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Summary
Methane produced by methanogenic archaea in ruminants contributes significantly to
anthropogenic greenhouse gas emissions. Inter-individual differences in methane (CH4)
emission are affected by the individual’s genetics, environment (primarily feed and fodder)
and also its rumen microbiome. Unlike other economic traits, controlling microbial CH4
production in dairy cattle through genetic selection strategies is in formative stages. Here we
adapt existing quantitative methods to quantify the microbial contribution to CH4 emission
and investigate the host genetics by microbiome interaction. The heritability (h2) of CH4
emissions was 0.19 ± 0.09 and the estimated proportion of rumen microbial variation to
phenotypic variation (microbiability) was 0.15 ± 0.08. Estimating both effects jointly
revealed a small interaction between the two sources of information. The moderate
correlation (0.32) between estimates of individual’s genetic component and rumen microbial
components confirmed this interaction. However, the correlation between an index of CH4
estimated breeding values (EBVS) with a combined index of CH4 EBVS and microbial values
was 0.87, demonstrating that naivety of the rumen microbiome does not result in sever reranking of animals for this trait.
Keywords: host microbe interaction, methane emission, microbiability, rumen microbes

Introduction
Cattle and other ruminants have co-evolved specialized structures (rumen) with complex
communities of mutualistic microbes inhabiting them and can be viewed as macro-organisms
i.e. ‘holobionts’ (Zilber-Rosenberg and Rosenberg, 2008). The rumen and its microbiota
enable ruminants to derive energy from high cellulose diets which would otherwise not be
possible for monogastrics like humans, pigs and poultry. However, by-products of fiber
digestion by bacteria, protozoa and anaerobic fungi in the rumen, include H2 and CO2, which
are converted to CH4 by methanogenic archaea (Hungate, 1966). Consequently, dairy cattle
and other ruminants contribute greatly to anthropogenic related CH4. With the high climate
change potential of CH4 (~ 28 times) that of CO2 and the calorie value of (2-12% of gross
energy intake), reducing CH4 losses from rumen to the environment is an attractive option
towards mitigating environmental damage and concurrent improvement to energy utilization
in dairy cattle production system.
Research into CH4 mitigation strategies at the individual level have largely focused on
improved dietary formulation and identification of low CH4 emitting animals for selective
breeding (Knapp et al., 2014). However, both strategies fail to take cognizance of the
interaction between host genetics, environment (feeding practice) and the ruminal
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microbiome. The effects of dietary formulations appear to be transient as ruminal microbes
adapt to changes in substrate (Hristov et al., 2013). Selective breeding purely on the basis of
additive genetics assumes the resemblance between relatives is independent of the rumen
microbiome. An assumption violated under evolutionary holobiont theory, as coevolution of
the rumen and rumen microbes necessitates some degree of vertical transmission from cow to
calf (Rosenberg and Zilber-Rosenberg, 2011).
The objectives of this study were to 1) test and quantify the relative contributions of the
rumen bacteria and archaea to host CH4 emission, 2) investigate the interaction between host
genome and microbiome and 3) evaluate the potential benefits from multilevel selection.

Material and methods
Animal Phenotyping and Rumen Sampling:
A total of 750 lactating Danish Holstein cows fed total mixed ration from six robotic milking
herds were sampled for rumen contents by esophageal insertion of a rumen flora scoop.
Phenotypes for CH4 were obtained from installing sniffers inside the feed bin of the milking
robot for a duration of one week and the ratio of CH4 to CO2 obtained as per (Difford et al.,
2016a) and converted to CH4 L/day as per (Madsen et al., 2010a). During the week of
measurement milk samples were taken as per the national recording scheme to obtain fat and
protein corrected milk yield (ECM) and body weight (BW) derived from the scales in the
robotic milking stations.
Rumen DNA extraction and 16s rRNA bacterial and archaeal amplicon sequencing:
DNA from rumen fluid samples were prepared following (Johnson et al., 2005). 16S rRNA
libraries were constructed for bacteria and archaeal using primer sequences targeting the V1 –
V3 and V4-V6 regions of the 16s rRNA gene by illumina Mi-seq / Hi-seq (GATC Biotech,
Constance, Germany). Sequences with lengths longer than 300 bp were converted to
operational taxonomic units (OTUs) using LotuS pipeline (Hildebrand et al., 2014) and
clustered based on 97% sequence similarity. Cows with samples containing less than 50000
sequence reads were omitted as poor quality.
Variance co-variance matrices:
The rumen microbial relationship matrix (M) among cows was constructed as per (Ross et al.,
2012), using the OTU tables. The matrix was computed as follows:
M = XX’ / n

