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Abstract: Dietary lipids increase energy density in dairy cow diets and in some cases can increase
beneficial fatty acids (FA) in milk and dairy products. However, the degree of FA saturation may
affect the rumen microbiome. The objective of this study was to determine the long-term effects
of feeding saturated (hydrogenated vegetable oil; HVO) or unsaturated (olive oil; OO) fatty acid
(FA) sources on the rumen microbiome of dairy cows. For 63 days, 15 mid-lactating cows were fed
with either a basal diet (no fat supplement), or the basal diet supplemented with 3% dry matter
(DM), either HVO or OO. Rumen contents were collected on days 21, 42 and 63 for 16S rRNA gene
sequencing using the Illumina MiSeq platform. The results reveal dominance of the phyla Firmicutes
(71.5%) and Bacteroidetes (26.2%), and their respective prevalent genera Succiniclasticum (19.4%) and
Prevotella (16.6%). Succiniclasticum increased with both treatments at all time points. Prevotella was
reduced on day 42 in both diets. Bacterial diversity alpha or beta were not affected by diets. Predicted
bacterial functions by CowPI showed changes in energy and protein metabolism. Overall, 3% DM of
lipid supplementation over 63 days can be used in dairy cow diets without major impacts on global
bacterial community structure.

Keywords: rumen; bacteria; 16S rDNA; microbiome; olive oil; palm oil; hydrogenated vegetal oil

1. Introduction

The rumen microbiome refers to the diversity and function of the community of mi-
croorganisms that inhabits the rumen [1]. The rumen microbiome is one of the most diverse
ecosystems in nature because it harbors a complex microbial community, composed of
anaerobic bacteria, protozoa, fungi, methanogenic archaea and phages [2,3]. These microor-
ganisms play an important role in animal productivity, due to their involvement in the
degradation of plant carbohydrates and their subsequent conversion into short-chain fatty
acids (volatile fatty acids; VFA), which provide energy for essential metabolic processes [4].
The rumen microbiome also plays a major role in fatty acid metabolism of dietary fats [5].
Typically, dietary forages are high in human health-beneficial polyunsaturated fatty acids
(PUFA); nonetheless, the double bonds are removed quickly and efficiently by the rumen
bacteria post-ingestion, a process known as biohydrogenation. The rumen bacteria have
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evolved these mechanisms of removing the double bonds in fatty acids (FA) as they are
toxic to them; therefore, their removal ensures their survival, but conversely this leads
to ruminant products that are high in human health-detrimental saturated fatty acids
(SFA) [5,6]. Nonetheless, the biohydrogenation of dietary FA is often incomplete and
intermediate metabolites can reach the duodenum, be absorbed and incorporated into
ruminant products, such as milk and meat [7]. Some of these intermediates, such as cis-9,
trans-11 conjugated linoleic acid (CLA), are also beneficial for human health [8,9].

Dairy cow diets can be supplemented with dietary lipids to provide energy for the host
and if PUFA-rich they can beneficially increase the human health-beneficial PUFA content
of cow’s milk [10,11], cheese [12] and ice cream [13]. For example, supplementation with
hydrogenated vegetable oil increases C14:0, C16:0 and C18:0 [13]. It has also been shown
that olive oil (OO) by-products can decrease rumen Anaerovibrio densities, potentially
contributing to a reduction in lipolysis and lowering the availability of PUFA for rumen
biohydrogenation in sheep fed on olive oil pomace for 28 days [14]. However, OO can
have deleterious effects on the 16S rRNA gene copy numbers of total bacteria when
supplemented at 6% DM, as reported in an in vivo study, suggesting that this level may
impair productivity [15].

