hainan Province,
Guangdong Province, and Guangxi Province, as well as in
countries such as Malaysia and Singapore (Ma et al., 2022).
Callicarpa nudiflora contains various compounds, such as
terpenes and flavonoids (Lin et al, 2024), and these active
ingredients may be key to exerting medicinal values in anti-
inflammatory, antibacterial, antioxidant, and hemostatic effects
(Nong et al., 2024). Some studies have indicated that feeding rats
with C. nudiflora water extract (CW) can inhibit inflammation and
regulate gut microbiota (Nong et al., 2024). Adding CW (150 mg/
kg) could improve oral glucose tolerance and lipid metabolism in
diabetic rats and reverse the damage in the liver and pancreas
caused by diabetes (Ma et al, 2019). By supplementing CW in
broiler feed, it was found that 300-700 mg/kg of CW improved the
growth performance, immune function, and intestinal health of
broiler chickens (Liu et al., 2024a). Zhuang (2018) added different
levels of CW to pig feed and found that it did not have adverse
effects on animals at up to five times the dose (15.0 g/kg) and that
the level of CW at 3.0 g/kg had a better growth-promoting effect on
pigs. Although the application research of CW in ruminants is rare,
it is speculated that the application of CW in ruminants is feasible
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due to its similar composition to other plant extracts mentioned
above. Given CW’s bioactive compounds’ proven antioxidant and
anti-inflammatory effects in monogastric animals, this study
hypothesizes that CW could similarly modulate rumen
fermentation and microbial health in sheep. According to Ma
et al. (2019); Liu et al. (2024a), and Zhuang (2018), the
appropriate dose of CW increased proportionally with body
weight across species, ranging from 150 mg/kg in rats to 3 g/kg in
pigs and chickens. Meanwhile, the microorganisms in the rumen
may deplete some CW, suggesting that the dosage of CW in sheep
should be higher than that in pig feed (3-15 g/kg).

This study investigated the effects of different CW levels on
fermentation parameters through in-vitro rumen fermentation
experiments for exploring the appropriate supplementation levels
of CW for sheep application, thus offering a promising natural
strategy to enhance feed efficiency and animal health in
ruminant nutrition.

2 Materials and methods

2.1 Animals and diets

Four rumen-cannulated (cannulated at 6 months of age) hybrid
sheep (small-tailed Han sheep x Dorper sheep) were selected to
provide mixed rumen fluid for in-vitro rumen fermentation. The
sheep were 8 months old, with an average weight of 35.27 + 4.98 kg.
During the experiment, feeding was conducted twice a day at 7:00
and 17:00, and water was withheld for 12 h before collecting
rumen fluid.

The diet was fed to all four experimental sheep with no CW
treatment through TMR pellets based on the NRC (Council,
2007). The composition and nutritional levels of the diet are
presented in Table 1. The substrate for in-vitro fermentation
was prepared by grinding the diet, previously fed to
experimental sheep, through a 0.45-mm sieve. The freeze-dried
powder of the CW, with the secondary metabolites shown in
Table 1, was provided by the Fairy Lake Botanical Garden,
Shenzhen and the Chinese Academy of Sciences. Dried leaves of
C. nudiflora were collected and ground to a fine powder through
an 80-mesh sieve, and 1 kg of the powder was boiled in 2 L of
water for 1 h, followed by filtration. The residue was then boiled
again in 1.5 L of water for 1 h and filtered. The combined filtrates
were obtained as the total extract. After freeze-drying, 268 g of the
dried extract powder was finally obtained (Li et al., 2022a). Based
on previous studies as well as the NRC (Council, 2007) on the
application of plant extracts in ruminants and the chemical
composition of CW, the supplementation levels in the diet of
sheep were inferred. A total of 14 supplementation levels of CW
were arranged in a completely randomized design, i.e., 0, 0.5, 1, 2,
3, 4, 6, 8, 10, 12, 14, 16, 20, and 25 g/kg of fresh matter (EM),
corresponding to the treatments Con, CW-0.5, CW-1, CW-2,
CW-3, CW-4, CW-6, CW-8, CW-10, CW-12, CW-14, CW-16,
CW-20, and CW-25, respectively.
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TABLE 1 Ingredients and nutrient compositions of the diet.

