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Abstract: Polyunsaturated fatty acids (PUFAs) constitute a significant lipid class with essential
nutritional and health benefits for both animal and human health; however, their effect and interaction
with the gut microbiota ecosystem are still unclear. Therefore, the present study aims to investigate
the effect of fish oil (FO) on ruminal fermentation and bacterial abundance under high- and low-
forage diets. Thirty-six ruminal fluid samples were allocated into two experiments. The first was
on high-forage diet and included three groups: the control (basal diet with 70% forage and 30%
concentrate), group 2 (basal diet + 5 mL/L FO), and group 3 (basal diet + 10 mL/L). The second
experiment was on low-forage diet: the control (basal diet with 30% forage and 70% concentrate),
group 2 (basal diet + 5 mL/L FO), and group 3 (basal diet + 10 mL/L). The results showed that
although FO supplementation did not affect the pH level among different diets, it significantly
decreased methane under a high-forage diet. In addition, regarding the fatty acids profile, FO
supplementation in high-forage diet significantly decreased fatty acids in both; however, under a
low-forage diet, FO groups showed significantly higher fatty acid content than the control. However,
FO supplementation increased the abundance of Anaerovibirio, Selenomonas, pseudobutyrivibrio, and
butyrivibrio through a high-forage diet. In contrast, the abundance of Prevotella, Rikenellaceae RC9 gut
group, and Saccharofermentans was depressed with FO supplementation. Whereas under low-forage
diet, FO supplementation increased Ruminobacter, Anaerovibirio, Megasphaera, Pseudobutyrivibrio,
Streptococcus, Butyrivibrio, unclassified_lachnospiraceae; it also decreased Prevotella and Rikenellaceae RC9
abundance similar to the high-forage diet. Based on the KEGG pathway results, FO supplementation
significantly downregulated genes mainly related to folding, sorting and degradation, environmental
adaptation, cell motility, transcription, membrane transport, and signal transduction. The results
revealed that FO has a depressing effect on ruminal fermentation and some bacterial population;
however, this negative effect can be minimized in high-concentrate diets.

Keywords: omega-3; rumen; fibrolytic bacteria; high forage; high starch

1. Introduction

Over the last decade, oils have been added to ruminant diets to increase the nutritional
energy density. However, the quantity and type of dietary lipids significantly impact fatty
acids (FA) ruminal metabolism because FA may have an altering impact by inhibiting
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microorganisms [1]. Polyunsaturated fatty acid (PUFA) is a significant content of fatty
acids in fats and oil, especially vegetable oils or oilseeds, marine products, or protected
fat sources [2]. PUFA, such as omega-3 FAs, including LNA, EPA, and DHA, contain
double bonds in the fatty acyl chain: #-3. PUFA metabolism is complicatedly related to
ruminal metabolism depending on H, metabolism and/or the microbial species engaged
in many metabolic pathways indirectly that affect biohydrogenation [2]. Mostly incomplete
biohydrogenation produces PUFA in the rumen can influence their concentrations in tissues
or milk [3].

Moreover, methane is a greenhouse gas (GHG) with 21 times the global warming
potential of CO,, and production from agricultural production represents 10-12% of the
total anthropogenic GHG equivalents per year (Gt CO, Eq/yr) [4]. Previous studies
reported the potential of fats and oils to reduce ruminal CHy production, one of the global
environmental side effects of livestock farming, and international agencies recommended
their inclusion in ruminant diets as a viable nutritional greenhouse gas (GHG) mitigation
strategy [5].

The accumulating knowledge drew attention to the efficiency of fat supplementation
using dietary interventions through links between nutrition, metabolism, and the rumen
microbiome and their environmental effect [6], especially since lipid supplementation can
lead to a shift in the rumen microbial population. However, there is no further investigation
into a specific strategy impact on the overall ruminal function and processes.

Specific microbial groups and their interactions are essential in several aspects of
ruminant production, including meat and milk quality [7], feed utilization efficiency [8],
health and welfare [9], and composition of ruminal microbiota [10]. However, modulation
of the fatty acid profile is attributed to various factors, including forage percentage [11] and
forage type [10].

Although a previous study by Pirondini [12] showed no adverse effects of fish oil
(0.8% dry matter) on milk fat in cattle fed a low-starch diet, fish oil supplementation was
responsible for increasing the DHA content in milk by approximately 6.86% (range from
1.35% to 14.4%), and microalgae supplementation increased it by approximately 7.08%
(range from 1.09% to 14.0%) [1].

