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Abstract

(P=881e—18).

rumen bacteria composition was very low.

Background: Fatty acids (FA) in bovine milk derive through body mobilization, de novo synthesis or from the feed
via the blood stream. To be able to digest feedstuff, the cow depends on its rumen microbiome. The relative abun-
dance of the microbes has been shown to differ between cows. To date, there is little information on the impact of
the microbiome on the formation of specific milk FA. Therefore, in this study, our aim was to investigate the impact
of the rumen bacterial microbiome on milk FA composition. Furthermore, we evaluated the predictive value of the
rumen microbiome and the host genetics on the composition of individual FA in milk.

Results: Our results show that the proportion of variance explained by the rumen bacteria composition (termed
microbiability or hé) was generally smaller than that of the genetic component (heritability), and that rumen bac-
teria influenced most C15:0, C17:0, C18:2 n-6, C18:3 n-3 and CLA cis-9, trans-11 with estimated h? ranging from 0.26
to 0.42. For C6:0, C8:0, C10:0, C12:0, C16:0, C16:1 ¢is-9 and C18:1 ¢is-9, the variance explained by the rumen bacteria
component was close to 0. In general, both the rumen microbiome and the host genetics had little value for predict-
ing FA phenotype. Compared to genetic information only, adding rumen bacteria information resulted in a signifi-
cant improvement of the predictive value for C15:0 from 0.22 to 0.38 (P =9.50e—07) and C18:3 n-3 from 0 to 0.29

Conclusions: The rumen microbiome has a pronounced influence on the content of odd chain FA and polyunsatu-
rated C18 FA, and to a lesser extent, on the content of the short- and medium-chain FA in the milk of Holstein cattle.
The accuracy of prediction of FA phenotypes in milk based on information from either the animal’s genotypes or

Background

The bovine rumen provides an anaerobic environment
for the acquisition and promotion of a complex micro-
bial community that consists of bacteria, archaea, fungi
and protozoa, with bacteria being the most abundant [1].
The relative microbiome composition may differ between
cows [2]. The rumen microbiome composition has been
shown to have an important impact on the production of
methane. Difford et al. [2] reported that variation in the
relative rumen microbiome composition could explain
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up to 13% of the variation in total methane emission
from dairy cattle and that the microbial community in
the cows’ genetic make-up is associated with methane
emission. The function of the metabolic activity of these
microbial symbionts is to digest complex fibrous feed
substrates into volatile fatty acids (VFA) and microbial
proteins that are used directly by the host for mainte-
nance, growth and lactation [3]. Furthermore, these fer-
mentation products have an effect on milk composition
[4, 5], thus the rumen microbial content has the potential
to influence variation in host phenotypes [6].

Bovine milk contains many different fatty acids (FA),
from essential FA such as linoleic (C18:2) and a-linolenic
(18:3) FA to human health promoting FA such as con-
jugated linoleic acid (CLA) (C18:2) [7]. The short and
medium chain FA (C4:0 to C14:0) are synthesized in the

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0002-4953-3081
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12711-019-0464-8&domain=pdf

Buitenhuis et al. Genet Sel Evol (2019) 51:23

mammary gland. The long chain FA derive mainly from
the feed but can be modified in the rumen and the mam-
mary gland [8]. C16:0 can be derived both from feed and
de novo synthesis in the mammary gland. To date, stud-
ies have focused on the genetic factors that affect the
synthesis of FA in the milk and have shown that they are
the main factors that influence the synthesis of saturated
FA, whereas feed is more important for the synthesis of
unsaturated FA [9-11]. Within the context of the diges-
tion of feed by the microbial community in the rumen,
it is interesting to investigate how much of the variation
in milk FA can be explained by variation in the rumen
microbiome.

Thus, our study focused on the influence of bacterial
composition in the rumen microbiome on the synthesis
of specific milk FA in Holstein cows by evaluating the
value of the rumen microbiome in addition to the host
genetics in predicting differences in the composition of
individual FA phenotypes in milk.

Methods

Animals

Morning milk samples were collected from 339 Hol-
stein cows from three different herds. Each herd had one
to three visits within a short time period, during which
rumen samples were collected from individual cows
immediately after milking (one sample per cow). The
cows were kept indoors, fed a total mixed ration (TMR)
ad libitum, and milked individually using automated
milking systems. They were divided into two groups
according to parity: 120 cows for parity 1 and 209 cows
for parity 2, and days in milk (DIM) ranged from 3 to 877.
For all herds, a standardized TMR recipe was provided,
which consisted primarily of rolled barley, corn silage,
grass clover silage, rapeseed meal, soybean meal, and up
to 3 kg of concentrate supplement given during milking.
The procedures for collecting biological samples from
the animals were approved by the Danish Veterinary and
Food Administration under the Ministry of Environment
and Food of Denmark and performed in accordance with
the National Guidelines for Animal Experimentation and
the guidelines of the Danish Animal Experimental Ethics
Committee.

