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Abstract

The experiment reported in this research paper aimed to evaluate the effects of high-starch or
starch and oil-supplemented diets on rumen and faecal bacteria, and explore links between the
structure of bacterial communities and milk fatty acid (FA) profiles. We used four Holstein
dairy cows in a 4 × 4 Latin square design. Cows were fed a diet rich in cereals (high-starch
diet with 23% starch content on dry matter (DM) basis), a diet supplemented with saturated
FA from Ca salts of palm oil + 18% DM starch, a diet with high content of monounsaturated
FA (from extruded rapeseeds) + 18% DM starch or a diet rich in polyunsaturated FA (from
extruded sunflower seeds) + 17% DM starch. At the end of each experimental period, cows
were sampled for rumen and faecal contents, which were used for DNA extraction and ampli-
con sequencing. Partial least squares (PLS) regression analysis highlighted diet-related changes
in both rumen and faecal bacterial structures. Sparse PLS discriminant analysis was further
employed to identify biologically relevant operational taxonomical units (OTUs) driving
these differences. Our results show that Butyrivibrio discriminated the high-starch diet and
linked positively with higher concentrations of milk odd- and branched-chain FA. YS2-related
OTUs were key taxa distinguishing diets supplemented with Ca salts of palm oil or sunflower
seeds and correlated positively with linoleic acid in milk. Similarly, diets modulated faecal bac-
terial composition. However, correlations between changes in faecal and rumen bacteria were
poor. With this work, we demonstrated that high-starch or lipid-supplemented diets affect
rumen and faecal bacterial community structure, and these changes could have a knock-on
effect on milk FA profiles.

Dairy products are a source of many micro- (calcium, phosphorus, vitamins) and macro-
nutrients (lipids, proteins, sugars) (Pereira, 2014). Among lipids, the potential beneficial effect
of polyunsaturated fatty acids (PUFA), notably conjugated linoleic acids (CLA), is known
(Ferlay et al., 2017). Besides, the pentadecanoic (C15 : 0) and heptadecanoic (C17 : 0) acids
showed anticarcinogenic effects in in vitro and in vivo studies (Bernard et al., 2018). On the
one hand, milk consumption has been associated with a decreased risk of vascular diseases
(Givens, 2010), whereas dairy fat consumption positively correlated with unhealthful saturated
fatty acids (SFA) in plasma (Jenkins et al., 2015). For many years, attention was also drawn to
trans fatty acids (FA) involved in cardiovascular diseases. However, it appears that milk trans
FA have a less negative impact than industrial fats (Ferlay et al., 2017). Regardless, trans FA
and SFA have been a concern to consumers, and prevailing dietary guidelines recommend
keeping low intake of SFA and replacing SFA with mono-unsaturated fatty acids (MUFA)
or PUFA (FAO, 2010).

Milk de novo FA are synthesised in the mammary gland from volatile fatty acids (VFA)
produced by rumen microbes or modified by a delta9-desaturase. Rumen microbes synthe-
sise FA with an odd number of carbons (C15 : 0, C17 : 0) as components of their lipid mem-
brane but could also produce CLA isomers through partial biohydrogenation processes of
dietary PUFA. Therefore, researchers have already suggested the potential role of rumen
microbiota in modulating fat profiles in cow milk (Vlaeminck et al., 2006; Jami et al.,
2014; Ferlay et al., 2017). Recently, Stergiadis et al. (2021) compared the rumen microbial
community structure of cows fed the same diet but producing high or low levels of SFA
in milk. They reported a positive correlation between milk SFA and microbial abundance
of lactic acid bacteria, Proteobacteria, Actinobacteria and anaerobic fungi. Though these
inter-individual variations could be explained by the heritability and microbiability of the
animal phenotype (Huws et al., 2018; Buitenhuis et al., 2019), diet has been acknowledged
as a primary factor affecting microbial community structure and animal performance (Huws
et al., 2018).
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Supplementing diets with vegetal lipids improves dietary
energy supply in lactating dairy cows and, compared to high-
starch diets, this supplementation limits ruminal pH decrease
and digestive acidosis disorder (Martin et al., 2010). Oilseed-
supplemented diets are known to increase milk concentrations
of FA with 18 carbons, potentially having beneficial effects on
human health, and decrease short- and medium-chain SFA
(reviewed in Lourenco et al., 2010; Ferlay et al., 2017). Oilseed-
supplemented diets are under investigation for their ability to
modulate rumen microbiota and alter PUFA biohydrogenation
in the rumen. In vitro, for instance, sunflower and linseed oils
decreased the relative abundance of Clostridiales and Actinobac-
teria and increased Lactobacillales species accompanied by an
increase in vaccenic acid and CLA formation (Vargas et al.,
2020). However, in vivo data linking rumen microbial profiles
to milk FA is scarce for all domesticated ruminants. Moreover,
dietary composition could affect the amount of organic matter
leaving the rumen and reaching the hindgut. This has been
reported for starch-rich diets, where higher amounts of starch
escaping the rumen disappeared in the caecum (Huntington
et al., 2006). Higher FA intake could also shift the site of nutrient
digestion from the rumen to the hindgut (Harvatine and Allen,
2006). Therefore, further investigation, integrating rumen and
caecum microbiota, is required to understand better the link
between diet and milk FA.

