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Abstract

This study aimed to investigate the effects of combinations of niacin, fruc-
tooligosaccharides, and rare earth citrate on in vitro rumen fermentation char-
acteristics and microbial community structure in beef cattle. Three healthy
Jinjiang yellow cattle bulls fitted with permanent rumen fistulas [body weight
(375+28) kg] were selected as rumen fluid donors. A 3-factor 3-level orthogo-
nal experimental design was adopted to examine the effects of different levels
of fructooligosaccharides (0.8%, 1.0%, 1.2%), niacin (400, 800, 1,200 mg/kg),
and rare earth citrate (0.6%, 0.8%, 1.0%) on in vitro rumen fermentation char-
acteristics in beef cattle using in vitro rumen fermentation culture technique,
and high-throughput sequencing technology was employed to analyze the rumen
microbial community structure. The in vitro incubation time was 48 h. The
results showed: 1) Group G exhibited the highest pH in the in vitro culture fluid
at 6.77, which was significantly higher than groups A, B, C, D, and E (P 0.05);
Group G displayed the lowest ammonia nitrogen (NH3-N) content in the in vitro
culture fluid at 9.77 mg/dL, which was significantly lower than all other groups
(P 0.05); Different regulator combinations had no significant effect on micro-
bial protein (MCP) content in the in vitro culture fluid (P>0.05). 2) Group I
showed the highest propionate content in the in vitro culture fluid at 28.53%,
which was significantly higher than groups A, B, D, and E (P 0.05), and the
lowest acetate/propionate ratio, which was significantly lower than groups A, B,
and D (P 0.05); No significant differences were observed among groups in total
volatile fatty acids (TVFA) concentration, acetate, or butyrate contents in the
in vitro culture fluid (P>0.05). 3) The dominant microbial communities in the
in vitro culture fluid across different regulator combinations were Bacteroidetes
and Firmicutes. At the phylum level, there were 4 significantly different micro-
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bial taxa between groups A and I (P 0.05); at the genus level, there were 15
significantly different microbial taxa between groups A and I (P 0.05). Com-
prehensive analysis indicated that the optimal rumen regulator combinations
under a corn-soybean meal-straw diet for beef cattle were group I (1.2% fruc-
tooligosaccharides + 1,200 mg/kg niacin + 0.8% rare earth citrate) and group
G (1.2% fructooligosaccharides + 400 mg/kg niacin + 1.0% rare earth citrate).
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Abstract

This study investigated the effects of nicotinic acid (NA), fructooligosaccharides
(FOS) and rare earth citrate (REC) combinations on in vitro rumen fermenta-
tion characteristics and bacterial community structure in beef cattle. Three
healthy Jinjiang cattle bulls [body weight (375+28) kg] fitted with permanent
rumen cannulas served as rumen fluid donors. A 3x3 factorial orthogonal ex-
perimental design was employed to examine nine combinations of FOS (0.8%,
1.0%, 1.2%), NA (400, 800, 1,200 mg/kg) and REC (0.6%, 0.8%, 1.0%) on ru-
men fermentation parameters using in vitro culture techniques, with bacterial
community structure analyzed via high-throughput sequencing. The in vitro in-
cubation period was 48 hours. The results showed: (1) Group G exhibited the
highest pH (6.77), significantly higher than groups A, B, C, D and E (P 0.05),
and the lowest NH -N content (9.77 mg/dL), significantly lower than all other
groups (P 0.05). No significant differences were observed in microbial crude
protein (MCP) content among groups (P>0.05). (2) Group I showed the high-
est propionate content (28.53%), significantly higher than groups A, B, D and
E (P 0.05), and the lowest acetate/propionate ratio, significantly lower than
groups A, B and D (P 0.05). No significant differences were detected in to-
tal volatile fatty acid (TVFA) concentration or acetate and butyrate contents
among groups (P>0.05). (3) Bacteroidetes and Firmicutes dominated the bacte-
rial communities across all treatment groups. At the phylum level, four bacterial
taxa differed significantly between groups A and I (P 0.05), while at the genus
level, fifteen taxa showed significant differences (P 0.05). Comprehensive anal-
ysis indicated that optimal rumen modulator combinations for beef cattle fed
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corn-soybean meal-straw diets were group I (1.2% FOS + 1,200 mg/kg NA +
0.8% REC) and group G (1.2% FOS + 400 mg/kg NA + 1.0% REC).