Analysis of milk fatty acids

Analysis of milk FA was done as previously described
in [12]. Fat percentage (FP) and protein percentage (PP)
were determined on fresh whole-milk samples by infra-
red spectroscopy using a MilkoScan FT2 (Foss Analyti-
cal, Hillerad, Denmark). Cream was separated from skim
milk by centrifugation (2643g for 30 min at 4 °C). Cream
samples were stored at —20 °C until analysis of FA com-
position by gas chromatography (GC), as described by
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Larsen et al. [13]. Peak areas for individual FA were cal-
culated after GC separation. Fatty acids were identified
and quantified based on external standards (Supelco 37
component FA methyl ester (FAME) mix, Supelco Inc.,
Bellefonte, PA and GLC 469 methyl ester standard, Nu-
Chek Prep Inc., Elysian, MN), and values were expressed
as weight proportion of total identified FA [12]. We
measured the following FA: caproic acid (C6:0), caprylic
acid (C8:0), capric acid (C10:0), lauric acid (C12:0), tri-
decylic acid (C13:0), myristic acid (C14:0), myristovacce-
nic acid (C14:1 cis-9), pentadecylic acid (C15:0), palmitic
acid (C16:0), palmitoleic acid (C16:1 cis-9), margaric
acid (C17:0), stearic acid (C18:0), oleic acid (C18:1cis-9),
elaidic acid (C18:1 trans-11), linoleic acid (C18:2 n-6),
a-linolenic acid (C18:3 n-3), and conjugated linoleic acid
(CLA cis-9, trans-11). Since C18:1 trans isomers were not
fully separated, the FA assigned as C18:1 trans-11 was
a mixture of trans-10 and trans-11 isomers. Fatty acid
measures are presented as proportions of total fat weight
(Wt%/wt%).

Rumen sampling, DNA extraction and analysis

of the bacterial community

Rumen sampling, DNA extraction, library generation and
analysis of the bacterial community were performed as
previously described in detail by Difford et al. [2]. Briefly,
approximately 40 g of rumen content (both liquid and
particle matter) were sampled using a flora rumen scoop
and a representative subsample was immediately frozen at
— 80 °C for DNA extraction [14]. The profile of the bacte-
rial community was assessed by sequencing the V1-V3
region of the 16S rRNA gene. DNA extraction, sequence
library construction and paired-end sequencing were per-
formed by a commercial company (GATC Biotech, Con-
stance, Germany). After quality control and processing of
sequence reads, they were clustered into operational taxo-
nomic units (OTU) based on a similarity threshold of 97%
using the LotuS pipeline [15] via the UPARSE algorithm
[16]. Low quality read ends were trimmed, and reads were
quality filtered based on the following criteria: (1) a mini-
mum average phred score of 27 and (2) a maximum accu-
mulated error (E,,,) of 0.75, which represents the average
number of errors per read, i.e. on average 0.75 wrongly
sequenced basepairs per read. In order to focus on repre-
sentative samples that had a sufficient sequencing depth to
be able to describe less abundant taxa as well, we removed
samples with less than 50,000 reads after quality control
[17]. Finally, OTU that contained less than 10 sequences
were filtered from the OTU table. Taxonomy was assigned
to each OTU using the RDP classifier with a confidence
level of 0.8 using greengenes (gg_13_8_otus) as the refer-
ence database (http://www.metagenomics.wiki/tools/16s/
qiime/install/greengenes).
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Genotyping

Genomic DNA was extracted from ear tissue of the 339
Holstein cows and genotyped with the Bovine single
nucleotide polymorphism (SNP) 50 beadchip (http://
www.illumina.com/Documents/products/datasheets/
datasheet_bovine_snp50.pdf) using an Illumina® Infin-
ium II Multisample assay device. The iScan and the Bead-
studio version 3.1 software were used to scan the SNP
chips. SNPs were selected based on the following qual-
ity parameters: a minimum call rate of 80% for individu-
als and a minimum call rate of 95% for loci. SNPs with
a minor allele frequency (MAF) lower than 1% were
excluded. The quality of the SNPs was assessed using the
[llumina GenCall data analysis software. Individuals with
average GenCall scores lower than 0.65 were excluded as
described in [18]. SNP positions were based on the Bos
taurus genome assembly (ARS-UCDI1.2) [19]. Finally,
39,121 SNPs remained for analysis.

Cleaning of the animal data

We retained only the cows that had matched rumen sam-
ples, milk samples and genotypes (n=310), and removed
from these, those that were in lactation for more than
400 days, which resulted in 292 animals available for the
analysis.

Statistical analysis

Cluster analysis

In order to detect (biological) patterns in the bacte-
rial OTU, a cluster analysis was performed based on the
count data of the individual OTU. In total, 8515 bacterial
OTU with 97% sequence similarity were identified. OTU
with a total sequence count less than 10 were removed
from the data, which resulted in 3055 bacterial OTU
available for this analysis. The sequence count data of
the bacterial genomes were centered (by subtracting the
column means from their corresponding columns) and
scaled (by dividing the (centered) columns by their stand-
ard deviations), resulting in the B matrix of 292 (number
of cows) by 3055 (number of OUT). The distance matrix
for cows based on B was calculated using the Dist func-
tion of the R package amap with the Pearson distance
measure (https://cran.r-project.org/web/packages/amap/
index.html). Hierarchical clustering based on the dis-
tance matrix was calculated using the hclust function of
the R package stats (R version 3.2.3).

