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Thesis Abstract 

Enteric methane (CH4), produced by members of the microbial population residing in the 

rumen of domesticated livestock, is accountable for ~6% of global greenhouse gas (GHG) 

emissions. In a bid to develop cost effect dietary and breeding based mitigation strategies for 

the livestock industry, a series of studies that utilised 16S ribosomal RNA (rRNA) amplicon 

sequencing to investigate the relationship of the rumen microbiota with diet and enteric CH4 

emissions in cattle, were investigated as part of this thesis. In addition, this thesis aimed to 

optimise the bioinformatics analysis of rumen microbial amplicon sequencing data. With the 

use of a rumen specific amplicon sequencing standard, the taxonomic classification of rumen 

microbial amplicon sequence data amongst the main 16S rRNA databases was evaluated in 

Chapter 3. In Chapter 4, 16S rRNA amplicon sequencing was utilised to investigate the 

impacts of including white clover in the grazing sward on the rumen bacterial and archaeal 

populations of dairy cows. The CH4 abatement potential of supplementing concentrates, solely 

formulated from industrial plant based by-products (BP), to a pastoral based diet, was explored 

in Chapter 5. The benefits of utilising the residual CH4 emissions (RME) concept to determine 

the methanogenic output of ruminant livestock, independent of animal productivity, and the 

impacts ranking animals in terms of RME on the rumen microbiota, was investigated in 

Chapter 6 and 7. In Chapter 3, the benefits of utilising a rumen specific amplicon sequencing 

standard to optimise 16s rRNA amplicon analysis was illustrated, with the results obtained 

implemented during the rumen microbial analysis conducted in Chapters 4, 5 and 7.  Results 

from Chapter 4 highlighted a subtle change to the composition of the grazing sward, 

associated with the inclusion of white clover, resulted in an increased ruminal abundance of 

the pectin degrading bacteria Lachnospira and methylotrophic archaea Methanosphaera. A 

reduced abundance of the Firmicutes phyla, yet lack of an effect on the rumen methanogen 

community, and a ~20% lower CH4 output, was observed with the supplementation of a 

pastoral based diet with a high fat and fibre BP concentrate formulation, in comparison to a 

cereal based ration, in vitro. Comparable  levels of animal performance but a ~30% difference 

in all measures of enteric CH4 emissions, and alteration to the rumen fermentation profile, was 

observed in beef cattle ranked as high and low for RME, in Chapter 6. In Chapter 7, a small 

cohort of bacterial genera involved in the acrylate pathway and methanogens indicative of a 

reduced synthesis of dihydrogen (H2) in the rumen, were identified as potential rumen 

microbial biomarkers for a low RME phenotype. In conclusion, data generated as part of this 

thesis emphasised the mitigation potential of novel dietary and animal breeding based 

strategies and provides a baseline assessment of the relationship of the rumen microbiota 

with diet and enteric CH4 emissions in cattle. This information will guide the future 
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metagenomics and metatranscriptomic attempts to better understand the influence of the 

ruminant host on prevailing conditions within the rumen and methanogenesis. 
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1.1 Background 

The global population is expected to exceed nine billion people by the year 2050 (UN, 2017). 

To meet the nutritional requirements of the growing population, global agricultural output will 

be required to increase by an estimated 50% (FAO, 2017). At present, agriculture is 

accountable for 10-12% of global anthropogenic greenhouse gas (GHG) emissions (Smith et 

al., 2014), with emissions from the sector likely to rise in response to increased agricultural 

output. In light of the urgent need to decrease anthropogenic GHG emissions to limit global 

surface temperature increase (IPCC, 2021), mitigating the environmental burden associated 

with a rise in global agricultural output will be a challenge.   

Global food production has become reliant on ruminant livestock, due the ability of ruminants 

to transform inaccessible energy stored in plants into high quality sources of protein and 

energy for human consumption (Waters et al., 2020). However, methane (CH4), a potent GHG, 

estimated at 28 times that of carbon dioxide (CO2) (IPCC, 2014), is produced as a metabolic 

by-product of the ruminal fermentation of feed (Moss et al., 2000). Methane originating from 

ruminant livestock accounts for 40% of global agriculture’s GHG emission profile (Tubiello et 

al., 2014) or approximately 6% of anthropogenic GHG emissions (Gerber et al., 2013).  