The present study explored the relationship between diet-
driven changes in the rumen and faecal bacterial communities
and milk FA profiles in dairy cows. We took advantage of our pre-
viously published work (Bougouin et al., 2019) demonstrating
that high-starch or starch and lipid-supplemented diets modified
milk FA profiles. We hypothesised that diet-induced changes in
milk FA profiles can be assigned to shifts in rumen bacterial com-
munity structure and that these alterations could be also reflected
in faecal bacteria. We used Illumina amplicon sequencing target-
ing the bacterial 16S rRNA gene in the rumen and faecal contents.
The subsequent statistical analysis highlighted diet-driven
changes in bacterial communities structure (both in rumen and
faeces) and established links with the concentration of FA in milk.

Material and methods

The experimental design was the same as that described by
Bougouin et al. 2019 and followed the guidelines of the French
Ministry of Agriculture for animal research and the applicable
European Union guidelines and regulations on animal experi-
ments (Directive 2010/63). The Auvergne regional ethics commit-
tee on animal experimentation approved the experiment
(reference number 821-2015060811534198).

Animals, diets and experimental design

Four multiparous lactating Holstein cows (60 ± 10 d in milk) were
used in a 4 × 4 Latin square design. Each experimental period
lasted 28 d. During the first 20 d, cows were in a free stall barn.
Then, from day 21 to 26 cows were placed in respiratory chambers
for methane measures before being returned to the free stall barn
for the last 2 d. The basal diet was composed (dry matter (DM)
basis) of 56% maize silage, 4% hay and 40% pelleted concentrate.
Diets differed in the nature of energy supplied by the concentrate
rich in (1) starch from maize grain and wheat, (2) SFA from Ca
salts of palm oil, (3) MUFA from extruded rapeseeds, and (4)
PUFA from extruded sunflower seeds (online Supplementary

Table 1). Hay was supplied once a day (0830 h), while maize silage
and concentrates were mixed together and fed twice a day as a
partial mixed ration (66% at 0900 h and 34% at 1600 h).
Detailed information is provided in Bougouin et al. (2019).

Sample collection

Milk samples were collected at each milking on days 22–24;
detailed sampling procedure and analyses were described in
Bougouin et al. (2019). Briefly, lipids from milk samples were
transmethylated, and the FA methyl esters were separated on
fused-silica capillary column (CP-Sil 88; Chrompack,
Middelburg, The Netherlands). An HPLC system equipped with
three silver-impregnated silica columns (ChromSpher 5 Lipids,
250 × 4.6 mm, 5-μm particle size; Chromoptic, F-91971
Courtaboeuf) was used to separate methyl esters of CLA. Milk
FA profiles, as described previously (Bougouin et al., 2019) and
summarised in online Supplementary Table 2.

Rumen fluid samples were collected by oral-stomach tubing.
The system composed of a 300-cm tube (1.9-cm diameter) and
a manual pumping system (Ammerlaan, Loue, France) was modi-
fied to have a collecting flask (1 l Duran borosilicate glass bottle)
between the tube and the pump. Samples were taken on day 18
before the morning feeding (08.30h). The first 100–200 ml of
rumen liquid collected were removed to avoid saliva contamin-
ation. The flask was emptied and replaced for the collection of
approximately 500 ml of rumen fluid that were filtered through
one layer of a polyester monofilament fabric (250 μm mesh aper-
ture) and immediately 1 ml was aliquoted in 2-ml screw-cap
tubes, centrifuged at 14 000 g for 10 min at 4°C and the pellet
stored at −80°C. Faeces were collected manually the same day
at the rectum, approximately 5 mg were aliquoted in 2-ml screw-
cap tubes and stored at −80°C.

Microbial community analysis

Microbial DNA was extracted, both for rumen and faecal samples,
following the protocol of Yu and Morrison, 2004. Briefly, the
pellet of rumen fluid or whole faecal contents were thawed by
adding 1ml of lysis buffer (50 mM Tris-HCl pH8, 50mM
EDTA, 4% SDS, 500mM NaCl), followed by a bead beating step
at 5600 rpm for 3 × 60 sec with 5 s pause between cycles in a
Precellys 24 machine (Bertin Instruments, Ozyme, Montigny-le-
Bretonneux, France). Following the cell lysis step, DNA isolation
and purification was performed according to QIAmp DNA Stool
Mini Kit (QIAGEN FRANCE S.A.S). Genomic DNA (gDNA)
was quantified on a Nanodrop Lite Spectrophotometer (Thermo
Fisher Scientific, Wilmington, USA) and integrity checked on a
FlashGel System (Lonza, Rockland, Inc, France). Rumen and fae-
cal gDNA was submitted to the Roy J. Carver Biotechnology
Center (Urbana, IL61801, USA) for DNA library preparation
using Fluidigm amplification and sequenced on an Illumina
MiSeq platform using a MiSeq 600-cycle sequencing kit version
3. Selected primers for bacterial 16S rRNA were 515F
(5′-GTGTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGA
CTACHVGGGTWTCTAAT-3′) (Hagey et al., 2019) amplifying
a fragment of 292 bp.