Variance estimation

To estimate the variance explained by the host’s genet-
ics and rumen bacteria, we used the REML approach in
DMU [20]:
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Yijii = W + herd; + parity; + (b1 x DIMy)
+ (b2 % e—O‘OSXDIMk) +g + e (M1)

Yijii = W + herd; + parity; + (b1 x DIMy)
(M2)

n (b2 % e—O‘OEXDIMk> +my + ej,

where yyy is the FA phenotype of individual 1, p is the
fixed mean effect, herd; is a fixed effect (i = 1, 2, 3), parity;
is a fixed effect (j = 1,2), by and by are the regression
coefficient for DIM DIM is a covariate of days in milk
(d3-d398) and is modelled according to Wilmink [21], g;
is the random additive genetic effect of the animal, m; is
the random effect associated with bacterial composition,
and ejjq is the random residual effect. The random effects
are assumed to be independent normally distributed val-
ues described as follows: g ~ N(O, Gcé), m ~ N(O, Morzn)
and e ~ N(0,I02).

The genomic relationship matrix (GRM) G was com-
puted using all the SNPs based on the first method
described by VanRaden [22]. The metagenomics rela-
tionship matrix (M) was computed based on the bacte-
ria counts as previously described by Difford et al. [2]:
M = BB'/c, where B is the centered and scaled bacteria
count matrix, and c is the number of bacterial OTU.

The proportion of the total variance explained by the
genetic effect of the animal (hé) was defined as:

hé = cé/(aé + 05),
where O‘é
variation.

The proportion of the total variance explained by the
effect associated with bacteria count (h,zg), which is also
called microbiability [2], was defined as:

is the genetic variation, and o2 is the residual

b = o/ (0% +2),

where ofn is the bacterial variation, and cg is the residual
variation.

Cross-validation study to compare models

To assess the influence of the animal’s genome and of
the metagenome on milk and FA traits, we performed
a cross-validation study by using a two-step procedure.
In the first step, phenotypic records on milk FA, PP and
FP were adjusted for relevant factors (herd, parity, DIM)
using the following linear model:

Yijg = K + herd; + parity; + (b1 x DIMy)

" (b2 « e—O‘OSXDIMk) + e (M3)
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where y;y is the phenotype of individual 1, and the fac-
tors are as for Model M1.

In the second step, we built a model in several steps
for each adjusted phenotype (i.e. residuals obtained from
Model M3) using the following linear mixed models:

Yi=w+g +ei (M4)
Yi =+ mj + e, (M5)
Vi =W+ mi+ g + e (M6)
Yij =W+ mi+g+ (mi X g;) + ejj (M7)

where y; is the adjusted phenotype for each milk or FA
trait, g; is the random additive genetic effect of the ani-
mal, m; is the random effect associated with bacteria
count, m; X g; is the Hadamard product between m; and
g;» and e; (ejj) are the random residual effects. The random
effects are re-estimated and are assumed to be independ-
ent normally distributed values described as follows:
g~ N(O, Goé), m ~ N(0,Mo?2 )and e ~ N(0,Ic2).

The analysis was performed using a genomic fea-
ture best linear unbiased prediction (GFBLUP) for each
model separately, as implemented in the R library qgg
(http://psoerensen.github.io/qgg/) [23, 24]. The features
in Models M5, M6 and M7 are the bacteria count data
and the genetic data (39,121 SNPs). The ability of each of
the models (M4—M7) to predict phenotypes was assessed
using a cross-validation procedure. The validation set was
generated by randomly sampling 50 out of 292 animals
and the remaining 242 animals were used as the training
set. In the validation procedure, we estimated the model
parameters based on the observations of the cows in the
training data and predicted the phenotypes of the cows
in the validation data. Then, we calculated the correla-
tion between the predicted phenotype and the observed
phenotype. This was repeated 10 times and the predictive
ability of a model was defined as the average correlation
of these 10 validations.

The predictive ability of each model was compared
using a Welch’s t test (i.e. unequal variance t test) as
implemented in R (R version 3.2.3). We tested whether
the average correlation of these 10 validations was signifi-
cantly higher than the average correlation obtained from
another model. We performed the following compari-
sons: M4 versus M6 (bacteria are important); M5 versus
M6 (genetics is important); M6 versus M7 (interaction
between bacteria and genetics is important). A Bonfer-
roni corrected P value lower than 0.05 was considered
significant (n=>57 comparisons).
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Results

Description of the milk data

The descriptive statistics for milk FA, FP and PP traits are
in Table 1. Proportions in milk FA varied with the highest
proportions being in C14:0 (11.60%), C18:1 cis-9 (20.27%)
and C16:0 (31.24%), and the lowest in C13:0 (0.14%),
CLA cis-9, trans-11 (0.48%) and C18:3 n-3 (0.53%). Coef-
ficients of variation (CV) were highest for C14:1 cis-9,
C16:1 cis-9, and C12:0, i.e. 33.97, 27.24, and 24.19%,
respectively, and lowest for C16:0, C18:2n6, and C6:0 i.e.
10.92, 12.95, and 14.30%, respectively.

Rumen bacteria

The hierarchical cluster analysis on the 3055 rumen
bacterial OTU (after filtering) did not show a clear pat-
tern of OTU clusters. Among the OTU with high abun-
dance, most of the OTU were assigned to Bacteroidales
and Prevotella (see Additional file 1), whereas those with
low abundance were mostly assigned to the two afore-
mentioned groups and to Clostridiales, Lachnospiraceae,
Ruminococcaceae, Ruminococcus, Treponema, and RF39.

