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Sheep divergently selected for methane yield showed differences in meat fatty acid composition
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Abstract

The purpose of this work was to investigate whether 18-month-old rams from the methane selection lines differed in their levels
of soft tissue depth over the 12" rib (GR, as a proxy of carcass fatness) intramuscular fat (IMF), and the fatty acid composition of
IMF. The rumen is the site of microbial biohydrogenation of consumed plant fatty acids and synthesis of unique microbial body
fatty acids. It is known that there are differences in the microbiome and fermentation characteristics of sheep selected for and
against methane production (methane selection lines). When comparing the high and low lines several differences were found.
Rams from low-methane-yield-selection lines tended to have lower GR (P<0.06) than those from high line rams, but there was no
evidence for a difference in levels of IMF between the lines (P=0.77). There were, however, many significant differences in the
fatty acid composition (as a % of total fatty acids) of the IMF between the lines. The IMF from the low-methane-yield line had
a significantly (P<0.05) higher proportion of branched-chain fatty acids, and fatty acids that are associated with the early stages
of the biohydrogenation pathways in the rumen, specifically conjugated linoleic acid (CLA) and C18:1 t11 but with less C18:0
stearic acid (the end product of biohydrogenation) and a significantly higher proportion of C16:1 t9 which is produced through
B-oxidation of C18:1 t11. These results provide insight into how differences in sheep from the methane-yield selection line may

influence the fatty acid composition of their fat.
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Introduction

The outputs of New Zealand sheep-production
systems are predominately meat and wool, although
there are now several dairy-sheep operations. There is
increasing consumer expectations of high eating and
nutritional quality in the products that they consume, and
that the environmental impact of the production system is
sustainable. With meat quality in mind, there is increased
emphasis on ensuring that the eating quality of lamb is
consistently high, with recent breeding emphasis starting to
place pressure on reducing levels of carcass subcutaneous
fat, whilst maintaining or increasing levels of intramuscular
fat (Johnson et al. 2018). Traditionally, there has not
been an emphasis on intramuscular fat in New Zealand
lamb but overseas research is increasingly demonstrating
that minimum levels are required to ensure consumer
acceptance of the product (Hopkins et al. 2006; Lambe et
al. 2017; Realini et al. 2021).

With the increasing emphasis on environmental
impacts, there is an initiative in New Zealand to breed sheep
that produce less methane per unit of dry-matter intake
(i.e., methane yield) and, therefore, reduce the contribution
of sheep production to global warming (Pinares-Patifio
et al. 2013). In the first instance, selection lines for high
and low-methane-yield have been established (Pinares-
Patifio et al. 2013). Published data from the selection
lines has demonstrated that they tend to possess different
rumen microbiomes (Kittleman et al. 2014). Within low-
methane-yield sheep, there is evidence of two predominant
ruminotypes, with one of the ruminotypes harbouring
higher proportions of the bacteria Quinella ovalis, which
is involved in propionate production, and correspondingly,

these sheep have lower rumen acetate-to-propionate
ratios (Kittleman et al. 2014). Other attributes of the low-
methane-yield line are that the sheep appear to have lower
subcutaneous fat levels compared with the high-methane-
yield line (Elmes et al. 2014).

To date, there has been no investigation as to whether
the sheep methane-selection lines differ in intramuscular
fat. Since the 1980s it has been hypothesised that
intramuscular fat preferentially utilises glucose (with
propionate a pre-cursor) for its carbon source, whilst
subcutaneous fat preferentially utilises acetate (Smith &
Crouse 1984). This hypothesis is supported by the selection
lines described above where at least one low-methane-yield
ruminotype produces more propionate and is associated
with less subcutaneous fat (Elmes et al. 2014; Jonker et al.
2020). It is, therefore, hypothesised that the low-methane
sheep with their higher propionate will have higher
levels of intramuscular fat. An additional consideration
is whether the fatty acid profile of the intramuscular fat
differs between the selection lines. The possibility of these
differences is supported by results from a trial undertaken
in dairy cattle (Rico et al. 2016) where variation in the fatty
acid composition of the milk was shown to be significantly
correlated to differences in methane production, with
a model weighted for values of cis and trans isomers of
Cl14:1, C17:1, C18:1 and C18:2 the most predictive.