Longitudinal experiments have been performed for studying temporal variations in
microbial communities in beef cattle [16] and during early life in goats [17]. However,
there is a lack of knowledge on the long-term effects of supplementing oils on the rumen
microbiome of dairy cows. Filling this gap in the current knowledge is important as for
years the use of industrial oil by-products has been part of the dairy cow diet, but the
impact on rumen microbiota when these feedstuffs are used in the long term remains largely
unknown. Therefore, the objective of this study was to determine the effects of dietary
fats during a relatively long-term supplementation of either hydrogenated vegetable oil
(HVO; as a saturated FA source) or olive oil (OO; as an unsaturated FA source) for 63 days.
The hypothesis of this study was that changes in the rumen microbiota would depend on
the degree of FA saturation and number of double bonds of dietary fats; therefore, effects
should be more noticeable with the use of OO. To ensure contrasting effects, the OO used in
this study was composed of 74 g/100 g of C18:1 cis-9 whereas HVO was composed mostly
of 58 g/100 g of C16:0 and 40 g/100 g of C18:0.

2. Materials and Methods
2.1. Animal Conditions and Experimental Design

Fifteen multiparous Holstein cows averaging 189 ± 28 days in milk were assigned to
three treatment groups based on body condition score (BCS; scored on a five-point scale
where 1 = emaciated to 5 = overly fat; [18]) in order to achieve homogeneous experimental
groups. At the beginning of the study, the average BCS for the 3 groups were 2.8 ± 0.3,
3.0 ± 0.0 and 2.8 ± 0.3. The study was conducted for 63 days, divided into three periods
of 21 days each. All cows received an isocaloric basal restricted diet (NEL = 1.6 Mcal/kg
DM) containing 65% forage (corn silage, fresh alfalfa and alfalfa hay) and 35% concentrate
(malt distillers, corn grain, wheat bran, soybean grain and rapeseed meal) to satisfy the
nutritional requirements of a 650 kg dairy cow in mid-lactation consuming 26.5 kg DM
daily [19]. Treatments included a control basal diet with no added lipid (n = 5 cows), and a
basal diet containing either HVO (n = 5 cows; manufactured from palm oil; 3% DM) or OO
(n = 5 cows; unrefined olive oil residues; 3% DM). Oils were administered separately and
mixed manually into the daily ration for each cow. Oils contained the following FA profile:
olive oil had 14/100 g of C16:0 and 74/100 g of C18:1 cis-9, whereas HVO had 58/100 g of
C16:0 and 40/100 g of C18:0. In terms of dietary treatments, OO was composed mainly of
C18:0 (26.4/100 g), C18:1 cis-9 (32.8/100 g) and C18:2 cis-9, cis-12 (19/100 g), whereas HVO
contained mainly C16:0 (39.2/100 g), C18:0 (30.8/100 g) and C18:2 cis-9, cis-12 (20/100 g).
More details on diets, oils and animals are reported in a companion paper [12].
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2.2. Rumen Samples Analysis

Individual rumen samples were taken on days 21, 42 and 63 using a transesophageal
scoop (FLORA; [20]) after morning milking and before feeding. Approximately 15 mL of
the liquid fraction containing particulate matter (particles up to 10 mm) was removed from
the rumen following Geishauser et al.’s [20] protocol. All technical details on the rumen
scoop mechanism, and maintenance while sampling and between samplings have been
reported previously [20].

Rumen fluid pH was determined immediately after sampling. Samples for ammonia
nitrogen (NH3-N) determination were centrifuged at 1400× g at 4 ◦C for 20 min and the
supernatant was diluted 1:10 with distilled water. Four milliliters of reagent A (50 mg of
sodium nitroprusside, 8.25 g of sodium tungstate and 11 mL of 90% liquefied phenol per
liter) and reagent B (25 g of disodium phosphate, 5 g of reagent grade sodium hydroxide
and 50 mL of 5.25% sodium hypochlorite per liter) were added to 100 µL of rumen fluid.
Then, tubes were incubated at room temperature for 1 h and absorbance was subsequently
read at 625 nm. Volatile fatty acids (VFA) were determined by gas chromatograph (GC-2010,
Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with a 30-m wall-coated
open-tubular fused-silica capillary column (Stabilwax-DA; 30 m × 0.32 mm i.d., 0.25 µm
film thickness; Restek, Bellefonte, PA, USA). Only samples for VFA determination were
preserved with 100 µL 25% metaphosphoric acid. Samples for rumen microbiome were
aliquoted in sterile Eppendorf tubes and subsequently stored at −80◦C for further analysis.