Agriculture is Ireland’s oldest indigenous industry and employs 7.1% of the Irish work force 

(DAFM, 2021a), with Irish agri-food exports valued at €14.5 billion in 2019 (DAFM, 2021a). 

Beef dominates as Ireland’s primary farming enterprise (Dillon et al., 2019) with over 100,000 

Irish farms contributing to beef production (DAFM, 2021a). In 2019, Ireland exported 528,231 

tonnes of beef valued at €2.3 billion (DAFM, 2021a). Dairy cattle production is the second 

most popular farming enterprise in Ireland (Dillon et al., 2021). Irish dairy exports were valued 

at €5 billion in 2019 with over 8 billion litres of milk produced in the same year (DAFM, 2021a). 

Irish ruminant livestock production is predominantly pasture based aiming to capitalise the 

cost effectiveness of grass as a cheap feed source (Finneran et al., 2011). 

Since 1990, Irish GHG emissions have risen by 9.9%, with 59,777.6 6 kt CO2 equivalents (eq) 

emitted in 2019 (Duffy et al., 2021). As a member of the European Union (EU), Ireland has 

committed to a 30% reduction in GHG emissions by 2030 (EU Reg. 2018/842). In 2021, 

Ireland launched the national Climate Action Plan 2021, which set the ambition of a 51% 

reduction in national GHG emissions by 2030 with the aim of achieving carbon neutrality for 

the state by 2050 (DECC, 2021). Agriculture dominates Ireland’s GHG emissions profile, with 

CH4 originating from enteric fermentation, accountable for 19.8% of national emissions (Duffy 

et al., 2021). The Irish agricultural sector aims to become carbon neutral by 2050 (DAFM, 

2020). As part of this ambition, the sector has established a 10% reduction target for biogenic 
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CH4 and halving of nitrous oxide (N2O) emissions associated with chemical fertilisers by 2030, 

respectively (DAFM, 2021b).  

Over the past decade there has been an increased research focus on developing strategies 

to reduce the volume of enteric CH4 originating from ruminant livestock production. The CH4 

mitigation potential of numerous dietary additives have been investigated (Hristov et al., 

2013a, Beauchemin et al., 2020, Honan et al., 2021). Lipids have long been established as 

having antimethanogenic properties, by negatively impacting the rumen methanogen 

community and diverting H2 away from methanogenesis (Honan et al., 2021), with a 1% 

increase in the dietary lipid content estimated to result in 3.8-5.6% reduction in the volume of 

CH4 produced by an animal, per unit of feed intake (Beauchemin et al., 2008, Patra et al., 

2013). The supplementation of lipids as a CH4 abatement strategy may be limited by the 

economic viability of such an approach (Beauchemin et al., 2020). However, the processing 

of crops for the global food, oil and ethanol industries generates a source of residual by-

product (BP) plant matter which can be utilized as cheap animal feed (Mirzaei-Aghsaghali and 

Maheri-Sis, 2008). The nutritional value between BPs is known to vary, with some shown to 

have a high oil content (Kim et al., 2013). Therefore, increasing the fat content of the diet 

offered to ruminant may be economically achieved through the supplementation of BPs, albeit 

the impacts this has on CH4 emission will need to be assessed. 

The inclusion of white clover in the grazing sward has been recognised as a cost saving N2O 

mitigation strategy for Irish pasture based livestock production (Lanigan et al., 2019). 

Establishing a 33.3% white clover content in the grazing sward has been shown to be capable 

of producing similar levels of herbage to that of a pasture receiving 240 kg of nitrogen (N)/ha  

(Enriquez-Hidalgo et al., 2018). However, the effect of white clover on enteric emissions is 

inconsistent with the addition of the legume to ruminant diets shown to increase CH4 emission 

in some (Lee et al., 2004, Niderkorn et al., 2017) but not all studies (Enriquez-Hidalgo et al., 

2014a). Developing an understanding of the effects of white clover on the rumen microbial 

community will benefit our assessment of its impact on CH4 emissions in grazed ruminants. 