In addition, when marine lipids were added to ruminant diets, several beneficial fatty
acids (FA) in milk and meat increased, mostly linked to rumen microbial activity [13]. Ma-
rine lipids were found to manipulate the rumen’s microbial community and fermentation
processes [14], which could positively change the rumen fatty acid proportions by affecting
the activity of rumen microorganisms [10,15].

Nevertheless, marine oil and unsaturated fatty acids have a more substantial antimi-
crobial effect than saturated ones [16], and different PUFA have been reported to have
differential toxicity toward rumen microorganisms [17,18]. However, the microbiological
action of ruminal unsaturated FA metabolism remains poorly understood [19,20], especially
the crosstalk between unsaturated fatty acids (such as omega-3 acids), diet type, and the
rumen microbial community.

Additional research may be needed to identify the relationship between omega-3, the
ruminal bacteria, and its effect on fermentation in the rumen. Therefore, more research may
be required to determine the relationship between omega-3 and ruminal bacteria and the
effect on rumen fermentation. Therefore, the present study was performed using 16sRNA
to evaluate the effect of fish oil on in vitro ruminal fermentation and microbial abundance
under different diet compositions.

2. Materials and Method
2.1. Sampling and In Vitro Fermentations

Rumen fluid was collected from four cows immediately after slaughtering at a com-
mercial slaughterhouse (Heng Xing Slaughterhouse, Wuhan, China). All cows were fed
a total mixed diet consisting mainly of corn silage, excluding disease factors, and rumen
fluid was collected through four layers of cheesecloth within 15 min. The animals were
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slaughtered before morning feeding [21]. After collecting rumen fluid, the bottle was
cleared of air at the top, kept at 39 °C, and arrived at the laboratory in 30 min. After that,
fresh buffer solutions were prepared per Menke and Steingass [22]. Briefly, rumen fluid and
buffer were mixed 1:2 at 39 °C under continuous CO; flushing. Then, 36 fermentation flasks
were used in two conditions in six groups (six flasks/each group). The first experiment
used a high-forage, low-concentrate diet (70:30): Control (basal high-forage diet without
FO supplementation), group 2:5 mL/L group, and group 3:10 mL/L group. The second
experiment included a low-forage, high-concentrate diet (30:70): Control (basal low-forage
diet without FO supplementation), T1: 5 mL/L group, and T2: 10 mL/L group. The
fish oil was manufactured by Tomson Health Co., Ltd. (Hong Kong, China). Production;
No. 19, Xing Han Road, Sanzao Science and Technology Industrial Park, Jinwan District,
Zhuhai City, China; approval number G30140593. Each 100 g of fish oil contained 16.1 g
eicosapentaenoic acid (EPA) and 10.7 g docosahexaenoic acid (DHA).

The fermentation flasks were then filled with 0.5 g of experimental diets (Table 1) and
50 mL of rumen buffer fluid, injected with CO,, and sealed with a butyl rubber plug and
aluminum cap. Finally, the flasks were placed in constant temperature shake incubators at
39°C.

Table 1. Experimental Substrate Composition and Analysis.

Diet component

Forage

Corn silage

Concentrate mixture components

Corn
Soybean meal
Cottonseed meal

Wheat bran
CaHCos
NaCl
Vit. A,D, E
FeSoy
ZnSoy
MnSoy
Chemical composition (Forage: concentrate) 30:70 70:30
Dry matter (%DM) 90.94 91.67
Organic matter (%DM) 92.84 92.12
Crude protein (%DM) 15.53 12.67
Neutral detergent fiber (%DM) 30.34 45.19
Acid detergent fiber (%DM) 18.77 25.27
Ash (%DM) 7.16 7.88

1 F:C = forage/concentrate ratio.

165 rDNA amplicon sequencing.

At the end of fermentation, the fluid pH was measured with a pH meter (FE28—Standard,
Mettler Toledo, Greifensee, Switzerland). The samples were separated into 2 mL sterile
tubes. SCFA analysis required the collection of isometric samples. The remaining samples
were stored at —80 °C, with one isometric sample saved for further microbial composition
analysis, and the rest for further analysis.

2.2. Chemical Analysis

For short-chain fatty acids (SCFA) analysis, the supernatant was extracted by 1 mL lig-
uid samples, added to 200 pL of 25% metaphosphoric acid, and centrifuged at 12,000 RPM
for 10 min at 4 °C. A gas chromatograph (7890A, Agilent Technologies, Santa Clara, CA,
USA), capillary column (30 m x 0.25 mm x 0.25 pm, DB—FFAP, Agilent Technologies,
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CH,4 (mmol/L) = 0.45

Santa Clara, CA, USA), and a pyrophoric detector were used in this study. The oven
temperature was initially set at 80 °C for 5 min, then increased to 190 °C (12.5 °C/min), and
held at 190 °C for 3 min. The injector and detector temperatures were set at 250 °C, and
the CH, yield was calculated by the formula of Moss, et al. [23,24] considering a hydrogen
recovery of 90% (default):

x Acetate (mmol/L) — 0.275 x propionate (mmol/L) + 0.40 X butyrate (mmol/L).