Sequencing data processing and multivariate analysis

Sequencing data are available on the NCBI Sequence Read
Archive as BioProject ID PRJNA554264. Reads were merged
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using the make.contig function from mothur (Schloss et al., 2009)
and resulting sequences were subjected to a quality filter (mean
phred score ≥25, length ≥250, maximum 5 primer mismatches,
<8 homopolymers). Trimmed reads were checked for chimaera
using the chimera.uchime option in mothur. After chimaera
removal, sequences were aligned using Pynast (Caporaso et al.,
2010a). Operational taxonomical units (OTUs) were clustered at
99% of similarity using QIIME (Caporaso et al., 2010b), and tax-
onomy was assigned against the GreenGenes 13.8 database for
Bacteria. Online Supplementary Table 3 summarises data analysis
metrics. To check whether sequencing depth was adequate to
characterise gut bacterial communities, Good’s coverage was cal-
culated using R package QsRutils. Coverage analysis showed
that, on average, 90.8% and 78% of the OTUs, respectively, in
the rumen and faecal contents were sampled more than once
(online Supplementary Table 3). After rarefying to 2049
(rumen) and 6408 (faeces) reads to normalise for differential
sequencing depths, coverage dropped to 78 and 59%, respectively.
Alpha diversity was further analysed by computing diversity indi-
ces of Richness (number of species present), Shannon (how many
different species are present), Simpson (how many different spe-
cies are present, but giving more weight to dominant species), and
Evenness (derived from the Shannon index, but refers to how even
(close) in numbers the species in a given environment are) using
the vegan (Oskansen et al., 2016) package. Finally, the Kruskal
Wallis test was used to compare the species richness and alpha-
diversity measurements between the treatments.

Taxonomic tables summarise cumulative abundance per taxo-
nomic group (from the phylum to the genus). Values were log-
transformed, and the non-parametric Kruskal-Wallis with
Bonferroni correction test was used to check for differences in
the relative abundance of taxa due to diet.

To visualise microbial trends associated with dietary treat-
ments and identify microbial signatures, we performed UpSet
plots using UpSetR in R (Conway et al., 2017). Further, the sparse
Supervised Analysis and Selection of Discriminative OTUs
(sPLS-DA) analysis as implemented in the mixomics R package
(Rohart et al., 2017) was used. OTU tables were pre-processed
by keeping only OTUs with at least 3 reads per sample, which
were further TSS (Total Sum Scaling) transformed after adding
pseudo counts. In detail, the discriminative features were selected
from the rarified OTU tables. PLS-DA performance evaluation
retained 3 components for both rumen and faecal data. The sPLS
model was tuned to choose the distance giving lower error rates,
and the final models used maximum distance, 3 components and
50OTUs selected on each component. SelectedOTUs on all retained
components (artificial variable built from the linear combination of
the observed variables) were clustered using the unweighted pair
group method with arithmetic mean (UPGMA) algorithm and
visualised using clustered image map built with the cim function
from the mixomics package. Discriminant OTUs were visualised
using plotLoadings function with the arguments contrib = ‘max’
and method = ‘mean’. To investigate the links between microbiota
and milk fatty acid profiles measured previously (Bougouin et al.,
2019), we performed N-integration with sparse Discriminant
Analysis on rumen and faecal bacteria OTU tables and milk FA
concentrations. The aim was to select a subset of OTUs and milk
FA that are highly positively or negatively correlated across the
cows fed the four experimental diets. This analysis, integrated into
the mixOmics package, is completely unsupervised: no prior knowl-
edge about the samples groups is included. Circus plots visualised
associations with a Pearson correlation coefficient higher than 0.9.

Results

Diet-related effects on bacterial community structure in rumen
and faeces

Diversity indices for bacterial communities in the rumen and fae-
ces were not affected by dietary treatment, except for Richness
than was lower in the rumen of starch-fed cows and numerically
(non-significanlty) higher in their faecal contents (online
Supplementary Fig. S1). In faecal samples, variability (values dis-
persion) for Shannon, Simpson and Evenness in contents from
cows supplemented with Ca salts of palm oil was low compared
to the other dietary treatments (online Supplementary Fig. S1).

In rumen samples, sequences grouped in 18 phyla, 34 classes,
58 orders, 80 families, 148 genera and 172 species. The
Bacteroidetes, Firmicutes and Proteobacteria were the most abun-
dant phyla whatever the diet. At the Phylum level, Proteobacteria
were numerically more abundant in lipid supplemented diets
compared to high starch diet, but this difference was only signifi-
cant with extruded sunflower supplementation (data not shown).
At the order level, supplementation with extruded sunflower seeds
increased the relative abundance of Aeromonadales (P < 0.05) and
decreased (P < 0.05) the relative abundance of Erysipelotrichales
(online Supplementary Table 4a). The relative abundance of
unclassified Gammaproteobacteria-related sequences also signifi-
cantly decreased with lipid-supplemented diets. At the genus
level (Supplementary Table 4b), only two taxa were significantly
affected by diet: Sharpea and unclassified Ruminococcaceae,
whose relative abundances were lower and higher with extruded
rapeseed compared to Ca salts palm oil and high starch diet.

An upSetR analysis was performed to identify core (present in
all cows, independently of diet) and diet-specific OTUs in taxo-
nomic datasets (Fig. 1). There were 78 core OTUs, and most of
them affiliated to Prevotella (39%), unclassified Succinivibriona-
ceae (14%), Succinivibrio (10%) and Fibrobacter (10%). It should
be noted that 86 OTUs were restricted to cows receiving the starch
diet. Among those, some OTUs were classified as Butyrivibrio
(10%), Megasphaera (11%), Selenomonas bovis (4%),
Shuttleworthia (4%), RFN20 (a rumen specific genus from the
Tenericutes phylum) (4%) and these strains were not retrieved
in rumen contents of cows fed any of the lipid-supplemented
diets. Likewise, Anaeroplasma, Pseudomonas thermotolerans,
and RF39 related OTUs were specific to the rumen contents of
cows supplemented with Ca salts of palm oil. This lipid-
supplemented diet had the lowest number of non shared OTUs,
twenty, compared to the diets supplemented with extruded sun-
flower seeds (47 specific OTUs) and/or extruded rapeseeds (45
specific OTUs). The OTUs affiliated as unclassified YS2 were
only found in the contents of cows receiving extruded-sunflower
seeds diets, while some Fibrobacter OTUs were specific to the diet
with rapeseeds.