2.3. Rumen Metataxonomic Analysis

Frozen rumen fluid samples were thawed on ice and then homogenized with vortex
and 250 mg was weighed in 1.5 mL Eppendorf tubes. Then, 150 µL of PBS (phosphate-
buffered saline) was added to each sample in order to perform cell lysis with lysozyme
incubation at 37 ◦C for 60 min, as a pre-treatment for DNA extraction. Consequently,
DNA was extracted using the UltraClean Fecal DNA Isolation Kit (MO BIO Laboratories,
Carlsbad, CA, USA) according to the manufacturer’s protocol, which involved physical
and chemical disruption of cell membranes. Ruminal samples from four animals/treatment
were used for sequencing.

The extracted DNA underwent 16S rRNA gene amplification using the bacterial-
specific primers 515F 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806R 5′-GGACTACHVGGG
TWTCTAAT-3′ [21], to amplify the V3–V4 regions of the 16S rRNA gene. Variable region 4
was selected because sequencing and taxonomic assignment using this region is associated
with a low error rate and minimum loss of taxonomic resolution [22]. These primers
have been shown to be ideal to amplify the V3–V4 regions with high coverage, and the
amplicons (read length) are suitable for the Illumina sequencing platform. Polymerase
chain reaction was performed using the following conditions: an initial denaturing cycle of
5 min at 94 ◦C, followed by 35 cycles of 30 s at 94 ◦C, annealing at 56 ◦C for 30 s and an
elongation at 68 ◦C for 45 s. After 16S rDNA V4 region amplification, PCR products were
purified through QIAquick PCR Purification kit (Qiagen, Valencia, CA). Subsequently, the
purified products were quantified fluorometrically using the High Sensitivity (HS) kit on
the Qubit Fluorometer 3.0 (Invitrogen Co., Carlsbad, CA, USA).

DNA sequencing was performed by CD Genomics (New York, NY, USA) using the
Illumina MiSeq 2× 300 platform. 16S rRNA gene amplicon sequences were quality checked
with FASTQC and analyzed using DADA2 and Phyloseq R package version 3.5.1. The
quality threshold used for quality filtering of reads was over 28, for forward and reverse
reads. Sequences were trimmed to 270 (forward) and 220 bp (reverse). The paired-end
Illumina reads were assembled into Amplicon Sequences Variants (ASV) using the DADA2
pipeline. Taxonomy assignation was performed using the Silva training dataset version
132, and sequences corresponding to Eukaryota, Crenarchaeota and Euryarchaeota at the
phylum level were removed from the analysis.
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2.4. Statistical Analysis

A model including diet, time and diet× time as fixed effects and cow within treatment
as a random effect was used to determine differences in animal performance and ruminal
fermentation parameters. Analysis of variance (ANOVA) and post-hoc Tukey analysis were
per formed using the GenStat (12th edition) statistical package (VSN International Ltd.,
Oxford, UK). A probability of p < 0.05 was considered to indicate a significant difference.

Variations in bacterial relative abundance were determined by two-way ANOVA and
Dunnett’s test, comparing the control with lipid-supplemented treatments. Alpha and beta
diversity were estimated from the complete bacterial amplicon sequence variant (ASV)
table. Alpha (within-sample diversity) and beta diversity (between-sample diversity)
measures for samples, grouped by dietary treatments and experimental periods, were
analyzed using the phyloseq package in R [23]. Microbial diversity was determined using
the Shannon Index (combines richness or the total number of taxa and evenness, the relative
abundance of each taxa), dominance was presented using the Simpson index and richness
of samples were calculated based on the Chao1 index and observed species. Beta-diversity
was calculated using the UniFrac metric and principal coordinates analyses (PCoAs) using
both weighted (quantitative) and unweighted (qualitative) Unifrac distances, in order to
highlight clusters of similar groups of samples depending on the diet supplementation.
In addition, PERMANOVA and PCA were used to elucidate the differences in microbial
communities between the three different treatments.