The frozen samples (approximately 200 mg) were thawed according to the manufac-
turer’s instructions before being subjected to DNA extraction using the QlAamp DNA
Mini Kit (QIAGEN, Hilden, Germany). The obtained DNA was subjected to a quality
inspection and concentration quantification to ensure that its qualities met the require-
ments of subsequent analysis. The total microbial DNA was quantified using a UV-Vis
spectrophotometer (NanoDrop 2000, New York, NY, USA), and DNA integrity was evalu-
ated by 0.8% agarose gel electrophoresis. The primers used to amplify the V3/V4 regions
(338 F: ACTCCTACGGGAGGCAGCA and 806 R: GGACTACHVGGGTWTCTAAT) were
synthesized according to conserved regions, and the PCR amplification was conducted in
triplicate under the same conditions. The agarose gel electrophoresis (2%) and AxyPrep
DNA Gel Extraction Kit (Axygen, Union City, CA, USA) were employed to evaluate the
PCR amplification product and recycle target fragment, respectively. Based on the first
electrophoretic data, fluorescence quantification of PCR-recycled products was carried out
on a Microplate Reader (BioTek, Winooski, VT, USA, FLx800). The acquired PCR products
were used to build the sequencing library using the TruSeq Nano DNA LT Library Prep Kit
from Illumina (San Diego, CA, USA). The final fragment selection and library purification
were performed using 2% agarose gel electrophoresis. The sequencing libraries” quality
inspection and fluorescence quantification were performed before sequencing. The quali-
fied libraries were diluted and mixed in the appropriate quantities based on the needed
sequencing volume. Then, high-throughput sequencing using a MiSeq sequencing machine
was performed on the resulting libraries. The PCR amplification procedure was determined
according to previous research [25].

2.3. Sequence Accession Numbers

Sequence data were deposited in the NCBI database with the following accession
numbers: OQ538446-0Q539435.

2.4. The 16S rDNA Sequence Data Acquisition and Bioinformatics

A total of 2,880,607 paired-end (PE) reads were generated from 36 samples. Firstly,
Trimmomatic v0.33 filtered raw reads; then, the primer sequences were identified and
removed by Cutadapt 1.9.1, which finally generated high-quality reads without primer se-
quences. Based on overlapping sequences, high-quality reads assembled by FLASH v1.2.7
generated clean reads. DADA2 processed de-noise in QIIME2 2020.6 to de-noise and re-
move chimeric sequences, generating non-chimeric reads. Upon that, 2,874,879 clean reads
were obtained after PE reads quality control and assembly, a minimum of 79,385 and an
average of 79,858 clean reads for each sample. Raw data were processed for quality control,
including removing low-quality reads and length-based filtration to generate high-quality
reads (Table 2). As previously described by Li, et al. [25], The rarefaction curve plotted the
species counts detected from each group to evaluate whether sequencing data can detect
all species from a sample, reflecting species diversity from the side. Simultaneously, each
sample rarefaction curve was generated to assess the sequencing depth.

Alpha diversity was used to evaluate the richness and species diversity within a single
sample using multiple indexes, including Chaol, ACE, Shannon, and Simpson. Chaol and
ACE count for species richness, i.e., the number of species presented. The top 10 species in
each level were selected, and the rest were combined as others for an optimal appearance.
Unclassified represents the species that have not been taxonomically annotated. The gut
microbial alpha diversity was calculated according to the relative abundance distribution
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of OTU in each sample. The function prediction of the ruminal microbiota was performed
using the phylogenetic investigation of the community by reconstruction of unobserved

States 2 (PICRUSt2).
Table 2. The processed raw-data and estimated data quality based on read length and counts at
each stage.