Numerous authors have advocated the CH4 abatement potential of animal breeding as a 

mitigation strategy for the global livestock industry (Wall et al., 2010, Pickering et al., 2015, de 

Haas et al., 2017, Beauchemin et al., 2020). Dry matter intake (DMI; kg/day) and daily CH4 

emissions (DME; g/day) are both phenotypically and genetically correlated (Manzanilla-Pech 

et al., 2016, Bird-Gardiner et al., 2017) making the direct selection for a reduced DME 

phenotype likely to have a negative impact on animal productivity (de Haas et al., 2017). The 

use of ratio traits as part of a CH4 abatement breeding goal has been advocated to overcome 

the relationship between animal productivity and DME by some (Donoghue et al., 2016) but  
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may have an unpredictable response to additional traits of economic interest in the future 

generations of livestock (Pickering et al., 2015). The concept of residual methane emissions 

(RME; g/day) has been proposed as a means to disassociate animal productivity from the 

methanogenic output of an animal (Herd et al., 2014 Bird-Gardiner et al., 2017). However, to 

date, there has been both a dearth of information available on the implications of ranking 

commercially representative beef cattle for RME on animal productivity and its effects on the 

rumen microbiota. 

1.2 Rumen microbiome 

Ruminants possess a forestomach consisting of four different compartments (reticulum, 

rumen, omasum and abomasum) (Dehority, 2002). These anatomical features, coinciding with 

the co-evolution of the ruminant host and the microbial population in the rumen (Sasson et al., 

2017), has equipped ruminants with the ability to obtain nutrition from complex plant 

polysaccharides. The rumen contains a complex microbial ecosystem consisting of bacteria, 

archaea, fungi and protozoa (Huws et al., 2018) which play an integral role in feed digestion. 

Ingested plant matter is converted into the volatile fatty acids (VFAs) acetate, butyrate and 

propionate by the rumen microbes, supplying an estimated 80% of the ruminant’s 

metaboliziable energy requirements (Krehbiel, 2014). Dietary composition, and to a certain 

extent, host genetics, regulate the structure of the rumen microbial community (Henderson et 

al., 2015). 

Our current understanding of the rumen microbiota has drastically benefitted from the 

widespread use of high throughput sequencing (HTS). Of the “omics” methods available, 

amplicon sequencing is the most popular methods utilised in microbiome research (Pollock et 

al., 2018). However, unlike other disciplines of science using a high throughput methods, the 

inclusion of internal standards to benchmark results against, is not currently routinely reported 

in microbiome research (Hornung et al., 2019) including that of the rumen. Numerous steps 

during the analysis of HTS analysis can introduce error and impact results interpretation. 

However, while the human microbiome community has attempted to standardise analysis 

methodologies (Sinha et al., 2015; Sinha et al., 2017), to date there has been little optimisation 

of the HTS methods for rumen microbial analysis.  

Methane is produced by the rumen archaeal community as a natural by-product of enteric 

fermentation (Moss et al., 2000) preventing the accumulation of excessive amounts of 

dihydrogen (H2) in the rumen (Morgavi et al., 2010). The composition rather than the overall 

size of the rumen archaea community has a strong influence on the methanogenic potential 

of an animal (Kittelmann et al., 2014, Shi et al., 2014, Danielsson et al., 2017). Equally, 

differences in the catabolic activity and ruminal presence of individual microbial genera and 
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species are influenced by methanogenesis (Janssen, 2010). Therefore, the composition of the 

rumen microbial community has the potential to act as biomarkers for the methanogenic output 

of animals. The identification of key rumen microbial signatures associated with the 

methanogenic output of an animal has the potential to aid the identification of low CH4 emitting 

ruminants and thus facilitate the sustainable increase in animal derived protein needed to 

meet the nutritional requirements of the rapidly growing global population. In addition, 

increasing the accuracy of HTS analysis will be integral in expanding our understanding of the 

rumen microbiota.  

1.3 Thesis objectives 

The objective of this thesis is to increase the understanding of the relationship of the rumen 

microbiome with diet and enteric CH4 emissions in pasture based cattle production. To achieve 

the objectives of this thesis: 

1. A review of the scientific literature was conducted and gaps in the knowledge 

identified, which are presented in Chapter 2.  

2. A comparison of the taxonomic classification of rumen microbial sequences data 

amongst the main 16S ribosomal RNA (rRNA) reference databases, and the impacts 

this has on data interpretation, was conducted in Chapter 3.  

3. The effects of white clover inclusion in the grazing sward on the composition of the 

rumen bacterial and archaeal communities was investigated in Chapter 4.  