Keywords: beef cattle; fructooligosaccharide; nicotinic acid; rare earth citrate;
rumen; in vitro fermentation; bacterial community

Introduction

The rumen represents one of the most distinctive features differentiating rumi-
nants from monogastric animals, with rumen fermentation function critically
influencing ruminant health and production. Consequently, regulating rumen
fermentation characteristics to enhance rumen function has remained a central
focus in ruminant nutrition research.

Fructooligosaccharides (FOS), also known as oligofructose or fructans, consti-
tute a group of low-molecular-weight carbohydrates formed by linking several D-
fructose units to a sucrose molecule via -1,2-glycosidic bonds, and have demon-
strated capacity to modulate rumen microbial populations [1]. Previous studies
by Qu et al. [2] and Ling et al. [3] found that infusing 2.00% FOS significantly
decreased rumen fluid pH and NH -N content while increasing volatile fatty
acid (VFA) and microbial crude protein (MCP) concentrations in sheep, with
an effective dietary inclusion level of 0.8%.

Nicotinic acid (NA), also known as vitamin PP or niacin, serves as a precursor for
coenzyme I (NAD) synthesis [4]. Since NAD participates in numerous biochem-
ical reactions involving biological electron transfer, alterations in intracellular
NAD levels profoundly affect the entire metabolic network within cells, thereby
influencing rumen microbial metabolism [5]. During carbohydrate metabolism,
NAD regulates lactic acid metabolism in the rumen through participation in
the reaction “pyruvate + NADH + lactate dehydrogenase — lactate + NAD ” |
consequently promoting microbial glycolysis [6]. Zhang [7] reported that dietary
NA supplementation enhanced rumen microbial proliferation, prevented drastic
pH fluctuations, stabilized the rumen environment, and averted acidosis, with
800 mg/kg showing optimal effects.

Rare earth citrate (REC) represents a novel and promising feed additive,
wherein rare earth elements exhibit strong physiological activity as metabolic
activators that can modify nutrient digestion and absorption in animals and
microorganisms, enhance protein and nucleic acid synthesis, and consequently
promote growth. The effective dietary inclusion level for REC is 0.6% [8].

While these three additives individually demonstrate rumen-modulating effects
through promoting rumen microbial metabolism and proliferation, current lit-
erature exclusively examines single-agent applications. No studies have investi-
gated potential synergistic effects among these three modulators, whether com-
binations might enhance regulatory efficacy, or what constitutes optimal com-
binations. Therefore, this experiment aimed to evaluate the effects of NA, FOS
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and REC combinations on in vitro rumen fermentation characteristics and bac-
terial community structure in beef cattle, providing scientific basis and technical
support for developing effective composite rumen modulators.

1.1 Experimental Materials

Fructooligosaccharides were purchased from Hebei Weierkang Pharmaceutical
Co., Ltd. with purity >90%. Nicotinic acid was obtained from Zhengzhou Jiahe
Biological Products Co., Ltd. with active ingredient content 95%. Rare earth
citrate was sourced from Jiangxi Kuanglu Technology Co., Ltd. as a white or
light yellow free-flowing powder containing 99% REC, with rare earth elements
(primarily lanthanides) 36%, and heavy metal limits of Cd 0.0001%, Pb 0.002%,
As 0.0005%.

1.2 Experimental Animals, Diets and Management

Three healthy Jinjiang cattle bulls weighing (375+28) kg and fitted with per-
manent rumen cannulas served as rumen fluid donors. All animals received
oral ivermectin for deworming and were housed individually. The basal diet
consisted of a corn-soybean meal-rice straw formulation prepared according to
Feeding Standard of Beef Cattle (NY /T 815-2004) with a concentrate-to-forage
ratio of 20:80. Diet composition and nutrient levels are presented in Table 1 .
Animals were fed equal amounts twice daily at 08:00 and 18:00 with free access
to water.