The taxonomic composition of the rumen microbiota was used to predict bacterial
function using the CowPI Galaxy Workflow [24], which is a rumen microbiome-focused
version of Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt). Raw pathways obtained from CowPi data were categorized according
to the KEGG database. Data was blocked by time point and subjected to multiple group
ANOVA and Dunnett’s multiple comparisons test using the software GraphPad Prism
version 6.00 for Mac OS.

2.5. Ethics Statement

The Animal Care Committee of the Pontificia Universidad Católica de Chile approved
all the experimental procedures (project ID 150730013), in accordance with their animal
care, animal welfare and procedures guidelines, performed at the Estación Experimental
Pirque of the Fundación AgroUC (33◦38′28′ ′ S, 70◦34′27′ ′ W). Animals were housed in
individual stalls (2.4 × 6 m) and with ad libitum access to water.

3. Results
3.1. Ruminal Fermentation Parameters

Rumen pH, NH3-N, total VFA and proportions of individual VFA were similar among
treatments (Table 1). From day 21 to 63, total VFA (from 98.5 to 60.8 mmol/L), acetate (66.1
to 64.5 mol/100 mol) and butyrate (from 9.8 to 8.9 mol/100 mol) were decreased, while
propionate (from 18.6 to 20.3 mol/100 mol) and iso butyrate (from 1.46 to 2.46 mol/100 mol)
were increased. Details on animal performance have been reported previously [12]. Briefly,
OO increased milk yield, and reduced milk fat yield, milk fat content and milk somatic cell
counts. Compared with control and HVO-supplemented diets, OO decreased C12:0 and
increased C18:1 cis-9 and C18:3 cis-9, cis-12, cis-15 in milk.

3.2. Rumen Metataxonomy

Sequencing the V4 region of the bacterial 16S rRNA gene produced 4,606,204 reads
(joined R1–R2 paired-end reads). After data filtering, quality control and chimera removal,
a total of 2,104,912 V4 16S rRNA sequence reads from the 48 samples remained, and a
mean of 43,852 reads for each sample (minimum, 12,845; maximum, 79,204). Four samples
for each treatment and period (48 samples) were used for sequencing. Sequences were
trimmed to 270 (forward) and 220 bp (reverse). The amplicon sequence variant (ASVs)
identified 43,515 sequences in the rumen of cows fed the control treatment, 44,460 in the



Microorganisms 2021, 9, 1121 5 of 14

rumen of cows supplemented with HVO and 43,583 with OO supplementation (Supp.
Mat). A total of 8167 ASV were obtained after analysis with Phyloseq from the bacterial
16S rRNA gene sequencing, which were grouped taxonomically from the phylum to genus
level (phylum, class, order, family, genus).

Table 1. Effect of hydrogenated vegetable (HVO) and olive (OO) oil on ruminal fermentation parameters.

Rumen Parameter Treatment p-Value

Control HVO OO SEM Diet (D) Time (T) D × T

pH 6.98 7.10 6.97 0.07 0.157 0.901 0.432
NH3-N, mg/dL 5.42 4.39 4.76 1.21 0.217 0.064 0.291

Total VFA (mmol/L) 96.1 73.0 82.5 19.5 0.069 0.001 0.605
Molar proportion

(mol/100 mol)
Acetate 66.3 65.4 64.4 3.69 0.559 0.021 0.300

Propionate 18.6 19.3 20.0 4.03 0.746 0.001 0.184
Butyrate 9.62 9.04 8.85 1.26 0.412 0.024 0.234
Valerate 1.66 1.84 2.00 0.52 0.376 0.104 0.692

Isovalerate 1.59 2.16 1.71 0.63 0.164 0.279 0.480
Isobutyric 1.97 2.05 2.54 0.83 0.310 0.013 0.301

Control, no fat supplement; HVO, supplemented with 3% DM hydrogenated vegetable oil; OO, supplemented with 3% DM olive oil; SEM:
standard error of the mean; results were declared significant at p < 0.05.