In faecal samples, we detected 15 phyla, 31 classes, 49 orders,
73 families, 147 genera and 181 species. Clostridiales dominated
the faecal microbial community independently of the diet (online
Supplementary Table 5). The only notable effect of the diet was an
increase in the relative abundance of Fibrobacterales in the faeces
of cows fed Ca salts of palm oil or extruded sunflower seeds
(online Supplementary Table 5).

We used sPLS-DA to highlight diet-related changes in bacter-
ial community structure and select bacterial OTUs in the rumen
and faecal contents that discriminate the four dietary treatments.
Figure 2a displays the clustered image map of the selected dis-
criminant OTUs. Bacterial communities of cows supplemented
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with Ca salts of palm oil and extruded sunflower seeds grouped
apart from extruded rapeseed-supplemented and high-starch
diets. The OTUs driving these differences were identified in the
contribution plots of Fig. 2b. The separation of the high-starch
diet on the first component is mainly due to Clostridiales-related
genera, essentially Butyrivibrio. Bacteroidales-related taxa, mostly
Prevotella, characterised the diet with rapeseeds on component
2. Prevotella and YS2-related OTUs were key variables driving
the segregation of diets supplemented with Ca salts of palm oil
or extruded sunflower seeds on component 3.

Similarly, in faecal contents, the clustered image map (Fig. 3a)
highlighted diet-dependent clusters of faecal bacterial communi-
ties. The top 50 discriminating OTUs separated diets supplemen-
ted with Ca salts of palm oil or extruded rapeseeds from the starch
and sunflower seed- supplemented diets. As revealed by the load-
ing plots (Fig. 3b), most of these OTUs were affiliated with the
Clostridiales order, particularly the Ruminococcaceae.

Establishing links between the rumen and faecal bacteria and
milk fatty acid profiles

We explored the connection between the rumen and faecal bac-
terial community structure and milk FA profiles by extracting cor-
related datasets. The heatmap in Fig. 4 shows correlations
(coefficient value ≥0.7) between rumen OTUs and FA concentra-
tions in milk. Most linoleic acid isomers clustered together and
positively correlated with taxa affiliated with the YS2 family. A
second cluster grouped the odd and branched-chain FA (C15 : 0,
C17 : 0, C13 : 0 and their isomers), which positively correlated
with Butyrivibrio, Megasphaera and also Prevotella strains.

Further, we used the dimension reduction technique imple-
mented in the Diablo method to select correlated and discrimin-
atory variables from the three datasets (rumen and faecal OTU
tables and milk FA profiles). The circos plot in Fig. 5 depicts
the strongest correlation (coefficient value ≥0.9) between the dif-
ferent features of component 1. The heptadecanoic acid positively
correlated with OTUs classified as Prevotella, Butyrivibrio, Desulfo-
vibrio, Bulleidia and unclassified OTUs affiliated to Veillonellacaea,

Gammaproteobacteria, Lanchnospiraceae, Clostridiales and Bacter-
oidales from rumen contents. The stearic acid correlated strongly
with ruminal Prevotella, Bulleidia and unclassified Veillonellaceae,
Gammaproteobacteria, Lanchnospiraceae, and Bacteroidales. Both
FA and rumen OTUs presented a strong correlation with an
unknown Ruminococcaceae from faecal contents.

Discussion

The study was conducted with dairy cows fed diets containing
40% concentrate rich either in starch or in SFA (Ca salts of
palm oil), MUFA (extruded rapeseeds) or PUFA (extruded sun-
flower seeds). These diets promoted significant differences in
milk FA profiles (Bougouin et al., 2019). In the present work,
we explored microbial drivers of observed changes in milk FA
profiles. We focused on bacteria, as these procaryotes are mostly
involved in rumen FA metabolism (Ferlay et al., 2017). We
adopted a high throughput sequencing approach followed by
sparse partial least squares analysis to explore diet-driven changes
in the rumen and faecal bacteria and their link with milk FA pro-
files. Diet is crucial in shaping rumen microbiota and, as a conse-
quence, the host’s phenotype (Henderson et al., 2015; Huws et al.,
2018; Furman et al., 2020). Our study showed that diet influenced
bacterial community structure both in the rumen and faeces, but
we did not uncover potential microbial biomarkers in the faeces
that could act as proxies of community changes in the rumen.

In line with the literature (Huws et al., 2018), Bacteroidetes,
Firmicutes, and Proteobacteria were the principal phyla in the
rumen ecosystem, while Firmicutes (mainly Clostridiales) domi-
nated in faeces. In the rumen, one-third of all detected OTUs
were shared between cows fed different diets. This is not surpris-
ing as a global assessment showed that core bacterial groups
represented almost 90% of sequencing data (Henderson et al.,
2015). The diet did not influence diversity indices of Shannon,
Simpson and Evenness of rumen and faecal contents, but
Richness was lower in the rumen and numerically (non-
significantly) higher in the faeces of cows receiving the high-
starch diet. The starch content in the high-starch diet, provided

Fig. 1. An UpSetR plot of OTUs across rumen con-
tents of cows fed Starch (high starch diet), Palmoil
(rumen-protected SFA from Ca salts of palm oil),
Rapeseed diet (rich in MUFA from extruded rape-
seeds) or Sunflower diet (rich in PUFA from
extruded sunflower seeds). Metadata for each diet
is plotted on the left of the set size bars. Dark circles
indicate samples with containing accessions and
their counts are showed by the figures on the top
of the charts. Connecting bars indicate overlap
between multiple samples.
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by cereals was almost 23% (DM basis), while it represented 18%
in the lipid supplemented diets. We could speculate that the read-
ily degradable starch from cereals decreased rumen pH after feed-
ing, which could have a detrimental effect on some rumen
bacteria (Russell and Dombrowski, 1980). Moreover, the readily
fermentable substrate could also reduce ruminal degradation of
plant cell walls and increase the amount of organic matter

arriving in the hindgut, thus stimulating caecal microbes’ growth
and inducing changes in the bacterial communities that could be
reflected in the faeces.