SampleID. RawReads it PRUAEd RORD M
C11 80,040 79,896 79,577 71,741 65,002
C12 79,966 79,805 79,272 68,943 63,386
C13 80,423 80,261 79,858 70,404 64,576
Cl4 80,000 79,848 79,459 70,400 65,505
C15 80,059 79,917 79,555 69,973 62,958
Cle 80,031 79,875 79,378 69,894 62,783
C21 80,094 79,940 79,429 69,886 62,633
Cc22 79,757 79,599 79,141 68,602 61,146
C23 79,860 79,685 79,285 70,858 62,659
C24 79,891 79,755 79,197 69,330 61,632
C25 80,251 80,065 79,596 70,736 62,323
C26 79,578 79,422 79,012 70,142 61,707
F11 79,955 79,797 79,386 70,451 64,893
F12 79,889 79,717 79,330 69,878 64,066
F13 79,551 79,385 78,992 69,876 64,462
F14 80,042 79,864 79,370 69,132 63,920
F15 80,335 80,188 79,673 70,942 64,606
F16 79,809 79,628 79,214 69,857 64,227
F21 80,085 79,910 79,425 70,269 64,262
F22 80,001 79,862 79,498 70,603 63,787
F23 79,969 79,803 79,294 70,849 64,364
F24 79,948 79,796 79,280 70,412 64,815
F25 80,252 80,099 79,611 70,119 62,987
F26 79,981 79,819 79,273 69,730 63,018
T11 80,137 79,992 79,576 71,454 66,206
T12 80,145 79,970 79,671 70,445 64,822
T13 79,928 79,764 79,433 70,660 65,036
T14 80,202 80,052 79,662 71,048 66,258
T15 80,229 80,098 79,583 69,881 64,077
T16 80,026 79,875 79,498 70,576 64,643
T21 79,860 79,699 79,356 70,003 63,431
T22 79,743 79,559 79,113 69,567 63,107
123 80,136 79,961 79,565 70,032 63,738
T24 80,127 79,972 79,427 68,803 62,509
T25 80,483 80,335 79,910 71,802 63,517
T26 79,824 79,666 79,231 69,506 62,902
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2.5. Statistical Analysis

Statistical analysis of 16sRNA data was performed using R (v3.0.3) and GraphPad
Prism (v7.0c). While fermentation parameters data were statistically analyzed using a
one-way analysis of variance (ANOVA) using SPSS 22.0, p-values < 0.05 were considered
statistically significant.

2.6. Differential Analysis between Groups

Line discriminant analysis (LDA) effect size was applied to find biomarkers with a
statistical difference between different groups [25,26].

2.7. 16s Functional Genes Prediction

PICRUSt2 was applied to perform species annotation on feature sequences based on a
reference phylogenetic tree. Differential biomarkers with statistical significance were identi-
fied between groups by differential analysis. Gene functions, phenotypes, and corresponding
abundance of samples were characterized and estimated based on functional prediction [27].
After the standard analysis, STAMP was applied to perform COG analysis [28].

3. Results
3.1. Fermentation and Short Chain Fatty Acid (SCFA) Activity

As shown in Table 3 (Panel a), although pH did not differ between control and fish oil
(FO) levels in high-forage conditions, FO supplementation significantly reduced CHy levels.
In addition, the results showed that FO supplementation significantly depressed total SCFA,
acetic, and propionic acid; however, the treatments did not affect butyric, isobutyric, valeric,
and isovaleric acid.

Under low-forage, high-concentrate diet, it was found that fish oil did not change pH
or methane levels under different levels. However, the FO groups showed significantly
higher fatty acid content except for the acetic and caproic acids, which were not significantly
higher in the FO groups Table 3 (Panel b).

Table 3. Fermentation characteristics affected by substrate condition and fish oil (FO) supplementation.

High-Forage: Low-Concentrate (70:30)

Control 5mL/L 10 mL/L SEM p-Value
pH 6.60 6.58 6.64 0.03 0.337
CH4 (mmol/L) 19.292 14.55° 11.77b 1.12 0.011
Total SCFA (mmol/L) 92,112 64.34 P 61.74 P 6.39 0.001
Acetic acid (mol/100 mol) 56.44 2 39.94b 35.48°P 3.93 0.001
Propionic acid (mol/100 mol) 29.022 18.60 P 21.05b 2.01 0.024
Isobutyric acid (mol/100 mol) 0.3133 0.1916 0.1331 0.07 0.073
Butyric acid (mol/100 mol) 4.68 4.242 3.996 0.37 0.316
Valeric acid (mol/100 mol) 0.5354 0.4625 0.3203 0.11 0.207
Caproic acid (mol/100 mol) 1.1169 0.8926 0.7579 0.13 0.052

Low-Forage: High-Concentrate (30:70)

Control 5mL/L 10 mL/L SEM p-Value
pH 6.57 6.55 6.61 0.0247 0.657
CHy4 (mmol/L) 1243 14.65 14.48 0.53 0.169
Total SCFA (mmol/L) 59.78 b 78432 81.082 3.55 0.017
Acetic acid (mol/100 mol) 36.05 44.25 44.40 1.66 0.054

Propionic acid (mol/100 mol) 18.88 P 26.722 28422 1.430 0.006
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Isobutyric acid (mol/100 mol) 0.1065 P 0.2867 @ 0.3275 % 0.033 0.008
Butyric acid (mol/100 mol) 3.503P 52322 57802 0.365 0.018
Valeric acid (mol/100 mol) 0.2724b 0.6236 2 0.67912 0.05893 0.003
Caproic acid (mol/100 mol) 0.9607 1.3153 1.4693 0.12820 0.265

ab Values with different superscripts differ significantly at p < 0.05.