At the phylum level, 17 phyla were identified in the ruminal samples irrespective
of diet (Figure 1a), with phyla Firmicutes (71.5%), followed by Bacteroidetes (26.2%) and
Actinobacteria (1%), accounting for 98.7% of the phyla members. Less abundant phyla
averaging a relative abundance of 0.5% or less were grouped as ‘Others’. Table S1 compares
the mean relative abundance (%) at different time points of the most prevalent phylum
between control, HVO and OO, showing no significant effects between treatments. With
regard to temporal changes at the phylum level, the results show that with HVO the
relative abundance of Bacteroidetes decreased (p ≤ 0.001) on day 21 and 63 with HVO
addition, whereas Firmicutes increased (p ≤ 0.001) on the same days (Dunnett’s test,
Figure 2a). With regard to OO supplementation, Bacteroidetes decreased (p ≤ 0.001) and
Firmicutes increased (p ≤ 0.001) on day 63 (Dunnett’s test, Figure 2b). Eighty bacterial
families were identified within rumen samples, where 23 of those members accounted for
a relative abundance of ≥ 1% (Figure 1b). The main family groups were Ruminococcaceae
(22.8%), Lachnospiraceae (21.3%), Prevotellaceae (19.7%) and Acidaminococcaceae (13.5%). Fam-
ily groups did not change between treatments (Table S2). Mean relative abundances of the
most prevalent genera are shown in Table S3. However, finer genus-level data showed a
relative abundance of ≥ 1% for 70 taxa (Figure 1c). Prevotella (Bacteroidetes/Prevotellaceae)
and Succiniclasticum (Firmicutes/Acidaminococcaceae) were dominant, with mean relative
abundance of 19.4 and 16.6% respectively. The effect of lipid supplementation on relative
abundance of these predominant genera is shown in Figure 3. Prevotella was reduced
(p ≤ 0.05) in both HVO (days 21, 42 and 63, Figure 3a) and OO (day 63, Figure 3b) diets,
whereas Succiniclasticum only increased (p ≤ 0.05) with HVO after 21, 42 and 63 days
of supplementation.

Alpha diversity was not altered by diet. Shannon (Figure 4a), Chao1 (Figure 4b)
and Simpson (Figure 4c) diversity indices were not significantly different between each
dietary treatment. Beta diversity between the samples at four different time points during
lipid supplementation was evaluated. In both the weighted (Figure 5a) and unweighted
(Figure 5b) UniFrac distances, the closer positions of the samples in the Principal Compo-
nent Analysis (PCoA), indicate similar microbial composition between them, showing no
major differentiation among rumen bacterial communities following feeding with all diets.
PERMANOVA confirmed the absence of significant differences (p > 0.05) in the composition
of the rumen microbiota in weighted and unweighted results. Detailed information can be
found in Tables S4 and S5.
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3.3. Prediction of Function

Predicted functional features of the rumen bacterial community obtained using CowPI
showed 255 gene families identified in ruminal samples. Functional pathways that were
examined by dietary treatments were grouped under five general categories: (1) genes
and proteins (37.9%), (2) metabolism (34.5%), (3) genetic information processing (10.3%),
(4) unclassified (10.3%) and (5) environmental information processing (6.9%). In particular,
10 functions showed significant differences among the dietary treatments (Figure 6). Those
functions were related to ABC transporters, DNA repair and recombination proteins,
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pore ion channels, protein kinases, purine metabolism, pyrimidine metabolism, ribosome,
transcription factors, transporters and the two-component system. Metabolic pathways
with statistical variations were observed mainly in the diet supplemented with HVO and
at day 42 of OO supplementation. The most interesting included: purine metabolism,
pyrimidine metabolism and ribosome. Details on predicted functions from individual
treatments can be found in the Supplementary Materials (Tables S6–S8). Raw pathways
obtained from CowPI data were categorized according to the KEGG database (Table S9).
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4. Discussion