Even though species richness was lower in rumen samples
from cows fed the high-starch diet, the number of OTUs non-
shared with the lipid-supplemented diets was high. Several con-
current factors may be at play such as higher amount of

Fig. 2. Diet driven changes in bacterial community structure of the rumen in cows fed Starch (high starch diet), Palmoil (rumen-protected SFA from Ca salts of palm
oil), Rapeseed diet (rich in MUFA from extruded rapeseeds) or Sunflower diet (rich in PUFA from extruded sunflower seeds). (a) Heatmap of selected OTUs on the
three components using max.dist. Clustering of rows and columns was performed using Pearson’s correlation. Red colour indicates a strong positive correlation
and blue, strong negative correlation. (b) Loadings of discriminant OTUs identified on each component.
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fermentable substrate present in the diet that favours the growth
of amylolytic and other starch-digesting bacterial species, while
the drop in pH after feeding could be detrimental to others. In
addition, supplementations with sunflower (Zened et al., 2013),
linseed (Popova et al., 2019) or soybean and linseed (Yang
et al., 2009) have been shown to have an inhibitory effect mostly
on cellulolytic microbes and, in particular, Butyrivibrio species.
These findings are consistent with discriminant OTUs identified

for the starch diet in our study, most of them classified as
Butyrivibrio. Butyrivibrio species are involved in fibre breakdown,
and many strains have a proteolytic activity or are also involved in
the hydrolysis of lipids (Ferlay et al., 2017). However, studies with
a representative Butyrivibrio sp. (B. fibrosolvens JW11) showed
that biohydrogenation is instead a detoxification process and
not a way of obtaining energy for growth (Maia et al., 2010).
Reduced abundance, if not absence, of Butyrivibrio-related strains

Fig. 3. Diet-driven changes in bacterial community structure of the faeces in cows fed Starch (high starch diet), Palmoil (rumen-protected SFA from Ca salts of palm
oil), Rapeseed diet (rich in MUFA from extruded rapeseeds) or Sunflower diet (rich in PUFA from extruded sunflower seeds). (a) Heatmap of selected OTUs on the
three components using max.dist. Clustering of rows and columns was performed using Pearson’s correlation. Red colour indicates a strong positive correlation
and blue, strong negative correlation. (b) Loadings of discriminant OTUs identified on each component.
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in rumen contents of lipid-supplemented cows could be explained
by the bacteriostatic effects of unsaturated FA (Maia et al., 2010).

Regarding supplementation with Ca salts of palm oil, they
should bypass degradation in the rumen and dissociate in the
acid conditions of the abomasum, ready to be absorbed by the
animal and enrich its products. However, against expectations,
when cows were supplemented with Ca salts of palm oil, milk
fat content decreased by 10% (Bougouin et al., 2019), and shifts
in bacterial community were similar to what we observed with
the unprotected sunflower seeds and rapeseeds. Consequently, it
cannot be excluded that Ca salts of FA from palm oil were disso-
ciated in the rumen.

Butyrivibrio biohydrogenation activity in the rumen consists of
the isomerisation of linoleic acid to rumenic, vaccenic and finally
stearic acids (Kepler et al., 1966). These latter FA are absorbed in
the intestine and transported by the circulatory system to the
mammary gland (Bernard et al., 2018). Our study showed no sig-
nificant difference in the concentration of vaccenic and stearic
acids in milk between cows fed starch, Ca salts of palm oil,

extruded rapeseeds or sunflower seeds (Bougouin et al., 2019).
However, in agreement with the higher Butyrivibrio abundance
in the rumen of starch-fed cows, the concentration of rumenic
acid in the milk with the starch diet was higher (significantly or
numerically) than lipid-supplemented diets. Megasphaera strains
are also recognised for their biohydrogenation activity in the
rumen. Previous studies reported increased Megasphaera relative
abundance on milk-fat depressing diets, and this taxon positively
correlated with FA isomers with double bond trans10 (Pitta et al.,
2019). Megasphaera elsdenii YJ-4 was shown to produce trans10
cis12 CLA (Kim et al., 2002). In our study, Megasphaera was pri-
marily found in the rumen with starch diets, but an increase in
the concentration of trans10 cis12 CLA in milk was observed
with diets supplemented with extruded sunflower and Ca salts
of palm oil.