1.3 In Vitro Fermentation Method

Buffer solution was prepared according to Menke et al. [10], comprising trace
element solution, carbonate buffer, phosphate buffer, sodium sulfide (Na S) re-
ducing solution, and resazurin indicator. The mixed buffer was continuously
flushed with CO for over 30 minutes until pH reached 6.8, then maintained in
a 39°C water bath. Rumen fluid was collected before morning feeding from four
locations (upper, lower, anterior, posterior) within the rumen using long-arm
gloves, mixed thoroughly, and immediately transferred into pre-warmed (39°C)
sterilized beakers under CO atmosphere. Beakers were placed in thermos flasks
containing 39°C distilled water, sealed immediately, and transported rapidly to
the laboratory. The fluid was filtered through four layers of cheesecloth, flushed
with CO for 5 minutes, then quickly dispensed into pre-warmed culture bottles
containing substrate (500 mg basal diet + corresponding modulator combina-
tion) and 40 mL buffer solution, with 20 mL rumen fluid added to each bottle.
Bottles were connected to syringes and incubated with shaking for 48 hours.
The in vitro batch culture system was designed following methods described
by Lu [11] and Cheng [12], consisting primarily of a temperature-controlled
shaking water bath with adjustable temperature and oscillation speed. Culture
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vessels were 150 mL yogurt bottles sealed with rubber stoppers and connected
to syringes via rubber tubing with needles.

1.4 Experimental Design

A 3x3 orthogonal experimental design was employed with nine modulator com-
binations, each replicated in three culture bottles. Additive levels in the basal
diet are shown in Table 2 .

1.5 Sample Pretreatment

After 48-hour incubation, culture fluid pH was measured immediately. Residues
were transferred quantitatively into pre-weighed nylon bags (200 mesh). Filtrate
samples were collected; portions were frozen at -20°C for rumen fermentation
parameter analysis (NH -N, VFA, MCP), while other portions were stored at
-80°C for high-throughput sequencing.

1.6 Analytical Methods

Dietary crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber
(ADF), calcium (Ca) and phosphorus (P) were determined according to Feed
Analysis and Feed Quality Detection Technology [13]. Culture fluid pH was mea-
sured using a PHS-25 laboratory pH meter (Shanghai Jinmai Instrument Co.,
Ltd.). NH -N content was determined by the phenol-hypochlorite colorimetric
method [14]. VFA content was analyzed using a Waters-Baseline520 HPLC sys-
tem at 214 nm with a C18 column maintained at 30°C, mobile phase 0.02 mol/L
KH PO /HPO (pH 2.37), flow rate 1 mL/min, and injection volume 10 L [15].
MCP content was measured spectrophotometrically [16].

1.7 High-Throughput Sequencing and Bioinformatics Analysis

Based on preliminary results, groups A and I (showing maximal differences) were
selected for high-throughput sequencing analysis. Five mL of in vitro rumen
culture fluid from each sample was sent to Shanghai Xiangyin Biotechnology
Co. for DNA extraction. The bacterial 16S rDNA V4-V5 region (515F-907R)
was sequenced using the Illumina MiSeq PE250 platform. Raw data underwent
quality control by discarding low-quality sequences (tail base quality <20, post-
QC read length <50 bp). High-quality sequences were clustered using Usearch
7.1 software with 97% similarity threshold for operational taxonomic unit (OTU)
delineation. OTUs were aligned against the RDP database for taxonomic classi-
fication via RDP Classifier. Richness indices (Chao, Ace) and diversity indices
(Shannon, Simpson) were calculated using Mothur 1.30.1 software. Metastats
analysis was employed for comparative analysis of differential bacterial commu-
nities between groups.
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1.8 Statistical Analysis

Data were initially processed using FExcel 2003, then subjected to one-way
ANOVA using SPSS 17.0 software. When significant differences were detected,
Duncan’ s multiple range test was applied. Results are expressed as means +
standard error, with P 0.05 considered statistically significant.