3.2. Species Refraction Curve

Venn diagrams (Figure 1) shows that common and unique taxa numbers are repre-

sented among different FO levels. Generally, multi-sample refraction curves showed that
FO supplementation changed the number of species among different levels and different

forage: concentrate ratios.

Control

85

85

Five

29

72

Ten

Control

82

81

Five

106 18

605 70

25

Ten

(b)

Figure 1. The Venn diagrams represent common and unique taxa numbers responding to FO

supplementation under high-(a) and low-(b) forage ratios.

3.3. Differential Rumen Bacterial Taxa among Different Treatments Differential Alpha
Diversity Analysis

Table 4 shows the alpha diversity indexes in the high-forage diet (70% forage:30%
concentrate). Although the Simpson index showed no significant difference in species
number between FO levels compared to the control group, the Shannon index showed a
significant decrease only in the 5 mL group. Whereas, for the richness index, both ACE
and Chao index showed a highly significant (p < 0.01) decrease in species number between
the control and 5 mL group and only a significant (p < 0.05) decrease between control and
10 mL group as shown in Figures 2 and 3.

Table 4. Alpha diversity metrics for species richness under high- and low-forage ratios.

High-Forage: Low-Concentrate Ratio (70:30)

Sample ID Feature ACE Chaol Simpson  Shannon Good Coverage
Cl11 408 408.516 411.0 0.9233 6.3491 1.0
C12 476 476.1903 476.0 0.9745 7.2457 1.0
C13 472 472.1429 472.0 0.9541 6.8717 1.0
Cl4 450 450.152 450.0 0.9266 6.5063 1.0
C15 454 454.0 454.0 0.9723 7.1301 1.0
Cle6 470 470.0 470.0 0.9752 7.2702 1.0
F11 429 429.1799 429.0 0.9488 6.5274 1.0
F12 394 394.2254 394.0 0.9514 6.4493 1.0
F13 390 390.0 390.0 0.9515 6.4377 1.0
F14 424 4241563 424.0 0.9489 6.5258 1.0
F15 390 390.7117 393.0 0.9609 6.5202 1.0
F16 418 418.0 418.0 0.9609 6.6149 1.0
T11 391 391.1453 391.0 0.9423 6.2392 1.0
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Table 4. Cont.

T12 415 415.5068 416.0 0.9506 6.4065 1.0

T13 435 435.1439 435.0 0.9561 6.6737 1.0

T14 457 457.7152 460.0 0.9335 6.4119 0.9999

T15 413 413.7325 413.75 0.9674 6.708 1.0

T16 403 403.0 403.0 0.9629 6.5992 1.0
Low-Forage: High-Concentrate Ratio (30:70)

Sample ID Feature ACE Chaol Simpson  Shannon Good Coverage
C21 471 472.0735 473.0 0.9777 7.3038 0.9999
Cc22 501 501.7114 501.6 0.9918 7.8428 0.9999
C23 454 454.3172 455.0 0.9697 7.1101 1.0
C24 478 479.1216 479.5 0.9692 7.1402 0.9999
C25 434 434.1434 434.0 0.9869 7.3164 1.0
C26 447 448.7237 468.0 0.9781 7.1968 0.9999
F21 411 411.1642 411.0 0.9556 6.4908 1.0
F22 385 385.1417 385.0 0.9582 6.3736 1.0
F23 406 406.7465 406.6 0.9613 6.5443 1.0
F24 382 382.161 382.0 0.9364 6.1751 1.0
F25 368 368.0 368.0 0.9746 6.6478 1.0
F26 419 419.1919 419.0 0.9812 7.0818 1.0
T21 406 406.1364 406.0 0.9447 6.3128 1.0
T22 408 408.171 408.0 0.9659 6.6614 1.0
T23 401 401.155 401.0 0.9612 6.602 1.0
T24 403 403.0 403.0 0.9752 6.8771 1.0
T25 347 347.0 347.0 0.9714 6.548 1.0
T26 410 410.3526  410.3333 0.9695 6.7481 1.0
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Figure 2. Rarefaction curve plotting species counts from different FO levels under high-(a) and

low-(b) forage ratios.
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1.2 VR
Student's t-test of Simpson index i3 Student's t-test of Simpson index
*
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*
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0.4 0.4

0.2
0.2
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0.0 = Control Five Ten

Control Five Ten
(a) (b)

Figure 3. Differential alpha diversity indexes for different FO levels for richness (ACE and Chaol)
and diversity (Shannon and Simpson) under high-(a) and low(b) forage ratios. * means that the
ANOVA difference is significant (p < 0.05) while ** means the difference is highly significant (p < 0.01).