Influence of rumen bacteria and the host genetics on milk
fatty acids

Table 2 shows the estimated heritability (hg) and
microbiability (h%) for each trait based on M1 and M2,

Table 1 Descriptive statistics of fat %, protein % and fatty
acids in the milk of Holstein cows

Trait? Mean SD CV (%)
Fat % 4.00 0.77 19.21
Protein % 333 035 1037
Caproic acid (C6:0) 277 040 14.30
Caprylic acid (C8:0) 1.44 028 19.04
Capric acid (C10:0) 319 070 2191
Lauric acid (C12:0) 3.69 089 24.19
Tridecylic acid (C13:0) 0.14 003 2127
Myristic acid (C14:0) 11.60 195  16.81
Myristovaccenic acid (C14:1 cis-9) 1.00 034 3397
Pentadecylic acid (C15:0) 1.1 024 2142
Palmitic acid (C16:0) 31.24 341 10.92
Palmitoleic acid (C16:1 cis-9) 177 048 2724
Margaric acid (C17:0) 057 0.11 19.11
Stearic acid (C18:0) 9.53 200 2097
Elaidic acid (C18:1 trans-11) 135 030 2229
Oleic acid (C18:1¢is-9) 20.27 397 1961
Linoleic acid (C18:2 n-6) 1.87 024 1295
a-Linolenic acid (C18:3 n-3) 0.53 009 16.26
Conjugated linoleic acid (CLA cis-9, trans-11) 0.48 011 2388

SD standard deviation, CV coefficient of variation

@ Individual fatty acids given as the wt/wt%


http://psoerensen.github.io/qgg/

Buitenhuis et al. Genet Sel Evol (2019) 51:23

Table 2 Total variance explained by additive genetic® (h;)
and rumen bacteria® (h2) effects

Trait h3 SEh  hj SEhj
Fat % 0.19 0.16 0.08 007
Protein % 0.18 0.14 0.08 0.09
C6:0 0.14 012 4.25e—07 0.05
80 0.17 0.13 457e=07 006
100 0.16 013 2.87e—06 0.08
120 0.19 0.14 423e=07 007
130 0.19 0.16 0.12 0.09
C140 245e—07 0.11 0.14 0.12
C14:1 cis-9 069 022 003 0.05
150 053 0.21 042 0.18
160 0.17 0.14 133e—07 007
C16:1 cis-9 042 0.19 3.63e—06 0.06
170 022 0.14 0.30 0.16
180 026 0.16 0.18 013
C18:1 trans-11 0.1 013 0.16 0.15
C18:1 cis-9 0.11 0.12 122e—08 006
182 n-6 0.12 0.12 0.26 0.14
183 n-3 2.17e—05 0.12 031 0.14
CLA cis-9, trans-11 0.24 0.14 033 0.17

Significant heritabilities and microbiabilities are in italic
CLA conjugated linoleic acid

a hé and h3 were estimated based on models M1 and M2, respectively

respectively. In general, hé was relatively high for all FA
[ranging from 0.69 (C14:1 cis-9) to 0.11 (C18:1 trans-11;
C18:1 cis-9)], except for C14:0 and C18:3 n-3, which had
values close to 0. In general, h% was lower than hé, and the
main FA affected by rumen bacteria were C15:0, C17:0,
C18:2 n-6, C18:3 n-3 and CLA with hjzg ranging from 0.26
to 0.42. For the other FA C6:0, C8:0, C10:0, C12:0, C16:0,
C16:1 cis-9 and C18:1 cis-9, h% was close to 0. In all cases,
the estimated standard errors were relatively large, which
can be explained by the limited sample size (Table 2).

Predictive ability of milk fatty acids

The predictive ability of each model is in Table 3. In gen-
eral, predictive ability for individual FA was low regard-
ing both the rumen bacteria component and the genetic
component. The comparison M4 versus M6 shows that
adding rumen bacteria information improved predictive
ability significantly for C15:0 (P=9.50e—07) and C18:3
n-3 (P =8.81e—18), and only slightly for C13:0 (P=0.07),
C14:0 (P=0.01) and C18:2 n-6 (P =0.08). The compari-
son M5 versus M6 shows that genetic information had a
more significant effect on improving predictive ability for
Ce:0, C8.0, C10:0, C12:0, C14:1 cis-9, C16:0, C16:1 cis-9
and C18:1 cis-9 (Table 2). Finally, the comparison M6
versus M7 suggests a slight improvement in predictive
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ability for C18:1 cis-9 (P=0.003) when adding an inter-
action component between bacteria and genotype, but it
was not significant after adjustment for multiple testing.

Discussion

In this study, we evaluated the influence of the bacterial
composition of the rumen microbiome on the biosynthe-
sis of specific FA in bovine milk. FA composition in milk
is the result of a complex process in which FA originate
from different sources. Short chain and medium chain
FA are synthesized de novo in the mammary gland, while
long chain FA derive mainly from feed [7]. In general, the
heritability of de novo synthesized FA is high, whereas
that of long chain FA is low to moderate [8]. Poulsen
et al. [12] reported that the feeding regime has a clear
influence on the composition of long chain FA, but also
that they are modified considerably in the rumen and by
desaturation in the mammary gland. Even if cows have
the same feeding regime, individual feed intake per cow
varies because its energy requirement differs depending
on parity and lactation stage. Furthermore, cows sort out
their feed even when fed a TMR. Thus, one can argue
that the microbial composition in the rumen could be a
proxy for feed type, rather than influencing milk fat com-
position. However, Sasson et al. [25] showed that abun-
dance of some bacteria in the rumen is heritable [25].
Thus, variation in the rumen microbiome may influence
the biosynthesis of milk FA and the modifications of
feed-derived FA.