4. The CH4 mitigation potential of supplementing concentrates formulated from by-

product feed ingredients to a pasture based diet was assessed in Chapter 5.  

5. The effect of divergence in RME on beef cattle performance and enteric emissions 

was examined in Chapter 6.  

6. The identification of rumen microbial biomarkers indicative of the RME ranking of an 

animal was investigated in Chapter 7. 
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Chapter 2 

Literature review 
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2.1 Introduction 

Globally, achieving a sustainable growth in agricultural output will be key to aligning the sector 

with international climate change mitigation commitments (UNFCC, 2015) and ensuring the 

nutritional needs of nine billion people are met by 2050. Due to the large proportion of national 

GHG emissions originating from enteric fermentation in ruminants, and the importance of 

reducing global CH4 emissions, the biology of methanogenesis and strategies aimed at 

mitigating enteric emissions from ruminant livestock will be the focus of this review.  It is the 

objective of this review to give a brief overview of the Irish agriculture sector and an 

introduction to anthropogenic climate change. Both the national and international legislation 

Ireland must adhere too, and the context of agriculture in meeting these targets, is presented. 

Following this, the rumen microbiome, ruminal methanogenesis, the current understanding of 

the relationship of the rumen microbiome with methanogenesis and the techniques used to 

investigate the rumen microbiota, will be discussed. This will be preceded by an overview of 

enteric CH4 production and the methodologies utilised to investigate emissions followed by a 

discussion on CH4 mitigation strategies for pasture based ruminant livestock production 

systems. 

2.2 Irish agriculture and ruminant livestock production 

Agriculture is Ireland’s oldest indigenous industry and employs 7.1% of the Irish work force 

(DAFM, 2021a). In 2019, Irish agri-food exports were valued at €14.5 billion in 2019 (DAFM, 

2021a). The total agricultural area within Ireland is in excess of 4.5 million ha divided across 

~135,000 farms, with an estimated 92% of agricultural lands dedicated to grassland production 

(CSO, 2021). Beef dominates as the primary farming enterprise (Dillon et al., 2018) with over 

100,000 of Irish farms contributing to beef production (DAFM, 2021a). There are 

approximately 7.31 million cattle on Irish farms, with 0.98 and 1.57 million beef and dairy 

breeding cows (CSO, 2021). Animal feed is the largest cost across all Irish livestock production 

systems accounting for near 75% of variable costs (Connolly et al., 2010). Irish ruminant 

livestock production is predominantly pasture based aiming to capitalise the cost effectiveness 

of grass as a cheap feed source (Finneran et al., 2011). On a dry matter (DM) basis, fresh and 

preserved grasses account for an estimated 60.2 and 19.8% of the Irish dairy cow diet (O’Brien 

et al., 2018). For suckler-calf to beef systems, an estimated 90% of the cow and progeny 

annual DMI arises from pasture (60%) and silage (30%) (O'Donovan et al., 2011).  Similarly, 

for dairy-calf to beef systems, over half of the animals diet originates from pasture (O'Donovan 

et al., 2011). A favourable temperate climate provides Ireland with a grass growth potential of 

12-16t of DM per ha) (O’Donovan et al., 2011). 
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Three strategic roadmaps for the development of the agricultural sector have been 

collaboratively developed by members of Ireland’s agricultural industry and the Irish 

government: Food Harvest 2020, FoodWise 2025 and Food Vision 2030. Key growth 

ambitions for the sector outlined in Food Harvest were achieved ahead of schedule. As part 

of FoodWise 2025, the Irish agricultural sector aims to increase the value of agri-food exports 

to €19 billion by 2025. The 2030 vision for Ireland’s agri-food sector (DAFM, 2021b) has set 

the ambition for Ireland to become a world leader in sustainable food production and increase 

agri-food exports to €21 billion by 2030.   

2.3 Anthropogenic climate change  

Pioneering work conducted by John Tyndall (1861) resulted in the discovery that gases, such 

as CO2, are capable of trapping heat. Gases with this potential, both originating naturally in 

the atmosphere and arising from human activity (anthropogenic), are today known as GHGs 

due to their ability to illicit the greenhouse effect (Ledley et al. 1999). The greenhouse effect 

arises when the infrared energy created by the reflection of sunlight on the earth’s surface is 

absorbed by GHGs and other atmospheric particles resulting in a planetary warming effect 

(Schneider, 1989).  