10.3389/fanim.2025.1595795

Ingredient (fresh matter) Content, % Composition* Content Content, %
Corn 26.0 DM, % 88.98 DM 94.60
Expanded soybean 6.5 CP, % 14.96 Total flavonoid content 8.25
Bran 11.0 EE, % 3.56 Total polyphenol content 1.79
Soybean meal 10.0 NDF, % 33.78 Total polysaccharide content 12.55
Cottonseed meal 6.0 ADF, % 16.10

Shell of sunflower seed 38.0 Ash, % 591

Calcium hydrogen phosphate 0.5 Calcium, % 0.51

Calcium carbonate 0.4 Phosphorus, % 0.44

Sodium chloride 0.6 Gross energy, MJ/kg 16.57

Premix’ 1.0

Total 100.0

!Calculated from the analyzed value of the dietary ingredients. DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fiber; ADF, acid detergent fiber.

*CW, Callicarpa nudiflora water extract.

3Provided per kilogram of premix: 750,000 IU of vitamin A, 135,000 IU of vitamin D3, 8,000 IU of vitamin E, 1,500 mg of Cu, 4,500 mg of Fe, 4,500 mg of Zn, and 3,000 mg of Mn.

2.2 In-vitro rumen fermentation

The mixed ruminal fluid was collected from the four trial sheep,
filtered through a four-layer cheesecloth, and mixed with preheated
artificial saliva at a ratio of 2:1 (buffer:ruminal fluid, viv; Menke et al.,
1979). The buffered ruminal fluid (60 mL) was dispensed into
prewarmed 100-mL incubation flasks. One gram of each substrate
was blended with buffered ruminal fluid in each incubation flask.
After introducing CO,, the incubation flasks were incubated at 39°C
for 24 h in water with a rotation speed of 80 r/min. During the
fermentation period, the pressure inside the incubation flask was
measured by inserting a 0.6-mm needle attached to a pressure
transducer (model 2000A4, Xian special instrument, China) as
described by Nanon et al. (2014). The pressure was measured at
0.5, 1, 2, 4, 6, 12, and 24 h, and the gas was released after each
measurement. After 24 h, the incubation flasks were placed on ice to
stop the fermentation process. Each treatment was duplicated across
three independent batches, yielding six biological replicates per
treatment. In addition, two blank controls containing only buffered
ruminal fluid were included in each batch. The incubation flask was
opened when the fermentation process was stopped, and the pH was
measured using a LAQUA twin pH meter (HORIBA, Ltd., Japan).

TABLE 2 The primers for real-time PCR assay.

Target group

Forward primer (5’ 3’)

The fermentation fluid was divided into different cryovials and stored
at —80°C for chemical and microbiological analyses.

2.3 Microbiological analysis

Microbial genomic DNA was extracted from 220 mg of
fermentation fluid using the methods described by Murray and
Thompson (1980) and Zhou et al. (1996). The qualified DNA was
tested for real-time qPCR using the Applied Biosystems StepOne
Real-time PCR System (Thermo Fisher Scientific Inc., Massachusetts,
USA) based on the methods of Denman and McSweeney (2006). The
designed primers for total bacteria, archaea, and fungi are shown in
Table 2. The reaction system (25 L) consists of SYBR Premix Ex Taq
[RR420A, Takara Bio (Dalian) Co., Ltd., Dalian, China] 12.5 puL,
forward primer 0.5 UL, reverse primer 0.5 UL, DNA template 2.0 pL,
and sterile distilled water 9.5 uL. The reaction conditions were as
follows: 95°C for 2 min; 95°C for 5 s; 60°C for 30 s; 40 cycles; 95°C for
15 s; 60°C for 1 min; and 95°C for 15 s. The protozoa were measured
under a x10 magnification microscope (ZEISS Group, Germany) and
calculated using an optical microscope according to the method of
Antonius et al. (2024).

Reverse primer (5’ 3') Size (bp)

Bacteria' ACTCCTACGGGAGGCAGCA

GGACTACHVGGGTWTCTAAT 130

Archaea® CAGCCGCCGCGGTAA

Fungus3

bp, base pairs.