Core microbiome

Henderson et al. [1] have suggested that a ‘core micro-
biome’ of dominant bacteria exists in the rumen at
the genus level or higher and consists of Prevotella,
Butyrivibrio, Ruminococcus as well as unclassified
Lachnospiraceae, Ruminococcaceae, Bacteroidales and
Clostridiales. Our results are in line with the results
of Henderson et al. [1], i.e. they show that the clusters
of OTU with the highest counts were mainly assigned
to Prevotella and the unclassified group Bacteroidales,
whereas the clusters with the lowest count data also con-
tained the (unclassified) groups Clostridiales, Lachno-
spiraceae, Ruminococcaceae, Ruminococcus, Treponema,
and RF39.

Heritability, microbiability and sample size

In our study, estimated heritabilities for fat % and pro-
tein % were low (0.19, and 0.18, respectively) compared
to previous reports on fat %, i.e. 0.24 in [9] and 0.47 in
[10] and on protein %, i.e. 0.47 in [26] and 0.53 in [27].
The discrepancy between our current results and those in
the literature could be due to the use of different models
to estimate the variances or simply to the relative small
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Table 3 Mean predictive ability® (PA) and between brackets root mean square error of the prediction (RMSE) for models
M4, M5, M6 and M7 and P value for the differences in PA between M4 versus M6, M5 versus M6, and M6 versus M7

Trait Mean PA (RMSE) Mean PA (RMSE) Mean PA (RMSE) Mean PA (RMSE) P value M4 P value M5 P value M6
M4 M5 M6 M7 versus M6 versus M6 versus M7

Fat % 0.09 (0.75) 0.15 (0.75) 3(0.75) 3(0.75) 0.34 045 0.96
Protein % 4(0.28) 0.03 (0.28) 1(0.28) 2(0.28) 0.39 0.02 0.84

[@50] 5(0.37) —0.07(0.37) 0.14 (0.37) 0.15(0.37) 0.93 3.70e—10* 0.92

8.0 0.15 (0.25) 2(0.24) 0.15 (0.24) 0.15 (0.24) 0.97 8.15e—13* 0.97
C10:0 0.10 (0.53) —014(0 53) 0.10(0.53) 0.10 (0.53) 1.00 538e—11* 0.84
C12.0 0.17 (0.59) —0.10(0.59) 0.16 (0.59) 0.16 (0.59) 0.89 2.70e—10* 0.94
C13.0 0.09 (0.03) 0.18 (0.03) 0.16 (0.03) 0.16 (0.03) 0.08 046 1.00
C14.0 —0.03(1.20) 0.08 (1.21) 0.06 (1.21) 0.04 (1.22) 0.01 0.54 061
C14:1 cis-9 0.37 (0.24) 0.06 (0.26) 0.37 (0.24) 0.37 (0.24) 1.00 4.94e—18* 1.00
C15:0 0.22 (0.14) 0.34(0.14) 0.38(0.13) 0.38(0.13) 9.50e—07* 0.15 0.90
C16:0 2(242) —0.17(242) 1(242) 0(242) 092 1.81e—10* 0.80
C16:1 cis-9 0.23 (0.44) 1(045) 0.23 (044) 0.23 (0.44) 1.00 3.10e—17* 1.00
170 5(0.08) 0.07 (0.08) 0.10 (0.08) 0.10 (0.08) 0.18 0.39 0.92
C180 016(1 .30) 0.07 (1.33) 0.12(1.31) 0.12(1.31) 0.23 0.19 0.96
C18:1 trans-11 0.07 (0.19) 0.02 (0.19) 0.03 (0.19) 0.03 (0.19) 0.24 0.87 093
C18:1 cis-9 1 (2.66) —0.13(2.66) 0.11 (2.66) 0.00 (2.67) 0.99 4.15e—10* 3.20e—03
C182n-6 0.09(0.23) 0.16 (0.23) 0.15(0.23) 0.15(0.23) 0.08 0.71 1.00
C183n-3 —0.08 (0.08) 0.29 (0.07) 0.29 (0.08) 0.29 (0.08) 8.81e—18* 1.00 1.00

CLA cis-9, trans-11 0.15 (0.09) 0.16 (0.09) 4(0.09) 0.13(0.09) 0.77 0.56 0.81

*Significant after Bonferroni correction for multiple testing at the P <0.05 level (n =57 comparisons)

@ Average correlation between predicted and real FA phenotype in the validation set over 10 replicates of the validation

sample size used here. Ideally, the variance parameters in
this study would be estimated jointly, combining models
M1 and M2, but the sample size in our study limits the
possibility of estimating parameters from the full model
in which both G and M are fitted simultaneously. Never-
theless, we believe that our results show that some of the
milk FA are affected by the rumen microbiome, and that
our study could serve as a basis for future studies on the
influence of the microbiome on milk FA composition.
Our results show that the short and medium chain FA
have a stronger genetic component, compared to the long
chain C18 FA, which is in line with the expectation that
long chain FA derive from feed. However, our results do
not confirm the trend that saturated FA have a higher
heritability than unsaturated FA as previously reported
[9, 10]. Comparison of our results to an earlier independ-
ent study on milk FA composition in Holstein cattle [9]
indicates that the estimated heritabilities are in line with
those in [9] except for C14:0 and C18:3 n-3, for which we
detected no genetic component. Interestingly, both C14:1
cis-9 and C16:1 cis-9 had high heritabilities, which reflect
a strong genetic influence related to the desaturase activ-
ity in the mammary gland. The conversion of C14:0 and
C16:0 into their mono-unsaturated counterparts is cata-
lyzed by stearoyl-CoA desaturase 1 (SCD1). The SCD1

gene is located on B. taurus chromosome (BTA) 26 and is
associated with milk FA composition [28].