For a low-forage diet (30% forage:70% concentrate), richness indexes ACE and Chao
showed that both FO levels significantly decreased microbial community. However, the
indices for characterizing microbial community diversity, the Shannon index showed that
FO groups were significantly lower than the control groups.

These results indicated that the ruminal microorganism’s community richness and
diversity were reduced by FO supplementation under different diet compositions.

3.4. Taxonomic Composition and Alteration of Bacterial Community Associated with Different
Levels of FO

Overall, under different dietary compositions, FO supplementation could change
microbial abundance (Figures 4 and 5).
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Figure 4. Relative abundance of genus among different FO levels under high-(a) and low-(b) forage ratios.
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Figure 5. Relative abundance of species among different FO levels under high-(a) and low-(b) forage ratios.

Under high-forage diet conditions, although at the genus level, the Ruminobacter
genus did not change with different FO levels, Anaerovibirio, Selenomonas, pseudobutyrivibrio,
and butyrivibrio abundance was increased by FO supplementation. In contrast, the abun-
dance of Prevotella, Rikenellaceae RC9 gut group, and Saccharofermentans was depressed with
FO supplementation.

Whereas under low-forage conditions, at the genus level, FO supplementation in-
creased Ruminobacter, anaerovibirio, megasphaera, pseudobutyrivibrio, streptococcus, Butyrivibrio,
and unclassified_lachnospiraceae; it also decreased Prevotella and Rikenellaceae RC9 genus
abundance similar to high-forage conditions.

3.5. Linear Discriminant Analysis of Effect Size (LDA)

Significant differences in microbial species among the three groups were identified fol-
lowing LEfSe analysis (LDA = 4). Specifically, at a high-forage ratio (70% forage:30% concen-
trate), the LEfSe analysis revealed that six genera were potential biomarkers to distinguish
the control and treatment groups (Figure 7); also, the low-forage diet was distinguished
by six genera, except the 10 mL group that was distinguished by one genus. At a high-
forage ratio, the control group was characterized by s_unclassified_Prevotella, g_Prevotella,
f_prevotellacea, o_Bacteriodales, s_Fibrobacter_succinogenes, g_Fibrobacter, f_Fibrobacteraceae,
and o_Fibrobactereales (p < 0.05). However, the 5 mL/L group was marked by s_unclassified_
Ananerovibrio, g§_Ananerovibrio, f_Selenomonadaceae, §_Megasphera, f_Veillonellaceae, and
o_Veillonellaceae_Selenomonadales. On the other hand, the results revealed that FO levels sig-
nificantly enriched in the 10 mL/L group the abundance of: s_unclassified_Butyrivibrio,
g_Butyrivibrio, s_unclassified_Pseudobutyrivibrio, g_Pseudobutyrivibrio, s_Lachnospiraceae_
bacterium_CG54, g_unclassified_Lachnospiraceae, f_Lachnospiraceae, and o_Lachnospirales. On
the other hand, at low-forage ratio the control group was characterized by s_unclassified_
Bacteroidales_bacterium_bact_22, g_Bacteriodales_bacterium_Bact_22, f F082, s_unclassified_
Prevotella, g_Prevotella, f_Prevotellaceae,0_Bacteriodales, s_Fibrobacter_succinogenes, g_Fibrobacter,
f_Fibrobacteraceae, and o_Fibrobactereales. The 5 mL/L group was enriched by s_unclassified_
Pseudobutyrivibrio, g§_Pseudobutyrivibrio, and g_unclassified. These results indicate that dif-
ferent supplemental FO levels could lead to characteristic differences in ruminal bacterial
taxa, as Figures 6-8 show.
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Figure 6. The ANOVA analysis for the top 20 species in abundance among FO levels under high-
(a) and low- (b) forage ratio. * means that the difference is significant (p < 0.05), while ** means the
difference is very significant (p < 0.01).
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Figure 7. Shows LDA score exceeding the set value (the default is 4.0). Different colors represent
species in different FO groups under high-(a) and low-(b) forage ratios.