'Cited by Caporaso et al. (2011).
2Cited by Baker et al. (2004).
3Cited by Gardes and Bruns (2010).
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2.4 Chemical analyses

The fermentation fluid was extracted (3 mL) for the determination
of NH;3-N (Preston, 1998) using an ultraviolet spectrophotometer
[UV-2550, SHIMADZU (China) Co., Ltd.] and of microbial protein
(MCP; Maldkar et al, 1982) using a microplate reader [SpectraMax
PLUS 384, Molecular Devices (Shanghai) Co., Ltd.]. Another 1 mL of
fermentation fluid was analyzed for volatile fatty acids (VFAs),
including acetic acid (AA), propionic acid (PA), and butyric acid
(BA), using gas chromatography (Agilent Technologies 7890A GC
System, USA) according to the method described by Castro-Montoya
etal. (2012). The chromatographic column is a Nukol column (30 m x
0.25 mm x 0.25 pm, Supelco), and the detector is a flame ionization
detector (FID). The left fluid and substrate were dried in a forced-air
oven at 60°C for 72 h and placed in sealed containers to analyze the dry
matter (DM; Horwitz, 2006). The filter bag technique of ANKOM
A200 was adopted to analyze neutral detergent fiber (NDF), acid
detergent lignin (ADL), and acid detergent fiber (ADF) according to
the methods of van Soest et al. (1991).

2.5 Data analysis

The total gas production (TGP) was calculated based on
Equations 1, 2 following the method described by Theodorou
et al. (1994). The relative content of bacteria, archaea, and fungi
was determined according to Livak and Schmittgen (2002). The
content of cellulose and hemicellulose was calculated by the method
of van Soest et al. (1991). The degradation rate of nutrients was
calculated according to Equation 3. Data were evaluated for
normality of residuals by the Shapiro-Wilk test (¢ = 0.05). Data
conforming to normal distribution were subjected to a one-way
analysis of variance (ANOVA) followed by Duncan’s multiple
comparisons and an orthogonal polynomial using SPSS 25.0
(International Business Machines Corporation, New York, USA),
with alphabetical superscripts indicating homogeneous subgroups.
Differences were considered statistically significant at P <0.05.
Principal component analysis (PCA) and correlation analysis
(Ding et al., 2022) were conducted using the ggplot package and
pheatmap package of R language (Version 4.0).

P x (Vi =V)

GP, = 1
! 1033 x M )

where GP, is the gas production volume of the sample at time ¢
(mL/g substrate), P, is the gas production pressure at time t (kPa), V;
is the volume of the incubation flask (mL), V, is the volume of the
buffered ruminal fluid (mL), and M is the weight of the sample (g).

TGP = 3 GP, ©)

where TGP is the total gas production (mL/g substrate), GP; is
the gas production volume of the sample at time ¢ (mL/g), and # is
the total number of measurements taken.

Degradation rate(%) = (1 —@> x 100 % (3)
my
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where m; is the weight of a certain nutrient in the substrate
before fermentation (g), and m, is the residual weight of that
nutrient in the substrate after 24 h of fermentation (g).

3 Results

3.1 In-vitro rumen fermentation
characteristics

The effects of CW on rumen fermentation parameters in vitro
are presented in Table 3. Different supplementation levels of CW
showed significant dose effects on most fermentation indicators but
had no significant effect on pH (ANOVA P = 0.094), indicating that
the extract did not significantly alter the rumen acid-base
environment. NH3;-N and MCP exhibited significant biphasic
effects. The concentration of NH3;-N showed a U-shaped trend
(quadratic P = 0.043) with the increasing dose of CW, with the
lowest concentration appearing at CW-6 (162.69 mg/L) and the
highest appearing at CW-25 (177.46 mg/L). On the contrary, MCP
showed an inverted U-shaped trend (quadratic P < 0.001), with the
highest concentration observed in CW-6 (2.84 mg/mL) and the
lowest observed in CW-25 (1.06 mg/mL). VFAs continued to
decrease with the increasing dose of CW (P < 0.001), reaching the
lowest concentration of 87.66 mmol/L in CW-6. There was no
significant difference in PA among the groups (ANOVA P = 0.329).
However, due to significant changes in AA (with the lowest
concentration in CW-4, 49.02 mmol/L, ANOVA P < 0.001), there
was a significant increase in A/P (linear P = 0.001), gradually rising
from 1.97 (Con) to 2.49 (CW-25). The significant U-shaped trend
in BA (quadratic P < 0.001) was similar to the VFAs (quadratic P <
0.001), reaching the lowest concentration (11.02 mmol/L) in CW-8.