2.1 Analysis of pH, NH -N and MCP in Culture Fluid

As shown in Table 3 , different modulator combinations significantly affected
culture fluid pH and NH -N content (P 0.05). Group G exhibited the highest pH
(6.77), significantly higher than groups A, B, C, D and E (P 0.05), while group
A showed the lowest pH (6.66), significantly lower than groups E, F, G, H and I
(P 0.05). Group C had the highest NH -N content (12.04 mg/dL), significantly
higher than groups G and H (P 0.05), whereas group G had the lowest NH -N
content (9.77 mg/dL), significantly lower than all other groups (P 0.05). No
significant differences in MCP content were observed among groups (P>0.05),
though group I showed the highest value (37.55%) and groups B and C the
lowest (34.97% each).

2.2 Analysis of VFA Content in Culture Fluid

Table 4 shows that no significant differences existed among groups in TVFA
concentration or acetate and butyrate contents (P>0.05), with group A show-
ing highest TVFA and acetate levels and group C highest butyrate content.
However, modulator combinations significantly affected propionate content and
acetate /propionate ratio (P 0.05). Group I demonstrated the highest propionate
content (28.53%), significantly exceeding groups A, B, D and E (P 0.05), and
the lowest acetate/propionate ratio, significantly lower than groups A, B and D
(P 0.05).

2.3 OTU Clustering Analysis

Groups A and T (six samples: Al, A2, A3, I1, 12, I3) were selected for high-
throughput sequencing, yielding 426,895 total sequences (average 71,149 per
sample). At 97% similarity, 12,531 OTUs were obtained (average 2,089 per
sample), with OTU counts of 2,012, 1,522 and 2,050 for A1, A2, A3, and 2,482,
1,662 and 2,803 for 11, 12, I3, respectively. As shown in Figure 1 [Figure 1: see
original paper], samples from the same group clustered together. Principal com-
ponent analysis (PCA) revealed PC1 and PC2 contributions of 77% and 16%,
respectively. Phylum-level abundance heatmaps indicated that dominant bac-
terial communities originated from Bacteroidetes, Firmicutes, Proteobacteria,
Verrucomicrobia, Planctomycetes and Spirochaetes.
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2.4 Bacterial Community -Diversity Analysis

-Diversity reflects species diversity within individual samples, where Chao and
Ace indices indicate community richness, while Shannon and Simpson indices
reflect community diversity. Table 5 shows that compared with group A, group
I exhibited higher Chao, Ace and Shannon indices but lower Simpson index,
indicating greater bacterial community diversity in group I.

2.5 Bacterial Community Structure Analysis

Differential bacterial communities between groups A and I are presented in Table
7 . At the phylum level, four taxa differed significantly (P 0.05): Spirochaetes,
Lentisphaerae, Synergistetes and Tenericutes. At the genus level, fifteen taxa
showed significant differences (P 0.05): Prevotella, Paraprevotella, subdivision 5
(genera incertae sedis), Schwartzia, Pseudobutyrivibrio, Treponema, Clostridium
XIVa, Victivallis, unclassified subdivision 3 (genera incertae sedis), Fretibac-
terium, Oligosphaera, Clostridium XIVb, Selenomonas, Hydrogenibacillus and
Defluviitalea.

3.1 Effects of NA, FOS and REC Combinations on pH, NH -N and
MCP

Rumen fluid pH serves as a comprehensive indicator of rumen fermentation,
with appropriate pH essential for normal microbial activity. The normal pH
range is 5.5-7.5, and all treatment groups in this study fell within this range.
While dietary oligosaccharides typically decrease rumen pH, our results showed
pH increased significantly with FOS supplementation level, possibly due to NA’s
effect on reducing lactic acid content and elevating pH, suggesting an interaction
between FOS and NA.

NH -N represents the end product of peptide, amino acid, protein and non-
protein nitrogen compound degradation, and serves as the primary substrate for
MCP synthesis. Optimal rumen NH -N concentration ranges from 0.35-29.00
mg/dL [18]; our values (9.77-12.04 mg/dL) fell within this range. NH -N content
decreased significantly with increasing FOS level, consistent with Qu et al. [2].
However, overall NH -N levels were lower than in previous studies, suggesting
enhanced microbial utilization, likely because both NA and REC promote energy
metabolism, providing energy for NH -N incorporation into MCP. This indicates
positive combinational effects among the three modulators. Additionally, 0.8%
REC supplementation significantly reduced NH -N content, consistent with Liu
et al. [19], possibly due to enhanced NH -N utilization by rumen microbes.