The objectives of the current study were to investigate
whether there are any differences in the total amount and
composition of intramuscular fat or other carcass traits
between 18-month-old rams sourced from the New Zealand
methane-yield selection lines.
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Materials and methods

The experiment adhered to the guidelines of the 1999
New Zealand Animal Welfare Act and AgResearch Code
of Ethical Conduct. The current study was approved by the
AgResearch Grasslands (Palmerston North, NZ) Animal
Ethics committee.

Animals

The rams used in this study were from the methane-
selection lines as described by Pinares-Patifio et al. (2013),
with further descriptions of the specific sheep (Exp. 1) used
reported by Jonker et al. (2021). The sheep were 2016-born
rams that had been used in a series of trials to investigate
the repeatability of methane measurements over time and
on different forages, but always had undergone the same
feeding and treatment conditions (Jonker et al. 2021). The
series of trials concluded in December 2017. From that
point up to slaughter in early March 2018, the sheep were
grazed together with ad libitum access to a leafy perennial-
ryegrass white-clover sward. A total of 65 rams were
available made up of 33 from the high-methane-yield line
(progeny from four sires) and 32 from the low-methane-
yield line (progeny from five sires). These numbers are
lower than those reported by Jonker et al. (2021) due to
some sheep being removed for animal-health reasons.
Those remaining were assessed to be healthy. Genotyping
of the rams included assessment of a known mutation with
the growth differentiation factor 8 gene (GFDS8) which
segregates within the population and is associated with
carcass traits (Johnson et al. 2003).

Measurements

Two days before slaughter, the sheep were weighed
immediately off pasture to obtain a full body weight (FBW).
Approximately 24 hours before slaughter the rams were
removed from feed and weighed 12 hours later, immediately
prior to trucking to provide an empty body weight (EBW).
The sheep were processed following standard protocols
at Alliance Ltd Levin. In the chiller, immediately post-
slaughter, carcass weight, depth of soft tissue at the GR
site over the 12th rib at 110 mm from mid-line (CGRM,
mm) and carcass measurement of buttock circumference
(CBUTT, cm) were recorded. The day following slaughter,
the right-side M. longissimus lumborum was collected and
chilled to -1°C. In the research laboratory, a 2-cm slice
from the posterior end of the M. longissimus lumborum was
collected before freezing the sample for subsequent fatty
acid analysis as described below.

M. longissimus lumborum fatty acid analysis
Before fatty acid composition analysis, all M. longissimus
lumborum samples were freeze-dried (Cuddon Freeze
Drier, Blenheim, New Zealand) and ground into a fine
powder. Fatty acid concentrations were measured using
trans-methylation of the fatty acids and quantification
by gas chromatography (GC), as described by Agnew et
al. (2019). The peak areas obtained from the GC were
integrated using Shimadzu Lab-solution software (version
4.20, Shimadzu, Kyoto, Japan) in a post-run analysis.
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Peaks were identified by comparison of their retention
times with those of commercial standard mixtures (FAME
mix 37 components from Supelco Inc, Bellefont, PA, USA)
and quantified by using the internal standard (C11:0) and
theoretical FID response factors (Agnew et al. 2019). All
known peaks were identified, and other peaks were each
given a unique identifier. The quantity of individual fatty
acids within the wet muscle was calculated using the
freeze-dried factor as described by Agnew et al. (2019).

Analysis

Univariate linear mixed models (LMMs) were fitted
for each trait using ASREML v4.1 (Gilmour et al. 2015).
All models included fixed effects of GDF8 mutation status
(double copy, single copy, no copy of the mutation) and
methane yield line (high versus low). Carcass weight was
fitted as a covariate for all traits (except for the analysis of
carcass weight itself), and total intramuscular fat was fitted
as a covariate for fatty acid composition traits (a model not
fitting intramuscular fat as a covariate was investigated but
the results did not change and are not presented). Wald test
statistics were used to compare the phenotypes of the high-
methane-yield rams with those of the low-methane-yield
rams.