Along with Butyrivibrio and Megasphaera, Selemonas bovis,
Shuttleworthia or RFN20 affiliated OTUs were distinctive features
of the microbiota of cows fed starch diet. These rumen strains
strongly correlated with OBCFA, C15 : 0, and C17 : 0, all having a

Fig. 4. Clustered image map showing correlations (P > 0.7) between discriminants OTUs from rumen contents and milk fatty acids concentrations from cows fed
Starch (high starch diet), Palmoil (rumen-protected SFA from Ca salts of palm oil), rapeseed (rich in MUFA from extruded rapeseeds) or Sunflower diet (rich in PUFA
from extruded sunflower seeds).
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higher concentration in the milk of cows receiving the starch diet
(Bougouin et al., 2019). Although linear odd-chain FA of milk are
de novo synthesised in the mammary gland, they primarily derive
from rumen bacteria. Vlaeminck et al. (2006) suggested that
diet-induced changes in milk OBCFA are mediated by changes
in the structure of the rumen microbiota. They also summarised
the OBCFA profile of predominant bacteria, and Butyrivibrio,
Selemonas ruminantium and Megasphaera elsdenii were enriched
in C13 : 0, C15 : 0 and C17 : 0, as well as iso and anteiso C15 : 0 for
Butyrivibrio. As for Shuttleworthia, this genus belongs to the
Ruminococcaceae family having members with a high content
of odd-chain iso-FA. As previously suggested, milk OBCFA con-
tents reflect rumen microbial community structure (Vlaeminck
et al., 2006) and, in particular, bacteria quitting the rumen.
These findings suggest that milk FA profiles are influenced by
both bacterial composition and activity in the rumen.

Moreover, OTUs discriminating rapeseeds, sunflower seeds
and Ca salts of palm oil supplemented diets belonged to unclas-
sified Bacteroidales or Prevotella, metabolically flexible taxa, but
also YS2/Cyanobacteria. A recent genomic study classified YS2
into the new class Melainabacteria. Their predicted metabolic
profile suggests that these are obligate anaerobic fermenters that
can use a broad set of carbohydrates, but also organic, amino
and FA to yield hydrogen, acetate, formate or butyrate (Di
Rienzi et al., 2013). Prevotella is part of the rumen microbiota
core (Henderson et al., 2015) and YS2 is present in low propor-
tions (Neves et al., 2017). However, given the toxic effect of lipids
on other microbes, as well as the presence of new substrates (FA),
low abundant members of these nutritionally versatile phyla
might have found a way to expand their niche. OTUs classified
as Prevotella and YS2 presented a strong positive correlation

with C18 : 1 and C18 : 2 isomers with concentrations higher in
all or at least one of the lipid-supplemented diets, compared to
starch diet (Bougouin et al., 2019). Analysis performed here is
of a co-occurrence type, based primarily on the relative abun-
dance of detected taxa and FA concentrations in milk.
Discussing microbial activity based on this analysis will be too
speculative but we can presume that these bacterial populations
could be implicated in the rumen biohydrogenation process.
Measuring FA profiles of rumen contents coupled with analysis
of microbial activity and strain isolation should be the next step
to have a better insight on the role of these bacteria on FA metab-
olism and milk fat composition.

Additionally, we examined faecal microbiota not only because
the caecal fermentation may supply up to 9% of the gross energy
available to dairy cows, but also because faecal samples could be
used as a proxy to monitor rumen microbiota. We adopted a
method of discriminant analysis, allowing us to highlight
diet-induced changes in faecal microbiota. Our results showed
that faecal bacteria communities of starch and sunflower seed-fed
cows clustered separately from Ca salts of palm and rapeseed-
supplemented cows. Selected OTUs from the multivariate
model, were mostly classified as Ruminococcaceae on each of
the three components retained in the analysis. Revealed changes
in faecal bacterial community structure could be explained by
the diet-induced shifts of the rumen microbiota, as well as modi-
fication in the amount and/or nature of substrate reaching the
caecum. The final step integrating discriminant OTUs from faecal
and rumen contents with FA concentration in milk demonstrated
strong correlation of C15 : 0 and C17 : 0 with 10 rumen taxa (essen-
tially Butyrivibrio, other Lachnospiraceae or Clostridiales), but
only one faecal strain (unknown Ruminococcaceae). This could

Fig. 5. The Circos plot showing correlation analysis of milk fatty acids profiles with microbial datasets. The positive correlations between selected features are
denoted as blue lines; negative correlations were not depicted at the correlation cutoff of 0.9. Sparse partial least-squares discriminant analysis (sPLS-DA) was
used to identify the first component based on milk fatty acids concentrations and OTU relative abundance in the rumen and faecal contents. The most discrim-
inative features that were selected by the model from milk fatty acids (orange-rose) and OTU abundance in the rumen (grey) and faecal (blue) are shown; the
outermost lines represent the feature concentration or relative abundance in samples from cows fed Starch (pale yellow), Palmoil (red), Rapeseed (yellow),
Sunflower (orange) diets.
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be due to the higher individual related variability in faecal micro-
biota. A recent study from a large cohort of dairy cows (n = 150)
demonstrated that though 95% of the faecal samples shared 27
genera, there was only one core OTU (Hagey et al., 2019).
Thus, a better characterisation of individual bacterial strains is
essential for an enhanced understanding of gut microbial
ecosystems.

Conclusions

In this work we explored the correlation between diet-induced
changes in digestive bacterial communities and milk FA profiles
in dairy cows. Our results show that lipid-supplemented diets,
compared to high-starch diet, decreased concentrations of
C15 : 0 and C17 : 0 and increased content of trans and cis isomers
of C18 : 1 and C18 : 2 in milk by affecting bacterial strains perform-
ing PUFA biohydrogenation processes in the rumen. Moreover,
lipid supplementation increased the proportion of bacteria with
versatile metabolism, namely Prevotella and YS2. The effects of
these bacterial populations on FA metabolism in the rumen and
on FA composition in milk need to be further investigated. In
this study we did not demonstate the potential of faecal bacterial
to depict rumen changes associated to milk FA profiles. However,
we highlighted diet induced shifts in faecal bacterial structure.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0022029922000498.