3.2 Gas production

Table 4 shows the effects of CW on TGP of in-vitro
fermentation. At 24 h, TGP showed a U-shaped trend with the
increasing dose of CW (quadratic P = 0.008), with the lowest rate
appearing at CW-6 (141.68 mL/g) and the highest rate appearing at
CW-25 (161.47 mL/g). Analysis of TGP across fermentation phases
revealed that treatment groups exhibited significant divergence
(ANOVA P < 0.001) during both the initial phase (0-1 h) and
terminal phase (12-24 h), whereas no significant differences
(ANOVA P > 0.05) were observed in the intermediate phases (1-
12 h). In the initial phase (0-1 h), TGP was the lowest at CW-6 (0.5
h: 12.87 mL/g; 1 h: 31.91 mL/g) and the highest at CW-25 (0.5 h:
15.75 mL/g; 1 h: 38.00 mL/g).

3.3 Nutrition composition degradability in
vitro

As shown in Figure 1, supplementing CW showed a significant
effect on the degradation rate of nutrients in vitro (ANOVA P <
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TABLE 3 Effects of Callicarpa nudiflora water extract on rumen fermentation parameters in vitro.

1 MCP, AA, PA, BA, VFAs,
Treatments pH A/P
mg/mL mmol/L mmol/L mmol/L mmol/L

Con 6.22 173.37% 1.98% 58.07° 29.55 14.51° 102.13% 1.97%4
CW-0.5 6.26 171.16%° 2.03% 57.57% 29.35 14.21° 10113 1.98
CW-1 6.26 170.44% 2.14% 55.943b<d 29.18 13.46% 9859 1.93%4
CW-2 6.27 167.88%° 2.35% 52.44°d¢ 28.64 12.40> 93.48°4¢ 1.85¢
CW-3 6.29 165.07%° 2.58%° 50.574¢ 28.52 11.66° 90.75% 1.79¢
CW-4 6.28 162.87° 2.83° 49.02° 2743 11.34° 87.78¢ 1.81¢
CW-6 6.28 162.69" 2.84° 49.54° 27.09 11.03° 87.66° 1.84¢
CW-8 6.27 164.03%° 2.59° 50.33% 26.89 11.02° 88.24° 1.90%4
CW-10 6.27 165.80%° 2.25% 5178 26.61 11.05° 89.44° 1.97<
CW-12 6.25 168.87%° 1.94° 52.590de 26.55 11.46° 90.60% 1.99%
CW-14 6.22 170.68% 1.84° 53.48%de 26.27 11.66° 91.41% 2.04°
CW-16 6.21 174.05% 1.40° 56.32%0 25.93 11.84% 94,09°d¢ 217
CW-20 6.23 177.21° 1.29'8 57.24%b¢ 2520 12.01% 94 46" 231%
CW-25 6.19 177.46 1.068 60.96* 24.61 1217 97.74%<d 2.49*
SEM 0.06 10.54 0.58 535 3.03 1.62 6.98 0.29

ANOVA | 0.094 0.020 <0.001 <0.001 0.329 <0.001 <0.001 0.002
P-value Linear 0.174 0.125 0.003 0.210 0.012 0.009 0.390 0.001

Quadratic | 0.115 0.043 <0.001 0.002 0.545 <0.001 <0.001 0.046

Different superscript letters within a column indicated significant differences (P < 0.05, one-way ANOVA with Duncan’s multiple comparisons), and groups sharing the same letter or with no
letter were not significantly different.

MCP, microbial protein; AA, acetate acid; PA, propionate acid; BA, butyrate acid; A/P, acetate acid/propionate acid; VFAs, volatile fatty acids; SEM, standard error of the mean; ANOVA, analysis
of variance.

'CW, Callicarpa nudiflora water extract with numerical suffixes indicating concentrations (g/kg fresh substrate); Con, control group without CW.

TABLE 4 Effects of Callicarpa nudiflora water extract on total gas production.

