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ABSTRACT

The aim of this study was to estimate phenotypic
and genetic correlations between methane production
(Mp) and milk fatty acid contents of first-parity Wal-
loon Holstein cows throughout lactation. Calibration
equations predicting daily Mp (g/d) and milk fatty acid
contents (g/100 dL of milk) were applied on milk mid-
infrared spectra related to Walloon milk recording. A
total of 241,236 predictions of Mp and milk fatty acids
were used. These data were collected between 5 and 305
d in milk in 33,555 first-parity Holstein cows from 626
herds. Pedigree data included 109,975 animals. Bivari-
ate (i.e., Mp and a fatty acid trait) random regression
test-day models were developed to estimate phenotypic
and genetic parameters of Mp and milk fatty acids.
Individual short-chain fatty acids (SCFA) and groups
of saturated fatty acids, SCFA, and medium-chain fatty
acids showed positive phenotypic and genetic correla-
tions with Mp (from 0.10 to 0.16 and from 0.23 to 0.30
for phenotypic and genetic correlations, respectively),
whereas individual long-chain fatty acids (LCFA), and
groups of LCFA, monounsaturated fatty acids, and
unsaturated fatty acids showed null to positive pheno-
typic and genetic correlations with Mp (from —0.03 to
0.13 and from —0.02 to 0.32 for phenotypic and genetic
correlations, respectively). However, these correlations
changed throughout lactation. First, de novo individual
and group fatty acids (i.e., C4:0, C6:0, C8:0, C10:0,
(C12:0, C14:0, SCFA group) showed low phenotypic or
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genetic correlations (or both) in early lactation and
higher at the end of lactation. In contrast, phenotypic
and genetic correlations between Mp and C16:0, which
could be de novo synthetized or derived from blood
lipids, were more stable during lactation. This fatty
acid is the most abundant fatty acid of the saturated
fatty acid and medium-chain fatty acid groups of which
correlations with Mp showed the same pattern across
lactation. Phenotypic and genetic correlations between
Mp and C17:0 and C18:0 were low in early lactation
and increased afterward. Phenotypic and genetic cor-
relations between Mp and C18:1 cis-9 originating from
the blood lipids were negative in early lactation and
increased afterward to become null from 18 wk until
the end of lactation. Correlations between Mp and
groups of LCFA, monounsaturated fatty acids, and un-
saturated fatty acids showed a similar or intermediate
pattern across lactation compared with fatty acids that
compose them. Finally, these results indicate that cor-
relations between Mp and milk fatty acids vary follow-
ing lactation stage of the cow, a fact still often ignored
when trying to predict Mp from milk fatty acid profile.
Key words: fatty acid, methane, dairy cattle, mid-
infrared

INTRODUCTION

Greenhouse gases are large contributors to climate
change (e.g., IPCC, 2006). Methane from gastro-enteric
fermentation is the major greenhouse gases produced
by dairy cattle (Gerber et al., 2013). Moreover, meth-
ane production (Mp; i.e., in g/d) implies loss of gross
energy intake (from 2 to 12% of gross energy intake;
Johnson and Johnson, 1995). Therefore, efforts to
mitigate methane emissions are needed to improve the
environmental sustainability and economic profitability
of dairy production.
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In cattle, gastro-enteric fermentation of glucose
equivalents from starch or plant cell wall polymers
occurs in the rumen under anaerobic conditions and
results in production of VFA (mainly acetate, pro-
pionate, and butyrate). The production of acetate and
butyrate releases H,, whereas the production of propio-
nate requires H,. Released H, is used by methanogenic
archaea to reduce carbon dioxide into methane to avoid
hydrogen accumulation in the rumen and methane is
eliminated mainly through eructation (Demeyer and
Fievez, 2000; Moss et al., 2000; Martin et al., 2010).
Therefore, Mp is promoted by production of acetate
and butyrate, whereas the propionate and methane
synthesis pathways compete for the use of Hy, (Moss et
al., 2000; Martin et al., 2010). Besides, acetate and bu-
tyrate are precursors of de novo synthesis of milk fatty
acids (Bernard et al., 2008). Consequently, Chilliard
et al. (2009) suggested a direct relationship between
Mp and milk fat composition. Therefore, some previous
studies were conducted to investigate raw correlations
between milk fatty acids and ruminal methane and to
develop equations to predict methane output based on
milk fatty acid content (Chilliard et al., 2009; Dijkstra
et al., 2011; Mohammed et al., 2011; van Lingen et al.,
2014; Williams et al., 2014; Rico et al., 2016).