The gastrointestinal microbiome in bovines performs several physiological functions
that are lacking in the host, and therefore can be considered essential to their life [1,2]. The
rumen microbiome is central to ensure the productivity and health of ruminants; therefore,
any supplements to diets have to be verified to ensure that there are no detrimental
effects [25–27]. Consequently, the aims of this study were to investigate, through an
Illumina Miseq sequencing approach, the effect of supplementing HVO and OO at 3%
DM on the rumen bacterial community of dairy cows over a relatively long timescale of
63 days (alongside monitoring fermentation). Inclusion of these oil by-products can supply
dietary energy as well as increasing dairy products’ contents of beneficial FA for human
health. Similar studies have used OO by-products and analyzed the effects on the rumen
microbiome, for example in sheep fed with OO pomace over 28 days [14] and an in vitro
study [26] where OO, sunflower oil and linseed oil was tested at 6% DM inclusion. In this
study, lipid supplementation was included in the diet at 3% DM as rumen microbes are
generally intolerant to high levels of fat in the diet [28]. This approach was expected to
produce some changes in milk FA profiles without detrimental effects on overall productive
traits, as has been reported in detail [12,29–31]. This is the first in vivo study to characterize
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the effect of two different lipid sources, HVO (as saturated fatty acid source) and OO (as
unsaturated fatty acid source), on the composition of the rumen bacterial community in
dairy cows over a relatively long-term period of 63 days.

Lipid supplementation did not affect ruminal pH and results were within the normal
biological range [32], with a minimum of 6.98 and a maximum of 7.11 pH, which could
indicate that cellulolytic processes of fiber digestion were unaffected, and microbes adapted
to the diet. Nur Atikah et al. [33] suggested that an adequate roughage supply in the diet
could reduce the negative effect of dietary oil on rumen fermentation because the fiber
fraction creates a supporting environment for rumen microbes to hydrolyze the dietary oils.

As expected, NH3-N was not affected by treatments. Reductions in NH3-N concentra-
tion have been associated with defaunation or inhibition of the hyper-ammonia-producing
bacteria [34]. It is well known that NH3-N is an intermediate product of feed protein,
non-protein nitrogen degradation and microbial protein synthesis, and it is mainly affected
by feed protein degradation, rumen wall absorption, microorganism utilization and rumen
chyme outflow rate [35].

The lack of differences in total VFA concentration and proportions of individual VFA
between treatments was similar to that reported by Benchaar et al. [36], who did not
find differences in rumen pH and total VFA concentrations in dairy cows fed with 3%
DM linseed oil. Similarly, in another study where cows were supplemented with either
soybean oil or hydrogenated vegetable oil at 2.7% DM, rumen pH, total VFA and individual
proportions of VFA were not affected [21]. Although some individual VFA were decreased
or increased through the experimental periods, the magnitude of changes is not expected
to be of biological significance, and this is also supported by the animal’s performance data,
where milk production and components were not changed [13]. In general, the observed
differences in ruminal parameters were not significant, which could suggest that the level
of lipid supplementation was not high enough to affect ruminal metabolism, and was likely
a consequence of the resilience and redundancy of the rumen microbiome [37].

Consistent with previous reports [38–40], Bacteroidetes and Firmicutes were the most
abundant phyla, accounting in the microbiome data for 97.7% of the bacteria in the rumen
samples. Both these phyla play a major role in the degradation of fiber and polysaccha-
rides [41] and are therefore part of the core microbiome of cattle, with genera within these
phyla, namely Ruminococcus, Butyrivibrio (Firmicutes) and Prevotella (Bacteroidetes), being
critical for energy harvesting [42]. In this study, Bacteroidetes/Firmicutes showed com-
pensatory changes in their relative abundance. Loor et al. [43] proposed that Bacteroidetes
are dominant in the rumen from 6 weeks of life, and this dominance is independent of
sampling time [44] and diet [45,46]. In addition, Pitta et al. [47] established that irrespective
of the source of oil supplements used, higher concentrations of PUFA could be detrimental
to Bacteroidetes. Matthews et al. [1] also proposed that higher percentages of Firmicutes
compensated for the lower abundances of Bacteroidetes due to the redundancy within
these phyla, which could explain the data obtained in this study.