MCP constitutes the primary nitrogen source for ruminants, meeting 40-80% of
their nitrogen requirements. Although no significant differences in MCP content
were observed among groups, group I showed the highest value (37.55%), with

chinarxiv.org/items/chinaxiv-201812.00457 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00457

ChinaRxiv [$X]

overall MCP levels tending to increase with FOS supplementation. The lack of
significant differences may reflect interactions among the three modulators.

3.2 Effects of NA, FOS and REC Combinations on VFA Content

Propionate is the main precursor for gluconeogenesis in ruminants and its
fermentation utilizes hydrogen, reducing methane production and improving
energy conversion efficiency [20]. The acetate/propionate ratio reflects fer-
mentation pattern, with lower values indicating higher propionate proportion
and feed energy utilization. Significant effects on propionate content and
acetate/propionate ratio demonstrated that modulator combinations markedly
influenced fermentation type. Group I showed highest propionate and low-
est acetate/propionate ratio, likely attributable to its specific combination
(highest FOS and NA levels, 0.8% REC). These findings align with Zhang et
al. [21] showing oligosaccharides decrease acetate/propionate ratio, Schaetzel
and Johnson [22] demonstrating NA reduces this ratio, and Liu et al. [19]
reporting increased propionate with rare earth supplementation. Compared
with single-agent studies, our higher propionate and lower acetate/propionate
ratios indicate positive combinational effects, with NA playing a particularly
significant role in promoting propionate fermentation. The lack of significant
differences in acetate and butyrate contents may reflect NA’ s predominant
effect on carbohydrate fermentation, increasing propionate while decreasing
acetate and butyrate [23], thereby counteracting FOS-induced increases in
these VFAs.

3.3 Effects of NA, FOS and REC Combinations on Bacterial Diversity

Using Illumina MiSeq sequencing of 16S rDNA, we compared bacterial diversity
between modulator combinations. Group I exhibited higher richness and diver-
sity than group A. Analysis of the combinations revealed that group I contained
the highest FOS (1.2%) and NA (1,200 mg/kg) levels, while group A had the
lowest levels, indicating that increasing oligosaccharide and NA supplementa-
tion in low-concentrate diets promotes microbial growth and enhances bacterial
diversity. These results concur with Min et al. [24], Pan et al. [25] and Ottou
et al. [26]. However, Gao et al. [27] reported decreased bacterial diversity with
NA supplementation under high-concentrate diets, a discrepancy possibly at-
tributable to REC’ s role as a physiological activator that promotes microbial
growth and enhances diversity.

3.4 Effects of NA, FOS and REC Combinations on Bacterial Com-
munity Structure

Our results showed that Bacteroidetes and Firmicutes dominated across all treat-
ments, consistent with other ruminant studies [28,29]. While Ruminococcus
flavefaciens, R. albus and Fibrobacter succinogenes are primary fiber-degrading
bacteria [30], non-fiber-degrading bacteria can synergistically enhance cellulose
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degradation [31]. Prevotella ruminicola [32] and Treponema [33] are such syn-
ergistic bacteria, and our study found significantly increased abundances of
Prevotella and Treponema in group I, potentially promoting fiber-degrading
activity. Succiniclasticum ruminis [34] and Schwartzia [35] convert succinate
to propionate, while Selenomonas ruminantium synergizes with fiber-degrading
bacteria to enhance cellulose degradation and propionate production [36]. The
significantly increased abundances of Schwartzia and Selenomonas in group I
corresponded with its highest propionate proportion, confirming these mecha-
nisms.

4 Conclusion

1. Different combinations of nicotinic acid, fructooligosaccharides and rare
earth citrate significantly altered rumen fermentation patterns, increasing
propionate content in vitro.

2. These combinations significantly affected the abundances of Prevotella,
Schwartzia, Treponema and Selenomonas in the rumen bacterial commu-
nity.

3. Under corn-soybean meal-rice straw dietary conditions, optimal modulator
combinations were group I (1.2% FOS + 1,200 mg/kg NA + 0.8% REC)
and group G (1.2% FOS + 400 mg/kg NA + 1.0% REC).
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