Generally, positive correlations between ruminal
methane on the one hand, and SFA, short-chain fatty
acids (SCFA), medium-chain fatty acids (MCFA), or
de novo fatty acids on the other hand were reported
(Chilliard et al., 2009; Dijkstra et al., 2011; Moham-
med et al., 2011; van Lingen et al., 2014; Rico et al.,
2016). From experiments using a maize-silage-based
diet complemented or not by 3 different physical forms
of linseed (crude, extruded, or oil), Chilliard et al.
(2009) found high positive correlations between Mp
and individual SFA from C6:0 to C16:0 (in % of total
fatty acids; between 0.88 and 0.91). Based on 3 ex-
periments focusing on fat supplementation through 10
dietary treatments, positive correlations between meth-
ane yield (i.e., expressed in g/kg of DMI) and C8:0,
C10:0, C11:0, C14:0 iso, C15:0 iso, C16:0, and C17:0
anteiso (in % of total fatty acids) were in the range of
0.30 to 0.47 (Dijkstra et al., 2011). Mohammed et al.
(2011) supplemented diets of cows with different types
of oils (palm, sunflower seed, linseed, or canola seed)
and obtained a positive correlation of 0.39 between Mp
and sum of SFA (in % total FAME). van Lingen et
al. (2014) performed a meta-analysis (8 experiments
and 30 different dietary treatments) to calculate cor-
relations between methane yield (i.e., expressed in g/
kg of DMI) or methane intensity (i.e., expressed in g/
kg of fat- and protein-corrected milk) and milk fatty
acid profile (in g/100 g of fatty acids) from data based
on cows fed with various diets. Correlations between
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methane yield and almost all de novo fatty acids were
positive. Positive correlations for methane intensity
with all SCFA and MCFA were also found, except with
C4:0 (—0.28 for C4:0 and between 0.02 and 0.36 for
other fatty acids). From experiments using different
forage sources (i.e., corn silage, alfalfa silage, barley
silage, timothy silage, corn and alfalfa silage, barley
and corn silage, or timothy and alfalfa silage), Rico et
al. (2016) found positive correlations between Mp and
de novo fatty acids (in % of total fatty acids; 0.34). On
the contrary, correlations between methane and UFA
(Chilliard et al., 2009; Mohammed et al., 2011; van
Lingen et al., 2014) or long-chain fatty acids (LCFA;
Dijkstra et al., 2011; van Lingen et al., 2014; Rico et al.,
2016) were generally negative (from —0.01 to —0.42).
However, based on data from 8 experiments with
forage-based diets supplemented with a large variety of
complements, Williams et al. (2014) found, for some of
their experiments, correlations between Mp and C8:0
and sum of C18 that were not consistent with other
studies. Finally, Mohammed et al. (2011) and Williams
et al. (2014) concluded from their study that milk fatty
acid profile only was not appropriate to predict meth-
ane reliably.

Overall, these studies used a restricted number of re-
cords, even with meta-analyses (less than 300 records).
Indeed, obtaining measurements of methane on a large
scale remains difficult and expensive, thereby prevent-
ing estimations of correlations between methane and
milk fatty acids on large data sets and across lactation.
Hence, indicator traits or indirect measurements of
methane, hereafter called proxies of methane output,
that could be measured at a large scale, could be useful
to study these correlations (Ellis et al., 2007). Over the
last years, in addition to attempting to use fatty acids,
other proxies of methane were developed. For example,
such proxies can be derived from feed intake and diet
composition (e.g., Ellis et al., 2007; de Haas et al.,
2011). Another proxy of Mp based on milk mid-infrared
(MIR) spectra and lactation stage was developed by
Vanlierde et al. (2015). Given that milk MIR spectra
are collected routinely through milk-recording schemes,
MIR prediction of Mp could be very useful to conduct
phenotypic and genetic studies on Mp at large scale.

In addition, previous studies investigating the rela-
tionships between milk fatty acids and methane did not
consider that these relationships may vary throughout
lactation. However, it is known that both milk fatty
acid profile and Mp change over lactation, and that
the patterns of milk fatty acid content and of Mp over
DIM are different (Bastin et al., 2011; Garnsworthy
et al., 2012). Milk fatty acid profile changes both phe-
notypically and genetically during lactation especially
according to the metabolic status of cows (Bastin et
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al., 2011; Gross et al., 2011). Moreover, milk fat com-
position is strongly influenced by diet composition and
intake level (Palmquist et al., 1993), the main drivers
of Mp (e.g., Hegarty et al., 2007). Therefore, changes
in the relationship between milk fatty acid profile and
Mp over lactation should be considered when predict-
ing methane from milk fat composition, to take the
evolution of the metabolic status of cows over time into
account.