. TGP, mL/g
Treatments
4 h
Con 14.65% 36.07° 53.67 79.42 100.93 122.44 154.87°%¢
CW-0.5 14.21% 36.06" 53.62 77.77 99.11 12045 151.33%¢
CW-1 13.51% 33.29%¢ 50.83 74.69 95.87 117.05 147.54%
CW-2 13.58" 33.56°¢ 51.02 75.20 96.07 116.94 145.70
CW-3 13.39 33,68 51.06 75.50 95.68 115.86 144.97>
CW-4 13.24> 32.87% 49.98 73.53 93.05 11257 143.02%
CW-6 12.87° 31.91¢ 4923 72.50 92.37 11223 141.68°
CwW-8 13.81% 34.49% 51.10 74.67 94.05 11343 143.39%
CW-10 14.42% 34.97%¢ 52.58 76.70 96.60 116.50 145.57°
CW-12 15.43% 37.01% 5433 77.66 97.40 117.14 146.64
CW-14 14,62 35,90 52.66 76.45 96.24 116.02 147.54
CW-16 14.36> 35.18%° 52.81 77.37 98.32 119.26 151.61°
(Continued)
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TABLE 4 Continued

TGP, mL/g

1
Treatments 4h
CW-20 15.75% 36.91%° 54.68 80.34 101.35 122.36 155.70""
CW-25 16.72° 38.00° 55.17 80.09 102.56 125.02 161.47°
SEM 1.75 3.66 531 6.58 7.36 8.52 10.54

‘ ANOVA <0.001 0.006 0.083 0.096 0.080 0.082 0.007
P-value ‘ Linear 0.075 0.217 0.334 0.379 0.369 0.379 0.302

‘ Quadratic 0.235 0.367 0.365 0.111 0.042 0.021 0.008

Different superscript letters within a column indicated significant differences (P < 0.05, one-way ANOVA with Duncan’s multiple comparisons), and groups sharing the same letter or with no

letter were not significantly different.
TPG, total gas production; SEM, standard error of the mean; ANOVA, analysis of variance.

'CW, Callicarpa nudiflora water extract with numerical suffixes indicating concentrations (g/kg fresh substrate); Con, control group without CW.

0.001), which was observed as an inverted U-shaped trend
(quadratic P < 0.05). When the dose of CW was less than 4 g/kg,
the degradability of all indicators significantly increased with the
increasing dose of CW. When the dose of CW was 4 g/kg (CW-4),
the degradation rates of DM (71.04%), NDF (56.71%), ADF
(39.36%), cellulose (48.38%), and hemicellulose (72.51%) all
reached their peak rates. When the dose of CW exceeded 6 g/kg
(CW-6), the degradability of all indicators significantly decreased
with the increasing dose of CW. When the dose of CW was greater
than 14 g/kg (CW-14), all indicators showed a significant decrease,
indicating that rumen fermentation might be affected. When the
dose of CW was 25 g/kg (CW-25), the degradation rates of DM,

85

-
w

(=)
i

Nutrition composition degradation rate,%
- ¥
W w

(=)
W

NDF, ADF, cellulose, and hemicellulose all reached their lowest
rates, which were 49.47%, 36.69%, 30.59%, 35.6%, and 40.24%,
respectively. It was worth mentioning that the degradation rate of
hemicellulose fluctuated more than the other indicators (from
72.51% to 40.24%).

3.4 Rumen microbial community in vitro

Table 5 shows the effects of CW on microbial communities of
in-vitro fermentation. As the CW dose increased, the relative
concentration of bacteria showed a U-shaped trend (quadratic P

Legend

—@— DM degradation rate

— @ — NDF degradation rate

--8-- ADF degradation rate

= ® - Cellulose degradation rate
—&— Hemicellulose degradation rate

25

15 20 25

Supplemention levels of Callicarpa nudiflorawater-extract,g/kg

FIGURE 1

Effects of Callicarpa nudiflora water extract on nutrition composition degradability in vitro. The points on each line, marked with standard error bars,
represented the changes in the degradation rate with different levels of C. nudiflora water extract. DM, dry matter; NDF, neutral detergent fiber; ADF,

acid detergent fiber.
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TABLE 5 Effects of Callicarpa nudiflora water extract on microbial community of in-vitro fermentation.