References

Bernard L, Bonnet M, Delavaud C, Delosière M, Ferlay A, Fougère H and
Graulet B (2018) Milk fat globule in ruminant: major and minor com-
pounds, nutritional regulation and differences among species. European
Journal of Lipid Science and Technology 120, 1700039.

Bougouin A, Martin C, Doreau M and Ferlay A (2019) Effects of starch-rich
or lipid-supplemented diets that induce milk fat depression on rumen bio-
hydrogenation of fatty acids and methanogenesis in lactating dairy cows.
Animal: An International Journal of Animal Bioscience 13, 1421–1431.

Buitenhuis B, Lassen J, Noel SJ, Plichta DR, Sørensen P, Difford GF and
Poulsen NA (2019) Impact of the rumen microbiome on milk fatty acid
composition of Holstein cattle. Genetics Selection Evolution 51, 23.

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL and
Knight R (2010a) Pynast: a flexible tool for aligning sequences to a template
alignment. Bioinformatics (Oxford, England) 26, 266–267.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, Huttley GA,
Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D,
Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters
WA, Widmann J, Yatsunenko T, Zaneveld J and Knight R (2010b)
Qiime allows analysis of high-throughput community sequencing data.
Nature Methods 7, 335–336.

Conway JR, Lex A and Gehlenborg N (2017) Upsetr: an R package for the
visualization of intersecting sets and their properties. Bioinformatics
(Oxford, England) 33, 2938–2940.

Di Rienzi SC, Sharon I, Wrighton KC, Koren O, Hug LA, Thomas BC,
Goodrich JK, Bell JT, Spector TD, Banfield JF and Ley RE (2013) The
human gut and groundwater harbor non-photosynthetic bacteria belonging
to a new candidate phylum sibling to cyanobacteria. eLife 2, e01102.

FAO (2010) Fats and fatty acids in human nutrition. Report of an expert con-
sultation. In Book Fats and fatty acids in human nutrition. Report of an
expert consultation, Vol. 91, pp. 1–166 (Ed. Eds. Editor). Series Fats and
fatty acids in human nutrition. Report of an expert consultation.

Ferlay A, Bernard L, Meynadier A and Malpuech-Brugère C (2017)
Production of trans and conjugated fatty acids in dairy ruminants and
their putative effects on human health: a review. Biochimie 141, 107–120.

Furman O, Shenhav L, Sasson G, Kokou F, Honig H, Jacoby S, Hertz T,
Cordero OX, Halperin E and Mizrahi I (2020) Stochasticity constrained
by deterministic effects of diet and age drive rumen microbiome assembly
dynamics. Nature Communications 11, 1904.

Givens DI (2010) Milk and meat in our diet: good or bad for health? Animal:
An International Journal of Animal Bioscience 4, 1941–1952.

Hagey JV, Bhatnagar S, Heguy JM, Karle BM, Price PL, Meyer D and Maga
EA (2019) Fecal microbial communities in a large representative cohort of
California dairy cows. Frontiers in Microbiology 10, 1093. doi: 10.3389/
fmicb.2019.01093.

Harvatine KJ and Allen MS (2006) Effects of fatty acid supplements on rum-
inal and total tract nutrient digestion in lactating dairy cows. Journal of
Dairy Science 89, 1092–1103.

Henderson G, Cox F, Ganesh S, Jonker A, Young W, Global Rumen Census
C and Janssen PH (2015) Rumen microbial community composition varies
with diet and host, but a core microbiome is found across a wide geograph-
ical range. Scientific Reports 5, 14567.

Huntington GB, Harmon DL and Richards CJ 2006 Sites, rates, and limits of
starch digestion and glucose metabolism in growing cattle1. Journal of
Animal Science 84(suppl. 13), E14–E24.

Huws SA, Creevey CJ, Oyama LB, Mizrahi I, Denman SE, Popova M,
Munoz-Tamayo R, Forano E, Waters SM, Hess M, Tapio I, Smidt H,
Krizsan SJ, Yanez-Ruiz DR, Belanche A, Guan L, Gruninger RJ,
McAllister TA, Newbold CJ, Roehe R, Dewhurst RJ, Snelling TJ,
Watson M, Suen G, Hart EH, Kingston-Smith AH, Scollan ND, do
Prado RM, Pilau EJ, Mantovani HC, Attwood GT, Edwards JE,
McEwan NR, Morrisson S, Mayorga OL, Elliott C and Morgavi DP
(2018) Addressing global ruminant agricultural challenges through under-
standing the rumen microbiome: past, present, and future. Frontiers in
Microbiology 9, 2161.

Jami E, White BA and Mizrahi I (2014) Potential role of the bovine rumen
microbiome in modulating milk composition and feed efficiency. PLoS
ONE 9, e85423.

Jenkins B, West JA and Koulman A (2015) A review of odd-chain
fatty acid metabolism and the role of pentadecanoic acid (c15 : 0)
and heptadecanoic acid (c17 : 0) in health and disease. Molecules 20,
2425–2444.

Kepler CR, Hirons KP, McNeill JJ and Tove SB (1966) Intermediates and
products of the biohydrogenation of linoleic acid by butyrivibrio fibrisol-
vens. Journal of Biological Chemistry 241, 1350–1354.