In this context, the goal of this research was to inves-
tigate phenotypic and genetic relationships between ru-
minal methane production and milk fatty acid composi-
tion both predicted from milk MIR spectra throughout
lactation by using a large data set of Walloon Holstein
cows in first lactation. Moreover, the study of the evo-
lution of these correlations across lactation would allow
evaluation of the suitability of using milk fatty acid
profiles alone to predict ruminal methane.

MATERIALS AND METHODS
Data Editing

In the Walloon Region of Belgium, the Walloon
Breeding Association (Ciney, Belgium) routinely col-
lects milk samples during farm milk recording since
2007. These milk samples are analyzed using a MIR
MilkoScan FT6000 spectrometer (Foss, Hillersd, Den-
mark) by the milk laboratory ‘Comité du Lait’ (Bat-
tice, Belgium). To predict daily Mp (g/d) of dairy cows
from MIR data, a lactation-stage-dependent prediction
equation developed by Vanlierde et al. (2015) was ap-
plied on spectral data. This prediction equation had a
coefficient of determination (R?,) of 0.75 and a stan-
dard error of calibration of 63 g/d of methane. Milk
fatty acid contents were predicted from MIR data by
applying the calibration equations developed by Soy-
eurt et al. (2011) and updated by Grelet et al. (2014)
on MIR spectra. Only individual fatty acids and groups
of fatty acids that were well predicted by MIR spec-
troscopy were studied (i.e., with a ratio between the
standard deviation of gas chromatography data used
to build the prediction equation and the standard error
of cross-validation of the prediction model higher than
3, corresponding to an efficient prediction accuracy;
Soyeurt et al., 2011; Grelet et al., 2014). Therefore,
individual fatty acids investigated in this study were
C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, C17:0,
C18:0, and C18:1 cis-9. The groups of fatty acids used
in this study were SFA, MUFA, UFA, SCFA, MCFA,
and LCFA. Data editing was aimed at excluding (1)
extreme values of Mp predictions (i.e., below 150 and
above 950 g/d; Vanlierde et al., 2015) representing only
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0.52% of the available data; (2) predictions of fatty acid
content in milk with values below the first percentile
and above the 99th percentile; (3) records outside the
range of 5 to 305 DIM; (4) cows with less than 5 test-
day records; and (5) herds with less than 20 cows with
test-day records. After edits, the final data set included
241,236 test-day records for milk fatty acid content
and Mp both predicted from MIR spectra from 33,555
Holstein cows in first lactation collected between Janu-
ary 2007 and January 2014 in 626 herds. Pedigree data
included 109,975 animals extracted from the database
used for the official Walloon genetic evaluation and
limited to animals born after 1985.

Pearson Correlations Between Methane Production
and Milk Fatty Acid Contents

Using raw data, Pearson correlations between MIR
predicted Mp (hereafter called predicted Mp), and milk
fatty acids were computed using SAS (SAS Institute
Inc., Cary, NC). As both types of traits were MIR pre-
dicted, the hypothesis that Pearson correlations could
be artifacts of the computational methods was tested.
To test this hypothesis, Pearson correlations between
Mp (based on true measurements, hereafter called true
Mp) and MIR predictions of milk fatty acids using 446
measurements from 146 cows were computed. Daily Mp
of cows were measured using the sulfur hexafluoride
(SFg) tracer gas technique (Dehareng et al., 2012).
Also, a sample of milk was collected for MIR spectral
analyses. Vanlierde et al. (2015) previously provided
detailed description of these data. These Pearson cor-
relations were compared with Pearson correlations
between Mp and milk fatty acids both predicted from
milk MIR spectra using spectral data from the Wal-
loon milk recording (n = 241,236) or from methane
measurements (n = 446).

Model and Genetic Parameters Estimation

To estimate genetic parameters of studied traits, 16
bivariate (i.e., predicted Mp and each of the 16 fatty
acids traits) random regression test-day mixed models
were run. The model was based on the official Walloon
genetic evaluation model for production traits (Croquet
et al., 2006) and can be written as follows:

y =XB + Q(Wh + Zp + Za) + e, 1]
where y was the vector of observations (predicted Mp
and individual or groups of milk fatty acids); B was