Treatments® Bacteria Archaea Protozoan, log
CFU/mL
Con 4,05 515 1.62% 4.97*
CW-0.5 4,179 4.88% 1.70° 4.87°
CW-1 4.31°% 4.68" 1.56" 4.68°<d
CW-2 4,544 4,604 1.53%¢ 442704
CW-3 474 4,550 1.56% 418"
CW-4 4.85" 4.65% 1.76* 3.98¢
CW-6 527° 4.38°%f 1.68" 4,05
CW-8 5.29° 4.2 163" 4.2
CW-10 495" 4,139 165" 4.38%d
CW-12 4.91% 4108 1.73% 4.60°¢
CW-14 4.71% 3.93fh 1.62°¢ 4.70%04
CW-16 4,03 356" 1.44% 4.72°0<d
CW-20 3.80% 3,728 1.40° 4.82%¢
CW-25 3.448 3.45' 0.95¢ 497°
SEM 0.63 0.60 0.28 0.61
ANOVA <0.001 0.041 <0.001 0.007
P-value Linear 0.001 <0.001 0.013 0418
Quadratic <0.001 0.030 0.070 0.052

The results of bacteria, archaea, and fungus were fold changes of the relative concentrations, while the results of protozoa were actual concentrations. Different superscript letters within a column
indicated significant differences (P < 0.05, one-way ANOVA with Duncan’s multiple comparisons), and groups sharing the same letter or with no letter were not significantly different.

SEM, standard error of the mean; ANOVA, analysis of variance.

'CW, Callicarpa nudiflora water extract with numerical suffixes indicating concentrations (g/kg fresh substrate); Con, control group without CW.

< 0.001). The relative concentration of bacteria gradually increased
from Con (4.05) to CW-8 (5.29) but began to decrease after CW-8
and reached its lowest point at CW-25 (3.44). The number of
archaea gradually decreased with increasing extract concentration
(linear P < 0.001) with the highest in Con (5.15) and the lowest in
CW-25 (3.45). The change in fungal quantity was significantly
decreasing (linear P = 0.013), and the overall fluctuation was
relatively small. It reached its highest value at CW-4 (1.76) and
dropped to its lowest value at CW-25 (0.95). The concentration of
protozoa showed a U-shaped trend with an increasing dose of CW
(ANOVA P = 0.007; quadratic P = 0.052). From 4.97 log CFU/mL
(Con) to 4.05 log CFU/mL (CW-6), it gradually recovered and
returned to 4.97 log CFU/mL (CW-25).

3.5 PCA and correlation analysis

PCA was performed on rumen fermentation parameters and
microbial concentrations in vitro to extract the first two principal
components (PC; and PC,), which explained a cumulative variance
of 70.7% (PC;: 55.92%, PC,: 14.78%). The results are shown in
Figure 2. The distribution of samples in PC; and PC, spaces showed
that each treatment group was significantly separated from Con,
indicating that CW has a significant impact on rumen fermentation
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and microbial community structure, while the boundaries of each
treatment with the doses of 4-10 g/kg of CW were unclear. In
addition, when the dose of CW was less than 10 g/kg, as the dose
increased, the sample gradually moved upward along PC,. When the
dose of CW was greater than 6 g/kg, the sample gradually moved to
the left along the PC, axis as the dose increased. PCA revealed a dose-
dependent segregation pattern: PC, predominantly captured the
gradational response to lower doses of CW (<6 g/kg). In contrast,
PC, strongly correlated with higher doses of CW (>6 g/kg).

Figure 3 shows the Pearson correlation coefficients among
multiple variables, with orange indicating a positive correlation
and blue indicating a negative correlation. The darker the color, the
stronger the linear relationship between the variables. There was a
significant positive correlation between DM degradation rate and
NDF degradation rate (R* = 0.8685) and cellulose degradation rate
(R* = 0.6401), while there was also a significant positive correlation
between NDF degradation rate and hemicellulose degradation rate
(R* = 0.7528). MCP was significantly positively correlated with the
hemicellulose degradation rate (R* = 0.6295) and bacterial relative
concentration (R* = 0.8383). The relative concentration of bacteria
was significantly and positively correlated with the hemicellulose
degradation rate (R* = 0.7584). NH;-N was negatively correlated
with MCP (R* = -0.5660). MCP was negatively correlated with total
gas production (R* = —0.5583).
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FIGURE 2

PCA of rumen fermentation with different doses of Callicarpa nudiflora water extract. CW, Callicarpa nudiflora water extract with numerical suffixes
indicating concentrations (g/kg fresh substrate); Con, control group without CW. As the supplementation dose of CW increased, the color of the
points in each treatment group gradually transitioned from blue to red; drawn using the ggplot package of R language (Version 4.0).