Kim YJ, Liu RH, Rychlik JL and Russell JB (2002) The enrichment of a rum-
inal bacterium (megasphaera elsdenii yj-4) that produces the trans-10,
cis-12 isomer of conjugated linoleic acid. Journal of Applied Microbiology
92, 976–982.

Lourenco M, Ramos-Morales E and Wallace RJ (2010) The role of microbes
in rumen lipolysis and biohydrogenation and their manipulation. Animal:
An International Journal of Animal Bioscience 4, 1008–1023.

Maia MRG, Chaudhary LC, Bestwick CS, Richardson AJ, McKain N,
Larson TR, Graham IA and Wallace RJ (2010) Toxicity of unsaturated
fatty acids to the biohydrogenating ruminal bacterium, Butyrivibrio fibrisol-
vens. BMC Microbiology 10, 52.

Martin C, Morgavi DP and Doreau M (2010) Methane mitigation in rumi-
nants: from microbe to the farm scale. Animal: An International Journal
of Animal Bioscience 4, 351–365.

Neves ALA, Li F, Ghoshal B, McAllister T and Guan LL (2017) Enhancing
the resolution of rumen microbial classification from metatranscriptomic
data using kraken and mothur. Frontiers in Microbiology 8, 2445. doi: 10.
3389/fmicb.2017.02445.

Oskansen J, Blanchet F and Kindt R (2016) Vegan: Community ecology
package. R package version 2.0-7.

Pereira PC (2014) Milk nutritional composition and its role in human health.
Nutrition 30, 619–627.

Pitta DW, Indugu N, Vecchiarelli B, Hennessy M, Baldin M and Harvatine
KJ (2019) Effect of 2-hydroxy-4-(methylthio) butanoate (hmtba) supplemen-
tation on rumen bacterial populations in dairy cows when exposed to diets
with risk for milk fat depression. Journal of Dairy Science 103, 2718–2730.

Popova M, Guyader J, Silberberg M, Seradj AR, Saro C, Bernard A, Gerard
C, Martin C and Morgavi DP (2019) Changes in the rumen microbiota of

Journal of Dairy Research 9

https://doi.org/10.1017/S0022029922000498 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029922000498
https://doi.org/10.1017/S0022029922000498
https://doi.org/10.3389/fmicb.2019.01093
https://doi.org/10.3389/fmicb.2019.01093
https://doi.org/10.3389/fmicb.2017.02445
https://doi.org/10.3389/fmicb.2017.02445
https://doi.org/10.1017/S0022029922000498


cows in response to dietary supplementation with nitrate, linseed, and sap-
onin alone or in combination. Applied and Environmental Microbiology 85,
e02657-18.

Rohart F, Gautier B, Singh A and Lê Cao K-A (2017) Mixomics: an r package
for ‘omics feature selection and multiple data integration. PLOS
Computational Biology 13, e1005752.

Russell JB and Dombrowski DB (1980) Effect of pH on the efficiency of
growth by pure cultures of rumen bacteria in continuous culture. Applied
and Environmental Microbiology 39, 604.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B,
Thallinger GG, Van Horn DJ and Weber CF (2009) Introducing mothur:
open-source, platform-independent, community-supported software for
describing and comparing microbial communities. Applied and
Environmental Microbiology 75, 7537–7541.

Stergiadis S, Cabeza-Luna I, Mora-Ortiz M, Stewart RD, Dewhurst RJ,
Humphries DJ, Watson M, Roehe R and Auffret MD (2021)
Unravelling the role of rumen microbial communities, genes, and activities

on milk fatty acid profile using a combination of omics approaches.
Frontiers in Microbiology 11, 590441. doi: 10.3389/fmicb.2020.590441.

Vargas JE, Andrés S, López-Ferreras L and López S (2020) Effects of supple-
mental plant oils on rumen bacterial community profile and digesta fatty acid
composition in a continuous culture system (rusitec). Anaerobe 61, 102143.

Vlaeminck B, Fievez V, Cabrita ARJ, Fonseca AJM and Dewhurst RJ (2006)
Factors affecting odd- and branched-chain fatty acids in milk: a review.
Animal Feed Science and Technology 131, 389–417.

Yang SL, Bu DP, Wang JQ, Hu ZY, Li D, Wei HY, Zhou LY and Loor JJ
(2009) Soybean oil and linseed oil supplementation affect profiles of rum-
inal microorganisms in dairy cows. Animal: An International Journal of
Animal Bioscience 3, 1562–1569.

Yu Z and Morrison M (2004) Improved extraction of PCR-quality commu-
nity DNA from digesta and fecal samples. Biotechniques 36, 808–812.

Zened A, Combes S, Cauquil L, Mariette J, Klopp C, Bouchez O,
Troegeler-Meynadier A and Enjalbert F (2013) Microbial ecology of the
rumen evaluated by 454 gs flx pyrosequencing is affected by starch and
oil supplementation of diets. FEMS Microbiology Ecology 83, 504–514.

10 Milka Popova et al.

https://doi.org/10.1017/S0022029922000498 Published online by Cambridge University Press

https://doi.org/10.3389/fmicb.2020.590441
https://doi.org/10.1017/S0022029922000498

	Associating changes in the bacterial community of rumen and faeces and milk fatty acid profiles in dairy cows fed high-starch or starch and oil-supplemented diets
	Material and methods
	Animals, diets and experimental design
	Sample collection
	Microbial community analysis
	Sequencing data processing and multivariate analysis

	Results
	Diet-related effects on bacterial community structure in rumen and faeces
	Establishing links between the rumen and faecal bacteria and milk fatty acid profiles

	Discussion
	Conclusions
	References