Results and discussion

The trait averages are provided in Table 1. Of note,
the sheep used in this study are atypical of New Zealand
sheepmeat destined for export. The sheep were chosen for
this study on the basis that if differences in intramuscular
fat were to occur, they would be more-evident in older
sheep as marbling (visible intramuscular fat) is a late-
maturing fat depot (Pethick et al. 2006). The percentage of
intramuscular fat reported for young lambs slaughtered in
New Zealand (Craigie et al. 2017) are approximately half
those observed in this study.

Carcass traits

The results show that at the same carcass weight
there were no significant differences in gross carcass traits
between methane selection lines, but there was suggestive
evidence (P<0.10) that the carcasses from the high-
methane-yield sheep had higher GR values (soft tissue
depth as an estimate of carcass fatness) and a higher DO%
when using empty liveweight as the liveweight-ratio trait.
The results for GR are consistent with those of Elmes et
al. (2014) which showed low-methane-line ram lambs to
have lower carcass fatness, but the difference for DO% is
inconsistent with the literature where it is suggested that the
low-methane-line animals have higher DO% due to having
smaller rumen volumes (Bain et al. 2014).

Intramuscular fat levels and composition

The results show that at the same carcass weight there
were no significant differences in intramuscular fat %
between the lines.

The analysis of the M. longissimus data expressed
each fatty acid as a percentage of total fat and fitted total
fat as a covariate to account for differences in relationships
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Table 1 Differences in carcass composition traits and fatty acid composition of intramuscular fat between lines of rams
divergently selected for high- (n=33) or low- (n=32) methane-yield. The models for the fatty acid composition traits included total
intramuscular fat (%) as a covariate. The local of the unknown fatty acids occur in sequence as to where in the chromatograph
they were located.