4 Discussion

During in-vitro rumen fermentation, different supplementation
levels of CW had a significant impact on in-vitro rumen
fermentation. The pH was approximately 6.2 in all treatments, with
no significant difference compared with Con. The results were at the
lowest level of the normal pH range (6.2-7.1) recommended by
Orskov and McDonald (1979). The lower pH in all treatment groups
might be mainly related to the feed composition. Higher levels of
easily degradable carbohydrates can promote the production of VFAs
and CO,, which can cause a rapid decrease in pH (Dijkstra et al,
2012). In this study, the VFAs and TGP were the lowest at 4-6 g/kg
CW, and there was a trend of increasing pH value, but it was not
significant. NH;-N and MCP are corresponding indicators. NH;-N
is an important product of rumen digestion and metabolism and is
also the raw material for most microorganisms to synthesize MCP
(Zeng et al., 2021). MCP is a product of feed fermentation in the
rumen and an important source of protein for ruminants. NH;-N as
a nitrogen source and VFAs as an energy source participate in
microbial protein synthesis (Abdillah et al., 2024). The
concentration of MCP reflects the population of microorganisms
and their ability to utilize NH;-N. A previous study has shown that
adding curcumin can increase the content of microbial proteins, and
300 mg/kg of curcumin could better convert nitrogen in the diet into
microbial proteins (Tian et al., 2023). In this study, NH;-N decreased
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and then increased with increasing dose of CW, whereas MCP
initially increased and then decreased with increasing dose. NH;-N
and MCP were inversely proportional to the supplementation level.
CW contains a large amount of flavonoids and phenylpropanoids,
which usually increase the synthesis of MCP and reduce the
production of NH3-N in the rumen (Abdillah et al, 2024).
Flavonoids (e.g., tannins) enhanced glutamine synthetase and
glutamate dehydrogenase activity in fiber-degrading bacteria,
facilitating NH3-N assimilation into microbial amino acids and
thereby stimulating microbial protein synthesis (Li et al., 2022b).
Phenylpropanoid compounds (e.g., ferulic acid) suppressed
deaminase activity in rumen microorganisms, which attenuated
amino acid degradation into ammonia. This reduction in NH;-N
concentration optimized nitrogen metabolic pathways and improved
nitrogen utilization efficiency (de Paula et al., 2016). VFAs in the
rumen are the main source of energy for ruminants, and their content
and composition can directly reflect rumen metabolic activity
(Manlapig et al, 2024). In this study, AA, BA, and VFA levels
showed a U-shaped trend with the increased dose of CW, while the
change in PA was not significant, resulting in fermentation
transforming to the mode of PA when the doses of CW were
4-6 g/kg. AA and BA are natural substrates of archaea, whereas
PA is mainly produced in the ruminant stomach through the succinic
and acrylic acid pathways. AA and BA, accompanied by the
production of H,, can be used by archaea for the formation of
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CH,, and there is a positive correlation between CH, and the ratio of
AA to PA. Previous studies have shown that adding red seaweed
extract, which contains flavonoids and polyphenolic compounds,
accelerates PA production and reduces VFA content and CH,
production (Choi et al, 2022). This may explain the significant
decrease in TGP when adding CW 4-6 g/kg in this study. Similar
conclusions were obtained by adding Macleaya cordata (Zeng et al.,
2021) and red osier dogwood (Gomaa et al., 2024) extracts to the feed.
An increase in PA reduces H, levels, thereby reducing the production
of methane (Zhang et al., 2020).

The degradation rate of feed reflects the strength of microbial
fermentation and decomposition ability. The higher the digestion
rate, the better the microbial fermentation and the higher the
utilization efficiency of the feed nutrients. In previous studies, the
low doses of M. cordata extract (<0.21%) showed no significant
change in DM digestion rate, whereas the high doses (>0.31%)
resulted in a decrease in DM digestion rate (Zeng et al., 2021). In a
study on the supplementation levels of honeysuckle extract to the
diet, a high concentration level also resulted in a decreasing trend in
the DM degradation rate (Yejun et al., 2019). This study obtained
similar results, showing an inverted U-shaped trend of degradation
rates for various nutrients. When the dose of CW exceeded 14 g/kg,
the degradation rate was lower than that of the Con, indicating that
high doses of CW may inhibit microbial fermentation. In addition,
the increase in the DM degradation rate may have mainly resulted
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from the increase in the hemicellulose degradation rate, as
demonstrated in the correlation analysis.