the vector of the fixed effects: herd x test-day, minor
lactation stage (classes of 5 DIM), gestation stage X
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major lactation stage (classes of 122 DIM), and age at
calving x lactation stage x season of calving; h was the
vector of herd x year of calving random regression coef-
ficients; p was the vector of permanent environmental
random regression coefficients; a was the vector of ad-
ditive genetic random regression coefficients; e was the
vector of random residual effects; X, W, and Z were
the incidence matrices assigning observations to effects;
and Q was the covariate matrix for second-order modi-
fied Legendre polynomials. Coefficients for polynomials
iy, 11, and i, were computed as follows (Gengler et al.,
1999):

g =1,

1y :\/gxw,
i :\/%x(?)x? -1),

where z = —1 + 2[(DIM — 5)/(365 — 5)]. Random
effects were considered as correlated between traits,
except for residual effects that were considered as in-
dependent. (Co)variance components were estimated
using the AI-REML algorithm implemented in the
AIREMLF90 program (Misztal, 2012).

Daily heritability (h%) of each trait was estimated at
each DIM as follows:

2

2 a

h_2+2+2+2’
o, +o0,+0, +o,

% was the genetic additive variance, o; was the

variance of herd x year of calving, ai was the perma-

where o

nent environmental variance, and ¢’ was the residual
variance. The variances were obtained from the random
regression test-day mixed models. Daily phenotypic
and genetic correlations between predicted Mp and
fatty acid traits at DIM i were computed as

, - t; /Z Mp,FA t;
Mp,FA, —
W ()

i

where 7,y was the phenotypic or genetic correlation
between the methane trait and the fatty acid trait at
DIM 4; t; was the column vector of Legendre polyno-
mial coefficients at DIM 4 going from 5 to 305; Xyp
was the matrix of phenotypic or genetic covariances
between the Mp and the fatty acid trait; and ¥, and
>p4 were the phenotypic or genetic variance matrices
for predicted Mp and fatty acid traits, respectively.
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RESULTS
Descriptive Statistics and Heritabilities

Table 1 shows the descriptive statistics of the data
set used in this study and average estimated heritabili-
ties of studied traits. Average prediction of Mp was 448
g/d with a SD of 71 g/d. As found by Vanlierde et
al. (2015), in the beginning of lactation, these aver-
age predictions increased until 100 DIM and decreased
afterward (results not shown). Average daily heritabil-
ity estimate for predicted Mp was moderate (0.25).
On average, C16:0 had the highest content in milk of
individual fatty acids. Saturated fatty acid and MCFA
groups presented the highest contents in milk with re-
gard to saturation of fat and length chain, respectively.
Estimates of average daily heritability of studied fatty
acids were low-moderate to moderate-high (from 0.15
for C18:1 ¢is-9 to 0.42 for C14:0). Heritabilities of fatty
acids groups were within the same range (from 0.17 for
LCFA to 0.41 for MCFA).

Phenotypic and Genetic Correlations Between
Methane and De Novo Milk Fatty Acids

Averaged daily phenotypic and genetic correlations
were positive between daily predicted Mp and all indi-
vidual SFA as well as between Mp and SFA, SCFA, and
MCFA groups (Table 2). However, phenotypic and ge-
netic correlations between some SCFA (i.e., C4:0, C6:0,
(C8:0, and C10:0) and Mp changed throughout lactation
(Figure 1). These fatty acids showed low genetic cor-
relations with predicted Mp in early lactation (from

Table 1. Mean, SD, and average daily heritability (h*) with SE of
methane production (g/d) of dairy cows predicted from milk mid-
infrared spectra and lactation stage and of individual or groups of
fatty acid content in milk (g/dL of milk) predicted from milk mid-
infrared spectra (n = 241,236)

Trait Mean SD h? (SE)