We detected no influence of the rumen bacteria com-
position on the C6—-C12 and C16 FA group, which sug-
gests that they have little or no effect on de novo synthesis
in particular, but also on C16:0 derived from feed. This
is further reflected by the absence of influence on C14:1
cis-9, and C16:1 cis-9. In general, the influence of bacteria
in the rumen on the formation of milk FA is more pro-
nounced for the odd-chain FA (C15:0, C17:0) and poly-
unsaturated C18 FA (C18:2 n-6, C18:3 n-3 and CLA cis-9,
trans-11), as expected based on the origin of the FA in
milk [29]. These FA originate partly from hydrogenation
processes in the rumen by specific microorganisms that
affect feed-derived C18 FA and partly from odd-chain
FA that are mainly synthesized microbially in the rumen
[30].

For C17:0 and many of the C18 FA, the variation in
rumen bacterial content explained more of the host phe-
notypic variation than the host genome variation, albeit
marginally, and with a large standard error. Although var-
iation in these FA is often associated with differences in
the feed, in our study, feed variation was minimized since
animals were fed a standardized TMR. Furthermore,
these findings confirm the existence of variation in the
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host genome and that the microbiome can explain a part
of the variation in some complex host traits. This agrees
with the findings of a study that investigated the influ-
ence of gut bacteria in 207 pigs and estimated the pro-
portion of variation explained by h% and hz, for feed intake

(h3=0.16, h?=0.42), daily gain (h3=0.28, h;=0.11) and
feed conversion ratio (h%:0.21 and h§=0.19) [31]. That

study also showed that the abundance of 49 genera of the
pig gut microbiome was heritable [31].

Prediction of fatty acids in the milk

Recent findings in dairy cattle suggest that the host
genetics has some influence on the rumen microbiome
[25, 32, 33]. There is considerable interest in understand-
ing the interactions between the host and the rumen
microbiome for directing desired changes to the host
phenotype. If associations between heritable rumen bac-
teria and phenotypes of the host exist, there is scope for
research in selective breeding. Selective breeding takes
generations to induce genetic changes in livestock pop-
ulations, whereas interventions on the rumen micro-
biome can act rapidly within a few generations. Rumen
transfaunation using the cud from a healthy donor cow
to treat a recipient cow with a digestive disorder has
long been an effective method of implementing a desired
change to the host cow phenotype [34]. Recent work with
repeated inoculations in beef heifers on a poor straw-
based diet with rumen contents from bison has shown
that the rumen bacteria and the host metabolic activity
are altered, which result in increased protein and nitro-
gen retention [35].

It is relevant to investigate whether the bacterial and
genetic information can contribute to predicting the milk
fat composition of cows. In general, we found that the pre-
dictive value for FA was low, which could be due to the
relatively small sample size used in our study. Genotype
information is of higher value for the prediction of specific
FA in the milk than information on the rumen bacterial
composition. We found that genotype information was
relevant for the prediction of the medium chain FA C6 to
C12, C14:1 cis-9 and C16:0, C16:1 cis-9. This is in line with
the fact that these FA are fully or partly de novo synthe-
sized or reflect desaturase activity in the mammary gland.

Interestingly, information on the rumen bacterial com-
munity was better at predicting the C15:0 and C18:3
n-3 content in milk (r=0.29-0.34) than genotype infor-
mation. The predictive value of rumen bacteria for
C15:0 and C18:3 n-3 was in line with that of gut bacte-
ria in pigs for feed intake, daily gain and feed conver-
sion (r=0.33-0.41) [30] and that of methane emission
in dairy cows using full rumen metagenomics sequences
(r=0.466) [35]. The estimated h; and h% for C15:0 were
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similar, which is as expected since C15:0 is known to be
both synthesized de novo and derived from blood [36,
37]. However, information on the microbiome is prefer-
able for predicting the C15:0 content in milk. Regarding
the prediction of C18:3 n-3 content in milk, C18:3 n-3
derives from the feed and thus depends highly on the
feeding regime of the cow [37] and on the microbiome,
which plays an important role in degrading the feed in
the rumen and thereby regulates the C18:3 n-3 content
in milk through rumen biohydrogenation. Our results
also show that, when h; or h%g are equal to 0 (Table 2), the
mean predictive value is negative (Table 3), which indi-
cates that the correlation between the observed and pre-
dicted phenotypes are biased downwards.

Conclusions

Our findings show that variation in rumen microbiome
composition has a pronounced influence on the content
of odd chain FA and the polyunsaturated C18 FA, and to
a lesser extent, on the content of the short and medium
chain FA in milk. The prediction of individual FA con-
tent in milk based on information of either the animals’
genotypes or the rumen bacteria was low. The results can
be explained from a biological point of view, e.g. the h;
for the saturated FA was generally higher than h% and the
predictive ability of the model fitting the GRM was better
for the saturated FA than the model fitting the microbial
relationship matrix. Nevertheless, standard errors of the
heritability estimates were large and, in some cases, the
predictive values tended to be biased downwards, which
indicated that it is necessary to increase the sample size
in a future study.