Variable Alternate Name  Mean (Low— SED P Variable Alternate Name  Mean (Low— SED P
High) value High) value
*100/ *100/
Low Low
Carcass weight 35.8 -5.0 0.95 0.06 Cl18:1¢l2 0.15 14.7  0.005 <0.001
(kg) Cl18:1¢l3 0.06 10.8  0.004 0.13
GR (mm) 17.7 -11.2 1.03 0.06 C18:1 cl4/tl6 0.34 9.3 0.004  0.00
Buttock 76.4 -0.3 0.36 0.54 unknown 14 0.14 7.3 0.010 0.02
circumference unknown 15 0.09 1.2 0.004 0.80
(cm) Cl18:2ttn6 0.31 13.1  0.011 <0.001
Full live weight 86.4 -3.1 1.86  0.16 unknown 16 0.17 12.9  0.004 <0.001
(ke) unknown 17 0.02 83 0002 028
Empty live 77.9 -2.4 1.65 0.27
weight (kg) C18:2 tll/c15 0.28 22.5 0.001 <0.001
Full dressing 41.4 -0.7 037 044 C18:2n6 Linoleic acid 221 14.6  0.087 <0.001
out (%) C18:2 ¢9/cl5 0.06 93 0392 0.16
Empty dressing 459 -1.5 0.37  0.07 unknown 18 0.02 42 0001 036
out (%)
Intramuscular 46 24 0.77 unknown 19 0.04 1.7 0.004 0.88
Fat (%) unknown 20 0.03 -23  0.002 0.76
Fatty acid Composition (%) C20:0 0.06 -17.5 0.008 0.21
100 012 7.1 0002 0.07 18303 Alpha linolenic acid 176~ 124  0.061 <0.01
artifact 1 0.12 1.0 0011 092 ) ) )
C12:0 007 27 0004  0.63 C18:2¢9, t11 Conjugated linoleic  1.08 22.6 0.075 0.00
iso C14 003 107 0002 023 acid
C14:0 Myristic acid 167 -0 0053 097 unknown 21 0.3 198 0.003 006
iso C15 0.14 6.1 0.006 0.14 unknown 22 0.03 5.6 0.002  0.53
anteiso C15 0.16 12.8  0.008 0.02 unknown 23 0.02 23 0.002  0.73
cla:l 003 10.0°0.002 018 = pnown 24 020 210 0.009 <0.001
C15:0 0.33 7.2 0.013  0.07
artifact 2 0.81 57 0.044 029 unknown 25 0.18 -20.2  0.008 <0.001
iso C16 0.13 8.6 0.005 0.02 unknown 26 0.08 49 0.004 0.16
unknown 3 0.05 19.0  0.005  0.06 C20:4 n6 Arachidonic acid 0.56 2.7 0.002 0.53
unknown 4 B . 0.07 124 0.004 0.06 22:1 0.02 70 0002 032
C16:0 Palmitic acid 2291 -0.7 0.281 0.56
unknown 5 0.09 104 0.004 004 unknown 27 0.04 -23.3  0.010 0.34
unknown 6 0.03 6.0 0.004 0.63 unknown 28 0.03 -15.1 0.005 0.76
unknown 7 0.03 19.8  0.004 0.10 unknown 29 0.03 116 0.003 0.66
cle:dt 011326 0.011 =001y 30 005  -159 0008 071
iso C17 0.43 4.0 0.009 0.07
unknown 8 0.35 27 0.007 0.17 C20:5n3 Eicosapentaenoic 0.59 =53 0.031 0.52
C16:19 Palmitoleic acid 091 65  0.023 0.0l acid (EPA)
anteiso C17 049 64 0014 0.03 €222 005  -145 0.007 0.05
unknown 9 0.04 -8.3  0.004 041 unknown 31 0.02 63  0.002 045
C17:0 Heptadecanoicacid  0.90 2.1~ 0.016 022 €22:5 n3 Docosapentaenoic 049 02 0.020 0.96
artifact 3 0.88  -22  0.049 0.69 acid (DPA)
unknown 10 014320003 020 €22:6 n3 Docosahexaenoic ~ 0.19  -6.6  0.012  0.35
unknown 11 ~ 010 350003 027 acid (DHA)
Cl17:1 Heptadecenoic acid  0.40 4.8 0.009 0.05 Saturated FA 44.6 14 035 0.8
unknown 12 0.05 27.8 0.007 0.06 M d 418 1.0 0.45 012
unknown 13 011 03 0007 097 onounsaturate S : :
C18:0 Stearic acid 1853 46 0295 001 FA
C18:1 16-8 0.13 31 0.004  0.02 Polyunsaturated 7.24 12.5 0.207 <0.001
C18:119 020 72 0005 0.0l FA _
Cl18:1tl1 Vaceenic acid 305 212 0239 001 Branched-chain 13628 0034 002
C18:1¢9 Oleic acid 36.50 -3.0 0421 0.01 FA
Cl18:1cll Trans-vaccenic acid  0.87 8.0 0.014 <0.001
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across the range of total fatty acids weights (long chain
polyunsaturated fatty acids make up a higher proportion of
total fatty acid weight at low levels of total intramuscular
fat (Wood et al. 2008)). Although no differences in total
intramuscular fat levels between the lines were observed,
there were many significant differences between the lines
in fatty acid composition expressed as percentages of the
total intramuscular fat. Assignment of specific peaks
within the GC profile relies on the peak being identified
within the standards used. The standards commonly used
by the laboratory to measure fatty acid profiles capture the
major fatty acids, however several additional peaks were
also generated, most likely isomers of other reported fatty
acids with low levels. These were identified as unknown
in this study but were retained for analysis, as Rico et al.
(2016) had found many isomers that had relatively low
concentrations but were significantly correlated to methane
production. The analysis of the individual fatty acids
resulted in many significant results. Of the known fatty
acid peaks, the most significant (P<0.01) were C16:1t9,
C18:119, C18:1t11, C18:1cl1, C18:2tt n6, C18:2n6,
C18:3n3 and CLA, all of which had higher levels in the
low-methane-line sheep and C18:0 which was higher in
the high-methane-line sheep. A series of the branched-
chain fatty acids (anteiso C15, iso C16, anteiso C17) were
significantly higher in the low-methane-line sheep, with
iso C17 higher (but not significantly (0.05<P<0.10) in the
low-methane-line sheep. There were several significant
differences (P<0.05) between isomers of C18:1 and C18:2
that are less commonly reported in the literature including
Cl18:1cl12, C18:1c14/t16 and C18:2tl1cl15 and unknown
compounds 30 and 31 which lie between conjugated
linoleic acid (CLA) and C20:4n6. Other fatty acids
significant at the P<0.05 level included C15:0, C18:1¢9.
Of the composite traits, the percentage of polyunsaturated
fatty acids was significantly (P<0.001) higher in the low-
methane-line sheep and the levels of branched-chain fatty
acids were also significantly higher (P<0.05) in the low-
methane sheep, whilst saturated fatty acid levels were
significantly higher in the high-methane-line sheep.