Methane 448 71 0.25 (0.005)
C4:0 0.106 0.017 0.31 (0.014)
C6:0 0.074 0.012 0.39 (0.016)
C8:0 0.047 0.009 0.40 (0.016)
C10:0 0.110 0.027 0.40 (0.016)
C12:0 0.135 0.035 0.40 (0.016)
C14:0 0.474 0.086 0.42 (0.016)
C16:0 1.261 0.266 0.38 (0.015)
C17:0 0.029 0.004 0.35 (0.015)
C18:0 0.380 0.088 0.19 (0.012)
C18:1 cis-9 0.799 0.166 0.15 (0.011)
SFA 2.781 0.447 0.40 (0.016)
MUFA 1.112 0.200 0.19 (0.012)
UFA 1.263 0.221 0.20 (0.012)
Short-chain fatty acids 0.354 0.060 0.39 (0.016)
Medium-chain fatty acids 2.187 0.404 0.41 (0.016)
Long-chain fatty acids 1.522 0.297 0.17 (0.012)
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—0.07 to 0.22 at 5 DIM) and higher genetic correlation
at the end of lactation (from 0.47 to 0.55 at 305 DIM).
Genetic correlations between predicted Mp and SCFA
group showed the same pattern throughout lactation
(0.10 at 5 DIM and 0.54 at 305 DIM; Figure 2). Phe-
notypic correlations between predicted Mp and these
individual and group of SCFA had almost the same
evolution across DIM as genetic correlations (Figure
1 for individual SCFA and Figure 2 for SCFA group).
However, these phenotypic correlations were relatively
lower than genetic correlations as shown for average
correlations (Table 2). Finally, negative phenotypic and,
to a lesser extent, negative genetic correlations were
found between C4:0 and predicted Mp at the beginning
of lactation (—0.12 and —0.07 at 5 DIM, respectively).
Phenotypic and genetic correlations of C12:0 and C14:0
with predicted Mp showed similar patterns as SCFA
across DIM (Figure 1). However, phenotypic correla-
tions between predicted Mp and some individual fatty
acids (i.e., C10:0, C12:0, and C14:0) decreased slightly
in early lactation until 100 DIM and increased after-
ward.

The patterns of phenotypic and genetic correlations
between predicted Mp and C16:0 across DIM differed
from the general pattern of SCFA group (Figure 3).
Overall, these correlations remained stable throughout
lactation. Evolution of phenotypic and genetic correla-
tions between predicted Mp and groups of MCFA and
SFA throughout lactation was similar to those obtained
for C16:0 (Figures 2 and 4).

Phenotypic and Genetic Correlations Between
Methane and Other Milk Fatty Acids

Positive average daily phenotypic and genetic correla-
tions were found between predicted Mp and C17:0 and
C18:0 (Table 2). Oleic acid (C18:1 ¢is-9) and groups of
MUFA and UFA showed average phenotypic and genet-
ic correlations with predicted Mp close to zero. Average
daily phenotypic correlation between predicted Mp and
LCFA was equal to 0.03 and average genetic correlation
was positive (Table 2).

As found for SFA, phenotypic and genetic correlations
between predicted Mp and C17:0, C18:0, and C18:1
cis-9 obtained in this study varied across DIM. Pheno-
typic and genetic correlations of C17:0 and C18:0 with
predicted Mp were low in early lactation and increased
at the beginning of lactation until 100 DIM. Afterward,
these correlations decreased except for genetic correla-
tions between C17:0 and predicted Mp, which remained
stable until the end of lactation (Figure 3). In early
lactation, phenotypic and genetic correlations between
predicted Mp and C18:1 cis-9 were strongly negative.
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Then, these correlations increased until 100 DIM and
afterward remained close to zero (Figure 3). Evolu-
tion of phenotypic and genetic correlations between
predicted Mp and groups of MUFA and UFA showed
the same pattern throughout lactation (Figure 4). For
the LCFA group, phenotypic and genetic correlations
with predicted Mp were strongly negative at the begin-
ning of lactation (phenotypic and genetic correlation of
—0.31 and —0.25 at 5 DIM, respectively) and increased
until 100 DIM. Afterward, these correlations remained
positive and stable but lower than 0.17 (Figure 2).

Pearson Correlations Between Methane
and Milk Fatty Acids

Pearson correlations between MIR predictions of
milk fatty acids and SFg measurements or MIR predic-
tions of Mp are reported in Table 3. Correlations with
predicted Mp (from the spectral data set related to the
Walloon spectral database or to the Mp measurements)
are in the same range as correlations obtained with true
Mp. These Pearson correlations were also in agreement
with average daily phenotypic correlations between
predicted Mp and milk fatty acids (Table 2) except for
correlations with C18:0 (Pearson correlations between
—0.19 and —0.12 with predicted or true Mp vs. pheno-
typic correlation of 0.11 with predicted Mp). However,
most of the phenotypic correlations were lower in abso-
lute values compared with Pearson correlations.