3.6. Predictive Functional Profiling Based on the KEGG Pathway Database

Under a high-forage ratio, these genes” KEGG pathways were significantly (p < 0.05)
downregulated by FO supplementation; they were mainly related to membrane transport,
cell motility, signal transduction, environmental adaptation, transcription, and xenobiotic
biodegradation, and the metabolism was downregulated in 5 mL/L group (Figure 9a).
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ing taxonomic level. Other colors stand for different groups. Species with specific colors mean this
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abundant microbial communities.
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Figure 9. Comparison of the distribution of the abundance of (KEGG) pathways of the bacterial
community in different FO levels under high- (a) and low- (b) forage ratios. Bars on the left indicate
the abundance ratio for each function in the two sets of samples; the graph on the right shows the
percentage of difference in functional abundance within the 95% confidence interval; and p values are
displayed on the far right of each panel. Only the significantly affected KEGG pathways by dietary
treatments are shown.
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Under low-forage ratios, there were fewer pathways downregulated, and the signifi-
cant (p < 0.05) functions downregulated by FO supplementation were mainly related to
folding, sorting and degradation, environmental adaptation, cell motility, transcription,
membrane transport, and signal transduction.

3.7. Predictive Functional Profiling Based on the COGs Database

As shown in Figure 10, the control group under a high-forage ratio (70% forage:30%
concentrate) showed significantly higher genes for functions, lipid transport and metabolism,
nucleotide transport and metabolism, secondary metabolites biosynthesis transport and
metabolism, cell membrane envelop biogenesis, translation ribosomal structure and bio-
genesis, posttranslational modification, protein turnover, and chaperones. However, under
a low-forage ratio (30% forage:70% concentrate), more functions were higher in FO groups;
the genes were for defense mechanisms and general function prediction.
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Figure 10. Comparison of the distribution of the abundance of (COG) pathways of the bacterial
community in different FO levels under high-(a) and low-(b) forage ratios. Bars on the left indicate
the abundance ratio for each function in the two sets of samples; the graph on the right shows the
percentage of difference in functional abundance within the 95% confidence interval; and p values are
displayed on the far right of each panel. Only the significantly affected COG pathways by di-etary
treatments are shown.

In contrast, supplementing FO under different forage ratios significantly downregu-
lated the genes responsible for signal transduction mechanism, cell motility, amino acid
transport and metabolism, transcription, inorganic ion transport, and metabolism.

4. Discussion

Diet interaction with the microbial community, especially bacteria, is a significant
factor in modulating the ruminal fermentation pattern, affecting ruminants’ nutrient di-
gestion and metabolism. In the present study, although pH values were not affected by
FO supplementation under any forage ratio, the fatty acids profile significantly changed.
Under the high-forage ratio, FO supplementation could depress the SCFA yield and acetic
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and propionate acids among the levels, which also may depress methane production. The
present results may be attributed to the depression in the abundance of Saccharofermentans,
Prevotella, and Rikenellacene RC9 gut group at the genus level, whereas Prevotella is central to
carbohydrate and hydrogen metabolism. The Prevotella spp. high abundance in the rumen
is associated with a healthy microbiome [1] and is one of the significant bacterial members
responsible for ruminal fermentation, especially acetic and propionic acid production.

Moreover, the current results showed a link between the drop in TVFA production
and the depression in the Prevotella abundance as a response to FO supplementation. These
results are supported by Carreno et al. (2019), who reported the detrimental effect of
marine lipids and omega-3 fatty acids (EPA, DHA, DPA) on the Prevotella abundance
in vitro [29]. In addition, the depression in TVFA was supported by Toral et al. (2017), who
discussed the omega-3 fatty acids” deteriorating effect on ruminal fermentation and fatty
acids biohydrogenation [30].

In the present study, under high-forage diet, the significant drop in VFA production
after FO supplementing may be explained by the declined ability of ruminal saccharide
metabolism, which is a vital VFA-producing step that affect the energy-yielding mecha-
nism in the rumen. In addition, from KEGG pathways results, it was found that genes
responsible for carbohydrate metabolism were significantly higher in the control group
compared to the FO-supplemented groups, which seems to support the idea that FO sup-
plementation depressed carbohydrate metabolism and, in turn, decreased the bacterial
fermentation activity.

A previous study [3] reported a significant link between TVFA production and Saccha-
rofermentans as a central modulator in shaping rumen fermentation activity. The Saccharofer-
mentans belong to the Bacteroidetes phylum, which contains genes responsible for encoding
glycosyl hydrolases [31,32]; it also ferments hexoses, polysaccharides, alcohols, sucrose,
and aesculin to produce acetate, lactate, and fumarate [33]. These previous findings may
explain the effect of FO on depressing the saccharofermentans abundance in the present
study and its results in decreasing TVFA production.