The cluster of C16:1t9, C18:1t11 and CLA has
previously been reported by Heck et al. (2012) who
investigated the clustering of fatty acids in milk at the
genetic and herd (environment) level. In their work, they
suggested that C16:1t9 is formed during rumen conditions
which also promote concentrations of the other two fatty
acids in the cluster and as proposed by Luna et al. (2009)
that C16:1t9 in milk could originate from B-oxidation of
C18:1t11. Additionally, Kadegowda et al. (2013) reported
that CLA can be endogenously synthesised from C16:1t9,
with C18:1tl1 as an intermediate, indicating that there is
potentially a multi-directional relationship among this trio
of fatty acids.

The major fatty acids in pastures are C16:1, C18:0,
C18:1,C18:2 and C18:3. As reviewed by Kalac & Samkova
(2010), the relative levels of the different fatty acids differ
between pasture species, but that additionally, even within
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pasture species, relative levels are impacted by the stage of
growth and level of maturity of the plant. Consistently the
fatty acid with the greatest concentration is C18:3, which
commonly makes up 50-70% of the total fatty acids in
pasture species (Kalac & Samkova 2010). However, these
fatty acids are then processed in the rumen. Both C18:2
and C18:3 are essential fatty acids in that they cannot
be synthesised by sheep (human or ruminants) and can,
therefore, only be sourced from the diet. Despite the high
level of C18:3 in plant material, the resulting levels in sheep
(muscle, fat and milk) are much lower as both C18:2 and
C18:3 are further processed by the population of microbes
in the rumen. The major pathways that feed-derived C18:2
and C18:3 enter are the biohydrogenation pathways, which if
taken to completion, yield C18:0, however, this conversion
is not always completed, and intermediaries of the process
include CLAs and C18:1 isomers (Vahmani et al. 2015).
The greater levels of polyunsaturated fatty acids in the low-
methane-line indicate that the rumen environment in these
sheep was less favourable to biohydrogenation.

The fatty acids obtained through the diet undergo a
series of reactions in the rumen. The first is lipolysis which
is the release of free fatty acids from the ester form in
which they were consumed. The second is the process of
biohydrogenation which is carried out by some, but not
all, species of ruminal bacteria and involves a reduction
in the number of double bonds in the carbon chain.
The literature is continuing to expand as to the role that
specific bacteria have in the biohydrogenation pathway.
An early review by Jenkins et al. (2008) reported that of
the 26-predominant species of ruminal bacteria, eleven
metabolise C18:2 substantially, but through different
mechanisms, with C18:1 t11 produced by 3 Butyrivibrio
strains and Clostridium proteoclasticum strains, with C18:0
only produced by the later. They also summarised work
that showed that B. fibrisolvens bacteria that produced CLA
and C18:1 t11 were butyrate producers, but that the reverse
relationship was not true, with all butyrate producers such
as Eubacterium and Clostridium spp. producing substantial
amounts of CLA and C18:1 t11. More recent studies have
demonstrated that B. hungatei is also capable of converting
C18:1t11 to C18:0.

Conclusion

Overall, these results demonstrate that differences
between the sheep methane-yield selection lines have
resulted in the fat precursors outputs of the rumen processes
being different. The results broadly fit with the known
biohydrogenation pathway and fatty acids specifically
synthesised in microbial bodies. Further research is needed
to specifically link the results to the individual animal
microbiome versus the summarised differences between
the lines. However, if the results can be further validated
it would suggest that reducing the methane yield of
lambs could also improve the fatty acid profile, in terms
of increased levels of polyunsaturated fatty acids and
branched chain fatty acids, of the meat that they produce.
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