(1)

where X is the matrix of natural log transformed bacterial and archaeal relative abundance for
all animals and n is the number of bacterial and archaeal OTUs within the population. Matrix
X is derived from OTU tables after filtering out OTUs, which were absent from >50% of the
samples and had no variation across individuals. The matrix X was subsequently scaled and
centered (mean = 0, SD = 1) prior to the calculation of M.
The pedigree was traced back 7 generations to 1926, containing ~16 000 animals, with
phantom parent groups assigned using DmuTrace and used to estimate additive genetic
relationships between animals (Madsen, 2012).
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Statistical Models:
The linear mixed model used to estimate additive genetic variance and microbial variance is
as follows:
yijkl = μ + hj + pk + b1(diml) + b2( e-0.065 x diml) + ai + eijkl

(2)

where yijkl is methane production; μ is the model intercept; hj is the herd fixed effect (j = 6
levels); pk is the parity fixed effect (k = 4 levels); b1 is days in milk fixed regression
coefficient (diml = [1 - 350]); and b2 is ∼the Wilmink term fixed regression coefficient
generated on dim to account for non-linearity in early lactation (Wilmink, 1987). Term ai ∼
is
individual animal’s additive genetic effect NID(0, Aσ2a), where σ2a is the additive genetic
∼ matrix; or alternatively the microbial effects
variance and A is the pedigree relationship
2
2
NID(0, Mσ m), where σ m is the rumen microbial variance and M the microbial relationship
matrix, and eijkl is the random residual
NID(0, σ2e), where σ2e is the error variance. The
analyses were performed using the DMU software (Madsen et al., 2010b).

Results and discussion
The heritability (h2= σ2a/ σ2p) of CH4 was 0.19 ± 0.09 as was consistent with previous reports
in Danish Holstein cattle (Lassen and Løvendahl, 2016). The total phenotypic variance
explained by rumen microbial content was estimated in analogy to heritability, as
microbiability (m2 = σ2m/ σ2p) and was 0.15 ± 0.08 (Difford et al., 2016b). This result is
similar to that of Ross et al., (2013) who first proposed the use of microbial relationships
matrices using meta-genomic sequence data. They found a cross validation prediction
accuracy of 0.47 for a small number of cows with CH4 records, which would equate to a m2
of 0.22. Thus the amount of phenotypic variation that can be explained by rumen microbial
content is not trivial.
Microbiability is a useful metric for quantifying and contrasting microbial contributions
to host phenotypes. Here we find that the microbial contribution due to rumen bacterial and
archaeal microbiota is low to moderate but still comparable to that of the h2. It is anticipated
that for some host traits the microbial contribution maybe negligible and for others it may
exceed that of additive genetics. For instance, in a study quantifying m2 and h2 for complex
traits in pigs using fecal microbiota Camarinha-silva et al., (2017) found that for daily gain,
h2 exceeded that of m2. However, for feed intake and feed conversion ratio m2 exceeded that
of h2, although not significantly different. This highlights the importance of quantifying
microbial contributions to complex traits.
Here we further quantified the relative change in h2 and m2 when estimated
simultaneously to investigate the interactions between both determinants. When estimated
simultaneously the m2 decreased to 0.13 and the h2 had a corresponding increase to 0.21.
Moreover, the correlation between CH4 EBVs and estimated microbial values (EMVs) was
0.32. These two metrics would indicate that for CH4 emission in cattle there is some host
genetic by rumen microbe interactions, likely due in part to the presence of a small proportion
of microbes which are themselves heritable and some which are independent of host genetics.
Such interactions were postulated under holobiont theory, where the phenotype is explained
by the interaction between host genetics, microbial genetics and host environment (Rosenberg
and Zilber-Rosenberg, 2011). Under holobiont theory, phenotypes affected by such
interactions would require multilevel selection for both microbiome and host within specific
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environmental conditions. However, in the present sample the correlation between the EBV
and the EBV + EMV (multilevel selection) is 0.87, which exceeds the threshold of 0.8 for
differences between breeding goals and genotype by environment interactions (Robertson,
1959).
These results indicate that the level of interaction between the rumen microbiome and
the host genome is not significantly large so as to disrupt traditional selective breeding for
low CH4 emitting cows. However, identifying superior microbiomes using MBVs for transfaunation (rumen transplant) as donors, holds potential for horizontal acquisition of beneficial
microbes and unlocking of higher progress in reducing CH4 emission.
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