Table 2. Averaged daily phenotypic and genetic correlations with
SE between methane production (g/d) of dairy cows predicted from
milk mid-infrared (MIR) spectra and lactation stage and individual or
groups of fatty acid content in milk (g/dL of milk) predicted from milk
MIR spectra (n = 241,236)

Phenotypic Genetic

correlations correlations
Fatty acid (SE) (SE)
C4:0 0.10 (0.022) 0.23 (0.036)
C6:0 0.14 (0.021) 0.27 (0.035)
C8:0 0.15 (0.021) 0.29 (0.035)
C10:0 0.15 (0.026) 0.29 (0.035)
C12:0 0.15 (0.021) 0.27 (0.034)
C14:0 0.14 (0.021) 0.24 (0.034)
C16:0 0.16 (0.021) 0.31 (0.035)
C17:0 0.13 (0.022) 0.28 (0.035)
C18:0 0.11 (0.023) 0.32 (0.039)
C18:1 cis-9 —0.03 (0.024)  —0.02 (0.041)
SFA 0.16 (0.021) 0.30 (0.035)
MUFA —0.02 (0.024) 0.00 (0.039)
UFA —0.01 (0.024) 0.04 (0.039)
Short-chain fatty acids 0.15 (0.021) 0.29 (0.035)
Medium-chain fatty acids 0.14 (0.021) 0.25 (0.034)
Long-chain fatty acids 0.03 (0.024) 0.16 (0.040)
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Figure 1. Daily phenotypic and genetic correlations between methane production (Mp; g/d) of dairy cows predicted from milk mid-infrared
(MIR) spectra and lactation stage and the content in milk of C4:0, C6:0, C8:0, C10:0, C12:0, and C14:0.
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Figure 2. Daily phenotypic and genetic correlations between methane production (Mp; g/d) of dairy cows predicted from milk mid-infrared
(MIR) spectra and lactation stage and the content in milk of groups of short-chain (SCFA), medium-chain (MCFA), and long-chain (LCFA)

fatty acids predicted from milk MIR, spectra.
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DISCUSSION

The aim of this study was to estimate phenotypic and
genetic correlations between Mp and milk fatty acid
content throughout lactation. This research was done
using a large data set of primiparous Walloon Holstein
cows. Although accuracy of the methane prediction
equation was not perfect (ch of 0.75), average predic-

VANROBAYS ETAL.

tions of Mp over lactation were in agreement with a
previous study based on Walloon data using the same
equation (Table 1; Vanlierde et al., 2015) and with the
literature (e.g., Aguerre et al., 2011; van Zijderveld et
al., 2011; Garnsworthy et al., 2012). Values of milk fatty
acid predictions were also similar to those obtained in
previous Walloon studies (Table 1; e.g., Soyeurt et al.,
2007; Bastin et al., 2013).
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The heritability estimate for predicted Mp was
within the range found in the literature for different
Mp traits (Table 1). A heritability of 0.21 has been
reported by Lassen and Lgvendahl (2013) from mea-
surements of methane emissions by Fourier transform
infrared analyzer. de Haas et al. (2011) obtained heri-
tability estimates of 0.35 for Mp estimated indirectly
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from feed intake. A heritability of 0.13 was obtained
by Pickering et al. (2015) from a predicted Mp trait
based on milk, BW, feed intake, and BCS. Kandel et al.
(2015) reported estimates ranging from 0.29 to 0.35 for
predictions of Mp based on milk fatty acids from equa-
tions developed by Chilliard et al. (2009). Regarding
fatty acids, values of average daily heritabilities were
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(MIR) spectra and lactation stage and the content in milk of groups of SFA, MUFA, and UFA predicted from milk MIR spectra.
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in agreement with heritabilities estimated in previous
studies based on Walloon data (e.g., Soyeurt et al.,
2008; Bastin et al., 2013).

Pearson correlations between milk fatty acids and
predicted or true Mp were very similar (Table 3), in-
dicating that the use of predicted Mp could be a good
alternative to estimate correlations between Mp and
milk fatty acids. Nevertheless, correlations with true
Mp were generally lower than those with predicted Mp.
Frequency distribution of true Mp being less regular
and same method of prediction (i.e., MIR spectra) be-
tween predicted Mp and milk fatty acids could explain
these lower correlations (Figure 5). Phenotypic corre-
lations between predicted Mp and fatty acids (Table
2) were found to be generally lower in absolute values
than Pearson correlations between these traits (Table
3), probably because phenotypic correlations were
corrected for fixed effects in model [1] (i.e., correcting
for similar evolutions and influences of fixed effects).
Phenotypic and Pearson correlations between predicted
Mp and milk fatty acids obtained in this study (Tables
2 and 3) were lower in absolute values than most of
the correlations found in the literature (e.g., Chilliard
et al., 2009; Mohammed et al., 2011). Furthermore,
Mohammed et al. (2011) reported higher correlations
between Mp and milk fatty acid concentrations within
diet than across diets. Therefore, the lower phenotypic
correlations obtained in this study compared with the
literature could be due to the multi-diet approach,
values reported in literature were obtained mostly in

VANROBAYS ETAL.

single-diet situations, or with only few diets. Given that
diets affect ruminal fermentations, their characteristics
should be reflected by the type of the associations be-
tween Mp and specific milk fatty acids (Rico et al.,
2016).