Shannon, Chao1 and Simpson diversity indices showed no significant effects of dietary
treatment, which is in disagreement with Bayat et al. [48], who proposed that lipid supple-
ments altered the diversity of rumen microbial communities and relative abundances of
some common taxa, as opposed to having a global response. However, Huws et al. [49] and
Pitta et al. [47] found that the number of bacterial populations (species richness) and their
distribution (diversity) changed under different oil supplements, likely due to the different
oils and levels used in those studies. In this study and at the oil levels used, the lack of
differences observed between dietary treatments may simply indicate that the induced
changes in microbial communities lie at a finer genus-level resolution [50].

Genus-level data showed that Prevotella and Succiniclasticum were dominant across all
the samples, control samples and dietary treatments. This result is in concordance with
Pitta et al. [51] and Wirth et al. [52], who reported that Prevotella is the most predominant
ruminal genus, accounting for 42 to 60% of the bacterial 16S rRNA gene sequences, and is
more abundant in liquid fractions of ruminal samples [38,53]. We observed differences in
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relative abundance of predominant genera over time and dependent on the lipid source.
Relative abundance of Prevotella decreased following 63 days of both HVO and OO dietary
supplementation. Contrarily, Succiniclasticum increased in abundance following both HVO
and OO dietary supplementation throughout the study. Bi et al. [54] found that the relative
abundances of the genera Succiniclasticum significantly increased with increasing dietary
energy levels, which could explain our results as lipid supplementation (saturated or
unsaturated FA source) increases energy content in the dietary treatments. It has been
established that dietary composition plays an important role in determining both the
community structure and the metabolic function of the rumen microbiota [55]; for example,
Huang et al. [56] found that the relative abundance of Prevotella and Succiniclasticum were
positively correlated with several pathways, such as protein metabolism, carbohydrate
metabolism and lipid metabolism, among others.

Lastly, CowPI was used to study bacterial gene functions in rumen, and the results
showed that predicted pathways were modulated in rumen according to the diet. All
of these pathways are essential for bacterial growth and overall animal performance, as
they are related to metabolism, genetics and environmental information processing [46].
Metabolic pathways with statistical variations were observed mainly at day 42 of supple-
mentation, and they included genes that could reveal damage in DNA, which could be
associated with the effect of lipid supplementations; for example, some increase in redox
reactions or pathways. This an interesting point to address in future experiments.

Although OO was a dietary lipid, a source rich in unsaturated FA characterized by
74/100 g of C18:1 cis-9, and HVO was a source rich in saturated FA, with 58/100 g of C16:0
and 40/100 g of C18:0 [13], rumen microbiome changes to these dietary supplements were
marginal. At a molecular level, we also previously observed mild effects on the expression
of lipid-related genes in subcutaneous adipose tissue [57] and milk somatic cells [58], but
achieved improvements in PUFA C18:1 cis-9 and C18:3 cis-9, cis-12, cis-15 in milk content of
milk following OO dietary supplementation. Taken together, the responses observed from
both OO and HVO dietary supplementation suggest that long-term supplementation at
3% DM inclusion is an effective source of energy and can improve the PUFA content of
milk (OO) whilst no detrimental effect on the rumen microbiome occurs (above 5% DM
inclusion could be detrimental [59]).

5. Conclusions

This study provides a comprehensive evaluation of long-term supplementation of
saturated (hydrogenated palm oil) and monounsaturated (unrefined olive oil) fatty acids
sources on rumen bacteria using a sequencing approach. Overall, 3% DM lipid supplemen-
tation of either OO or HVO, over 63 days (9 weeks), can be used in dairy cow diets without
major impacts on global bacterial community structure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9061121/s1, Table S1: Most Prevalent Taxa: Phylum level; Table S2: Most
Prevalent Taxa: Family level; Table S3. Most Prevalent Taxa: Genus level; Table S4. PERMANOVA
(Weighted) results; Table S5. PERMANOVA (Unweighted) results; Table S6. Predicted Functions in
Control Diet; Table S7. Predicted Functions in OO Diet; Table S8. Predicted Functions in HVO Diet;
Table S9. KEGG classification of functional gene categories.
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