Another previous report mentioned that Butyrivibrio fibrisolvens, which produces
butyrate via a butyryl CoA transferase, is less sensitive to PUFA than B. hungatei and B.
proteoclasticus, which produce butyrate using a butyrate kinase [34]. It may be because B.
fibrisolvens cannot metabolize EPA and DHA [17] as opposed to B. proteoclasticus [35].

Regarding the low-forage condition (high-concentrate diet), contrary to the high-
forage diet, FO groups showed higher fatty acid production without decreasing pH, similar
to Kairenius et al.’s findings [36]. Similarly, in cows fed high-starch, low-fiber diets, reports
found that fatty acid formation and FO amount increases were not associated with ruminal
pH decrease [37]. In addition, FO groups were characterized by the higher presence of
streptococcus and Megasphera genus, especially unclassified streptococcus and Megasphaera
elsdenii species, compared to the control (Figures 4 and 5). Megasphaera elsdenii is an
important ruminal pH mediator responsible for converting around 60% to 80% of lactate
to a volatile fatty acid with less acidity [38], with the ability to prevent ruminal acidosis
in elevated dietary step-up regimes [39,40]. The previous results also mentioned the
Megasphaera elsdenii buffer’s ability to stabilize pH under high-concentrate low-forage diets
avoiding ruminal acidosis [37].

Another explanation for the present study’s result maybe the relation between fibrolytic
and non-fibrolytic species [41], which is crucial for ruminal fiber degradation because non-
fibrolytic bacteria can activate fibrolytic bacteria through cross-feeding interaction [6]. For
example, Prevotella ruminicola has been reported to synergize with fibrolytic bacteria to
improve fiber digestion [7]. One of the main synergism pathways is the interspecies
hydrogen transfer and removal and/or metabolite exchange [6], which also can explain
the pH results. Previous studies reported that feeding lactating cows diets containing FO
and omega-3 and omega-6 sources could increase cis-9 and trans-11 CLA concentrations in
milk [42,43], but enrichment varies depending on the basal diet composition and the amount
and lipid supplement source. Furthermore, dietary supplements of oils containing omega-3
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lower the proportions of 12:0, 14:0, and 16:0 fatty acids in milk fat [7]. Another in vivo
experiment reported that dietary FO supplementation increases increasingly depress the
rumen’s unsaturated fatty acids biohydrogenation, shifting the specific 16- to 22-carbon
fatty acids profile at the omasum and inducing vital bacterial population changes capable
of biohydrogenation in lactating cows [37].

In the present study, it is assumable that FO supplementation in high-forage conditions
may disturb the serial action between the fibrolytic and non-fibrolytic bacteria through the
FO toxic action on some ruminal bacterial species, considering that the toxic effect pressure
differently from one species to another. It was also found that FO adding during the
transition from a high-forage to a high-concentrate diet may result in beneficial impacts on
the ruminal fermentation pattern and the fatty acids profile.

This explanation is supported by Maia et al., who concluded that PUFA toxicity in
butyrate producers is probably mediated via a metabolic effect involving butyrate pro-
duction [44]. Beyond butyrate metabolism, other acyl-CoA and ATP pools are affected by
exposure to PUFA, suggesting a metabolic interruption [45]. The dietary factor is essential
in explaining omega-3 fatty acids’ toxic effect on the microbial community, considering that
the toxic effect varies from one species to another beside the fiber to starch ratio may be the
central modulator for this deteriorating action.

Fiber digestion is a leading player in changing the ruminal fermentation pattern,
which is affected mainly by the dynamic relationship between microbial species, especially
fibrolytic and non-fibrolytic bacteria. However, oil supplementation’s effect on microbial
abundance among different species must not be studied in a snapshot manner; it must be
more dynamic regarding the species fluctuation under different diets.

Recently, interest has been revived because ruminal fermentation’s implications link
to subsequent biohydrogenation of PUFA. Further in vivo studies using functional metage-
nomics approaches are needed to provide greater insight into the diet-induced changes
in bacterial biohydrogenation within the rumen. However, such further investigations
must consider the dynamics of the microbial community and its interaction with the host
feeding strategy.

5. Conclusions

Fish oil is an essential source of PUFA fatty acids, which is significant for many
physiological cellular functions; however, the gastrointestinal interaction with the ruminal
microbiota community is critical for understanding the different effects of these fatty acids.
The dietary factor is essential in explaining omega-3 fatty acids’ toxic effect on the microbial
community, considering that the toxic effect varies among different species. This study may
revive the potential implications of ruminal microbial alteration during different dietary
compositions through PUFA and its effect on crucial fatty acid biohydrogenation. This
knowledge can be applied in developing efficient strategies to enhance the valuable FA
content of ruminant products such as meat and milk.
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