Positive average daily phenotypic correlations were
found between Mp and all individual SFA and SFA,
SCFA, and MCFA groups (Table 2). Chilliard et al.
(2009) found positive correlations between daily Mp
and C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, C17:0
and sums of some SFA, SCFA, and MCFA expressed
in % of total fatty acids (from 0.71 to 0.91). Positive
correlations between Mp and SFA group and C8:0 were
reported by Mohammed et al. (2011; 0.39 and 0.37,
respectively). Rico et al. (2016) found a positive cor-
relation between Mp and de novo fatty acids expressed
in % of total fatty acids (0.34). However, these authors
found a negative correlation of —0.42 between Mp and
C17:0.

Average daily phenotypic correlations between pre-
dicted Mp and C18:1 c¢is-9 and groups of MUFA and
UFA were close to 0. The group of LCFA showed null
phenotypic correlation with predicted Mp (Table 2).
However, Chilliard et al. (2009) found a high negative
correlation between Mp and the sum of C18 and C18:1
cis-9, all fatty acids being expressed in % of total fatty
acids (—0.94 and —0.72, respectively). Overall, the av-
erage daily phenotypic correlations between predicted
Mp and individual and groups of fatty acids were in
agreement with the literature.

Table 3. Pearson correlations between individual or groups of fatty acid content in milk (g/dL of milk)
predicted from milk mid-infrared (MIR) spectra and methane production (Mp; g/d) of dairy cows measured
with the SFg method (n = 446) or predicted from milk MIR spectra and lactation stage (based on the spectral
data set related to the Mp measurements or on the Walloon spectral database; n = 446 and n = 241,236,

respectively)
Correlation with Correlation with
measured Mp predicted Mp

Fatty acid n = 446 n = 446 n = 241,236
C4:0 —0.05 —0.08 —0.04
C6:0 0.19 0.20 0.20
C8:0 0.16 0.19 0.30
C10:0 0.21 0.25 0.37
C12:0 0.21 0.25 0.39
C14:0 0.26 0.30 0.33
C16:0 0.35 0.36 0.21
C17:0 0.08 0.09 0.13
C18:0 —0.19 —0.18 —0.12
C18:1 ¢is-9 —0.18 —0.21 —0.34
SFA 0.25 0.27 0.24
MUFA —0.34 —-0.37 —0.28
UFA —0.35 —0.39 —0.26
Short-chain fatty acids 0.15 0.17 0.24
Medium-chain fatty acids 0.34 0.36 0.26
Long-chain fatty acids —0.34 —0.36 —0.24
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Figure 5. Frequency distribution of data of methane production (Mp; g/d) of dairy cows (1) predicted from milk mid-infrared spectra and
lactation stage (n = 241,236) ranging from 5 to 305 DIM and (2) measured with the SFg method (n = 446) across classes of DIM.

A major part of the individual fatty acids that are
positively correlated with daily Mp (Table 2; from C4:0
to C16:0) is derived from de novo synthesis from rumen
acetate and (3-hydroxybutyrate in the mammary gland
(almost all C4:0 to C14:0 and almost half of C16:0;
Grummer, 1991; Bernard et al., 2008; Shingfield et al.,
2010). Thus, these positive correlations could be ex-
plained by the common biological pathways of acetate,
butyrate, and Mp (Chilliard et al., 2009). The evolution
of phenotypic and genetic correlations between daily
Mp and individual SCFA (i.e., from C4:0 to C10:0)
throughout lactation could be related to the evolution
of the energy balance status of cows. At the beginning
of lactation, cows are in negative energy balance and
some fatty acids are released in milk from body fat
mobilization (mainly C16:0, C18:0, and C18:1 ¢is-9;
Palmquist et al., 1993; Chilliard et al., 2000; Gross et
al., 2011). Therefore, de novo synthesis of fatty acids
in the mammary gland is inhibited because of the high
uptake of LCFA (Palmquist et al., 1993). Indeed, in
early lactation, milk contains less SCFA and, partly,
MCFA than in mid to late lactation (Bastin et al.,
2011). At the same time, energy requirements of cows
are not met due to insufficient energy intake (van
Knegsel et al., 2005). Reduced Mp is expected because
feed intake is strongly associated with Mp (Mills et
al., 2003). Therefore, low correlations between SCFA
and Mp are expected at the beginning of lactation due
to disturbances of their metabolic pathways in early