Additional file

[ Additional file 1. Annotation of the most abundant bacteria OTU. }

Acknowledgements

This research was supported by the projects:“The importance of the
metagenome for milk quality and composition” of the Danish Milk Levy Fund
(2013-2015), as well as from the REMRUM project from the Innovation Fund
Denmark (formerly The Danish Council for Strategic Research) for funding
support (Grant No, 12-132447). The work of Lise M Kristensen, Zhigang Zhu,
Ole Hgjbjerg and Peter Lavendahl in relation to collection and handling of
samples data is highly acknowledged.

Authors’ contributions

BB analyzed the data and wrote the manuscript, NAP obtained and analyzed
the milk samples, PS developed the R package qgg to analyze the data, JL
obtained the rumen samples. GD contributed to the discussion of the results.
SN and DP prepared and performed the sequence analysis of the rumen
microbiome. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12711-019-0464-8

Buitenhuis et al. Genet Sel Evol

(2019) 51:23

Author details

! Department of Molecular Biology and Genetics, Center for Quantitative
Genetics and Genomics, Aarhus University, Blichers Alle 20, PO. Box 50,

8830 Tjele, Denmark. 2 Department of Animal Science, Aarhus University, Blich-
ers Alle 20, PO. Box 50, 8830 Tjele, Denmark. * Center for Biological Sequence
Analysis, Denmark Technical University, 2800 Lyngby, Denmark. “ Department
of Food Science, Aarhus University, Blichers Alle 20, PO. Box 50, 8830 Tjele,
Denmark.

Received: 14 September 2018 Accepted: 14 May 2019
Published online: 29 May 2019

References

1.

Henderson G, Cox F, Ganesh S, Jonker A, Young W, Global Rumen Census
Collaborators, et al. Rumen microbial community composition varies with
diet and host, but a core microbiome is found across a wide geographi-
cal range. Sci Rep. 2015;5:14567.

Difford GF, Plichta DR, Levendahl P, Lassen J, Noel SJ, Hajberg O, et al.
Host genetics and the rumen microbiome jointly associate with methane
emissions in dairy cows. PLoS Genet. 2018;14:21007580.

Mizrahi I. The role of the rumen microbiota in determining the feed
efficiency of dairy cows. In: Rosenberg E, Gophna U, editors. Beneficial
microorganisms in multicellular life forms. Berlin: Springer; 2011.

Hurtaud C, Rulquin H, Verite R. Effect of infused volatile fatty acids and
caseinate on milk composition and coagulation in dairy cows. J Dairy Sci.
1993,76:3011-20.

Jami E, White BA, Mizrahi I. Potential role of the bovine rumen micro-
biome in modulating milk composition and feed efficiency. PLoS One.
2014;9:e85423.

Bordenstein SR, Theis KR. Host biology in light of the microbiome: ten
principles of holobionts and hologenomes. PLoS Biol. 2015;13:1002226.
German JB, Dillard CJ. Composition, structure and absorption of milk
lipids: a source of energy, fat-soluble nutrients and bioactive molecules.
Crit Rev Food Sci Nutr. 2006;46:57-92.

Vargas-Bello-Pérez E, Garnsworthy PC. Trans fatty acids and their role in
the milk of dairy cows. Cienc Invest Agrar. 2013;40:449-73.

Krag K, Poulsen NA, Larsen MK, Larsen LB, Janss LL, Buitenhuis B. Genetic
parameters for milk fatty acids in Danish Holstein cattle based on SNP
markers using a Bayesian approach. BMC Genet. 2013;14:79.

Stoop WM, van Arendonk JA, Heck JM, van Valenberg HJ, Bovenhuis H.
Genetic parameters for major milk fatty acids and milk production traits
of Dutch Holstein-Friesians. J Dairy Sci. 2008;91:385-94.

. Pegolo S, Cecchinato A, Casellas J, Conte G, Mele M, Schiavon S, et al.

Genetic and environmental relationships of detailed milk fatty acids
profile determined by gas chromatography in Brown Swiss cows. J Dairy
Sci. 2016;99:1315-30.

Poulsen NA, Gustavsson F, Glantz M, Paulsson M, Larsen LB, Larsen MK.
The influence of feed and herd on fatty acid composition in 3 dairy
breeds (Danish Holstein, Danish Jersey, and Swedish Red). J Dairy Sci.
2012;95:6362-71.

Larsen MK, Nielsen JH, Butler G, Leifert C, Slots T, Kristiansen GH, et al. Milk
quality as affected by feeding regimens in a country with climatic varia-
tion. J Dairy Sci. 2010;93:2863-73.

Geishauser T, Linhart N, Neidl A, Reimann A. Factors associated with
ruminal pH at herd level. J Dairy Sci. 2012;95:4556-67.

Hildebrand F, Tadeo R, Voigt AY, Bork P, Raes J. LotuS: an efficient and user-
friendly OTU processing pipeline. Microbiome. 2014;2:30.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial ampli-
con reads. Nat Methods. 2013;10:996-8.

Edgar RC, Flyvbjerg H. Error filtering, pair assembly and error correction
for next-generation sequencing reads. Bioinformatics. 2015;31:3476-82.
Teo YY, Inouye M, Small KS, Gwilliam R, Deloukas P, Kwiatkowski DP, et al.
A genotype calling algorithm for the Illumina BeadArray platform. Bioin-
formatics. 2007;23:2741-6.