The rumen is a unique digestive organ in ruminants that houses
a large number of bacteria, fungi, archaea, and protozoa, which play
crucial roles in the health and growth performance of the host.
Bacteria affect the feed efficiency of ruminants, and fermentation
substrates affect the abundance and diversity of rumen
microorganisms (Min et al., 2024). The functional components of
CW could affect the rumen microbiota (Lemos et al., 2021). In this
study, as the dose of CW increased, the relative concentration of
bacteria showed an inverted U-shaped trend. This result was
consistent with the changes in the nutrient degradation rate and
the results of the correlation analysis. Bacteria, as the dominant
population, mainly ferment complex carbohydrates such as
cellulose and hemicellulose (Liu et al., 2024b). Fungi account for
approximately 10%-20% of the total rumen microbiota (Huws
et al., 2018). Rumen fungi are closely related to archaea (Li et al.,
2024). Fungi offered physical support and contact points for
archaea, enabling the latter to metabolize using fungal
decomposition products. By decomposing cellulose, fungi
supplied carbon sources to archaea, which in turn convert these
into methane and volatile fatty acids (Li et al., 2024). As the dose of
CW increased in this study, both fungi and archaea showed a
decreasing trend, which might be the reason for the decrease in
TGP. Protozoa coexisted in a symbiotic relationship with
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methanogens, while they did not directly synthesize methane, and
they could indirectly influence methane production through their
interactions with archaea. During their metabolic processes,
protozoa fermented carbohydrates and various organic materials
to yield hydrogen and formate, serving as crucial precursors for
methanogenic archaea to produce methane (Hegarty, 1990).
Flavonoids and phenylpropanoid compounds could reduce the
number of protozoa in the rumen by 25%-49% (Kim et al,
2013), thereby reducing methane production. However, when the
dose of CW exceeded 14 g/kg, both TGP and the number of
protozoa showed an upward trend. This may be because the high
dose of CW exerts pharmacological effects and leads to abnormal
fermentation. High-dose flavonoids impair cellulose degradation
efficiency and nitrogen utilization by restructuring the rumen
microbial community. This is characterized by a marked increase
in Bacteroidetes and Proteobacteria abundance alongside a
reduction in Firmicutes and Fibrobacteres abundance. These
microbial shifts drove an elevation in VFAs’ concentrations and
redirected the pathways of methane production, as well as the
allocation of energy within the rumen ecosystem. Simultaneously,
flavonoids suppress cellulase activity, thereby diminishing fiber
degradation capacity and microbial protein synthesis efficiency
(Yu et al.,, 2023; Rabee et al., 2024).

Opverall, based on the analysis of various indicators and PCA,
when the dose of CW was low, it promoted fermentation, whereas
when the dose was high, it exerted an inhibitory effect on
fermentation. However, in-vitro systems lack host-immune
feedback and anaerobic stability, and further in-vivo digestion and
metabolism experiments are needed.

In conclusion, adding CW significantly affected in-vitro rumen
fermentation in sheep and displayed a biphasic action: When the
dose was increased to 4-6 g/kg, notable enhancements were
observed in the MCP and the relative abundance of total bacteria,
suggesting an improvement in the fermentation status and nitrogen
utilization efficiency; as the dose continued to escalate, the
significance of the difference progressively diminished until a dose
of 10 g/kg was reached, at which point there was no notable
disparity in the fermentation status compared to the control;
when the dose surpassed 14 g/kg, the decline in the nutrient
degradation rate, accompanied by an increase in NH3-N and
total gas production, signaled abnormal alterations in the
fermentation process and microbial balance. The optimal
supplementation range was established as 4-6 g/kg, albeit with
certain inherent constraints. Future in-vivo research should delve
into the impact of the extract on rumen microbiota and metabolites.
Additionally, taking into account factors like host immune response
and anaerobic stability will further ascertain the appropriate dosage
for inclusion.
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