lactation. During mid-late lactation, higher correlations
are expected because the cows are generally in positive
energy balance. Phenotypic and genetic correlations
between predicted Mp and group of SCFA showed a
similar evolution throughout lactation as individual
SCFA, probably because all fatty acids of this group
had the same pattern of correlations across DIM. In
early lactation, C4:0 showed negative phenotypic and
genetic correlations with predicted Mp. These nega-
tive correlations could be explained by the fact that
production of C4:0 does not require only acetate unlike
production of other de novo fatty acids. Indeed, C4:0
could be also produced from BHB originating from the
blood (Bernard et al., 2008; van Lingen et al., 2014). In
early lactation, when cows are in negative energy bal-
ance, synthesis of C4:0 is less inhibited as other de novo
fatty acids in the presence of LCFA (Bernard et al.,
2008; Shingfield et al., 2010; van Lingen et al., 2014).
Although C16:0 showed positive average daily phe-
notypic and genetic correlations with predicted Mp, as
with other de novo fatty acids, the pattern of correla-
tions between C16:0 and Mp throughout lactation dif-
fered from those found for de novo fatty acids. Indeed,
these correlations do not have much variation across
DIM. This could be explained by the double origin of
C16:0 (from de novo synthesis and the blood; Bernard
et al., 2008) and because in early lactation, most milk
C16:0 comes from mobilization of body fat reserves
(Stoop et al., 2009). The patterns of phenotypic and
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genetic correlations observed between predicted Mp
and groups of SFA and SCFA were the same as C16:0
because this fatty acid is the most important in milk
(Table 1; Jensen et al., 1991). However, phenotypic and
genetic correlations between Mp and some MCFA (i.e.,
C12:0 and C14:0) showed a similar pattern as SCFA
across DIM (Figure 2) because these fatty acids are
also produced de novo in the mammary gland from ac-
etate (Grummer, 1991; Bernard et al., 2008; Shingfield
et al., 2010).

In early lactation, phenotypic and genetic correla-
tions with predicted Mp were low for C17:0 and C18:0
and negative for C18:1 c¢is-9. Afterward, these cor-
relations increased until 100 DIM and then remained
stable (expected for C18:0; Figure 3). These patterns
could be related to origin of these LCFA. Indeed, these
fatty acids derived from the blood lipids originating
from dietary lipid or from body reserves mobilization
(e.g., Bernard et al., 2008). Mobilization of body re-
serves occurs mainly at the beginning of lactation when
cows are in negative energy balance to compensate for
the deficiency of nutrients and energy intake, leading
to release of adipose fatty acids in milk (Gross et al.,
2011). This could explain the negative or zero correla-
tions observed during lactation between predicted Mp
and C17:0, C18:0, and C18:1 cis-9 because these fatty
acids in milk do not originate directly from the diet in
early lactation and do not follow the same biological
pathways as predicted Mp (Figure 3). With negative
energy balance (i.e., in early lactation), the most re-
leased fatty acid in milk is C18:1 cis-9 because of large
amount of this fatty acid in adipocytes (Rukkwamsuk
et al., 2000). This could explain the higher negative
phenotypic and genetic correlations observed in early
lactation between predicted Mp and C18:1 ¢is-9 (phe-
notypic and genetic correlations of —0.37 and —0.34,
respectively) compared with C17:0 (phenotypic and ge-
netic correlations of —0.11 and 0.04, respectively) and
C18:0 (phenotypic and genetic correlations of —0.12
and 0.06, respectively). Phenotypic and genetic correla-
tions of predicted Mp with C18:1 c¢is-9 showed similar
patterns across DIM as groups of MUFA, UFA, and
LCFA (Figure 4), probably because this fatty acid is
predominant in these groups (Table 1).

CONCLUSIONS

In conclusion, phenotypic and genetic correlations
between milk fat composition and milk-based predicted
Mp were found to vary throughout lactation, indicating
that inconsistencies among studies reporting correla-
tions between methane and fatty acids might be due
to the fact that these correlations vary over lactation.
In the present study, correlations between MIR pre-
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dicted Mp and fatty acids for the whole lactation were
validated using measured SFg-based methane data.
The pattern of these correlations could be associated
with the expected metabolic status of cows following
their lactation stage and with the origins of milk fatty
acids. Therefore, the use of the milk fatty acid profile
alone appears not to be suitable to predict Mp. Further
studies are warranted to determine whether insertion
of lactation stage information, and therefore the lon-
gitudinal nature of their relationship, would improve
the prediction equations of methane based on milk fat
composition. Also, research is warranted to establish if
these improvements of methane predictions from the
fatty acid profile could be sufficient and adequate to be
used in genetics and management.
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