Bos taurus genome assembly ARS-UCD1.2. https://www.animalgeno
me.org/repository/cattle/UMC_bovine_coordinates/. Accessed 21 May
2019.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 8 of 8

Madsen P, Jensen J. A user’s guide to DMU. A package for analysing
multivariate mixed models. 2007. Version 6, release 4.7. http://dmu.agrsc
i.dk. Accessed 21 May 2019.

Wilmink JBM. Adjustment of test day milk, fat and protein yield for age,
season and stage of lactation. Livest Prod Sci. 1987;16:335-48.

VanRaden PM. Efficient methods to compute genomic predictions. J
Dairy Sci. 2008;91:4414-23.

Edwards SM, Serensen IF, Sarup P, Mackay TF, Serensen P. Genomic
prediction for quantitative traits is improved by mapping variants

to gene ontology categories in Drosophila melanogaster. Genetics.
2016;203:1871-83.

Sarup P, Jensen J, Ostersen T, Henryon M, Serensen P. Increased predic-
tion accuracy using a genomic feature model including prior information
on quantitative trait locus regions in purebred Danish Duroc pigs. BMC
Genet. 2016;17:11.

Sasson G, Kruger Ben-Shabat S, Seroussi E, Doron-Faigenboim A, Shterzer
N, Yaacoby S, et al. Heritable bovine rumen bacteria are phylogenetically
related and correlated with the cow’s capacity to harvest energy from its
feed. MBio. 2017;8:200703-17.

Buitenhuis B, Poulsen NA, Gebreyesus G, Larsen LB. Estimation of genetic
parameters and detection of chromosomal regions affecting the major
milk proteins and their post translational modifications in Danish Holstein
and Danish Jersey cattle. BMC Genet. 2016;17:114.

Gebreyesus G, Lund MS, Janss L, Poulsen NA, Larsen LB, Bovenhuis H,

et al. Short communication: multi-trait estimation of genetic param-
eters for milk protein composition in the Danish Holstein. J Dairy Sci.
2016;99:2863-6.

Buitenhuis B, Janss LL, Poulsen NA, Larsen LB, Larsen MK, Sarensen P.
Genome-wide association and biological pathway analysis for milk-fat
composition in Danish Holstein and Danish Jersey cattle. BMC Genomics.
2014;15:1112.

Mansson HL. Fatty acids in bovine milk fat. Food Nutr Res. 2008;52:1821.
https://doi.org/10.3402/fnrv52i0.1821.

Vlaeminck B, Fievez V, Cabrita ARJ, Fonseca AJM, Dewhurst RJ. Factors
affecting odd- and branched-chain fatty acids in milk: a review. Anim
Feed Sci Technol. 2006;131:389-417.

Camarinha-Silva A, Maushammer M, Wellmann R, Vital M, Preuss S, Benne-
witz J. Host genome influence on gut microbial composition and micro-
bial prediction of complex traits in pigs. Genetics. 2017;206:1637-44.
Weimer PJ, Stevenson DM, Mantovani HC, Man SL. Host specificity of

the ruminal bacterial community in the dairy cow following near-total
exchange of ruminal contents. J Dairy Sci. 2010;93:5902-12.

Roehe R, Dewhurst RJ, Duthie CA, Rooke JA, McKain N, Ross DW, et al.
Bovine host genetic variation influences rumen microbial methane
production with best selection criterion for low methane emitting and
efficiently feed converting hosts based on metagenomic gene abun-
dance. PLoS Genet. 2016;12:21005846.

DePeters EJ, George LW. Rumen transfaunation. Immunol Lett.
2014;162:69-76.

Ribeiro GO, Oss DB, He Z, Gruninger RJ, Elekwachi C, Forster RJ, et al.
Repeated inoculation of cattle rumen with bison rumen contents alters
the rumen microbiome and improves nitrogen digestibility in cattle. Sci
Rep. 2017;7:1276.

Craninx M, Steen A, Van Laar H, Van Nespen T, Martin-Tereso J, De Baets

B, et al. Effect of lactation stage on the odd- and branched-chain milk
fatty acids of dairy cattle under grazing and indoor conditions. J Dairy Sci.
2008;91:2662-77.

Vlaeminck B, Fievez V, Tamminga S, Dewhurst RJ, van Vuuren A, De
Brabander D, et al. Milk odd- and branched-chain fatty acids in relation to
the rumen fermentation pattern. J Dairy Sci. 2006;89:3954-64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.animalgenome.org/repository/cattle/UMC_bovine_coordinates/
https://www.animalgenome.org/repository/cattle/UMC_bovine_coordinates/
http://dmu.agrsci.dk
http://dmu.agrsci.dk
https://doi.org/10.3402/fnr.v52i0.1821

	Impact of the rumen microbiome on milk fatty acid composition of Holstein cattle
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Analysis of milk fatty acids
	Rumen sampling, DNA extraction and analysis of the bacterial community
	Genotyping
	Cleaning of the animal data
	Statistical analysis
	Cluster analysis
	Variance estimation
	Cross-validation study to compare models


	Results
	Description of the milk data
	Rumen bacteria
	Influence of rumen bacteria and the host genetics on milk fatty acids
	Predictive ability of milk fatty acids

	Discussion
	Core microbiome
	Heritability, microbiability and sample size
	Prediction of fatty acids in the milk

	Conclusions
	Acknowledgements
	References