Without the greenhouse effect, the earth would not be able to sustain life as global 

temperatures would be approximately 30°C lower (Ledley et al. 1999). However, it is without 

unequivocal doubt, the accumulation of anthropogenic emissions since the industrial 

revolution has contributed to the unprecedented increase in global temperatures (IPCC, 2021; 

Figure 2.1). According to the United Nations (UN) Intergovernmental Panel on Climate Change 

(IPCC), global temperatures will increase in excess of 1.5-2°C by the end of the century 

without deep reductions to the global production of CO2 and other GHGs (IPCC, 2021). 

2.3.1 International and EU mitigation policy 

The UN Kyoto Protocol, signed in 1997, was the first international collaborative climate change 

mitigation strategy (UNFCCC, 1998). As part of the Protocol, 38 developed countries 

committed to a 5% reduction in CO2 emissions, using emissions levels in 1990 as a base line. 

A five year period was agreed for the reductions to be implemented (2008-2012) with individual 

emissions targets assigned to signatories. In 2015, the United Nations Framework Convention 

on Climate Change (UNFCCC) Paris Agreement was agreed with the aim to limit increases in 

global temperatures, by the end of the 21st century, to below 2°C pre-industrial levels 

(UNFCCC, 2015). Additionally, as part of the convention, aspirations to pursue efforts to curtail 

the rise in global temperatures to 1.5°C were developed. Nearly 200 countries have committed 

to actions defined in the Paris Agreement. 
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Figure 2.1 The relationship of atmospheric concentrations of the three main greenhouse gases (a) with changes 

in average combined global, land and ocean temperature relative to the period of 1986-2005. Adapted from IPCC 

(2014). (a) CO2=carbon dioixide (green), CH4=methane (orange), N2O=nitrous oxide (red). 

On an annual basis all Annex 1 (industrialised or transition to industrialisation countries) 

members of the UNFCCC are obliged to formulate a National GHG Inventory Report (NIR) 

detailing a country’s GHG emissions and removals, along with methodologies used to make 

such assumptions (Tubiello et al., 2015). A detailed manual referring to the methodologies 

required for NIR is provided by Tubiello et al. (2015). Briefly, a three tiered system, based on 

the IPCC (2006) guidelines is required to be used as part of the NIR. Each tier differs in the 

complexity of data required and accuracy of the GHG emissions. Tier one methods are 

considered basic and default, tier two intermediate with tier three the most accurate and 

complex methodology. The methodology used to compile the NIR will be dependent on data 

availability within a country.  

In 2009, the EU as part of the Effort Sharing Decision (ESD) (Decision No 406/2009/EC) 

deemed a minimum 50% global reduction in GHG emissions, below 1990 levels, was required 

to ensure global temperatures did not exceed 2°C. The ESD resulted in a commitment to 

reduce EU GHG emissions by 30%, based on 1990 emissions levels, by the year 2020. Similar 

to the Kyoto Protocol, emissions targets were established for individual Member States (MS) 

with flexibility surrounding targets granted to certain states with a low economic status, but 

high potential for growth. Emissions targets were calculated relative to each MS’s 2005 

quantity of GHG emissions. Further EU GHG reduction targets were established in 2018 (EU 

Reg. 2018/842) in an effort to adhere to the Paris Agreement, with a 40% reduction in EU 

emissions targeted by 2030, again using 2005 emissions levels as the basis for the calculation 

for reduction targets. At present, the EU Commission and MS are currently in negotiations to 

revise the 2030 reduction targets to a 55% decrease in GHG emissions, as part of the EU “Fit 

for 55 package”, in an effort to reach climate neutrality within the block by 2050.  
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Figure 2.2 The response to atmospheric concentrations of CH4, radiative forcing and warming associated with CH4 

emissions assessed as GWP*. Figure sourced from Lynch et al. (2020). 

2.3.2 Evaluating the potency of individual greenhouse gases 

The IPCC evaluates the potency of each GHG on the global warming potential (GWP) index 

(IPCC, 2014). The GWP evaluates the cumulative radiative forcing of one unit mass of the 

gas, over a specific time frame, taking into consideration the atmospheric lifetime of the gas, 

expressed relative to a reference gas with a GWP of 1 (Lashof and Ahuja, 1990, Duffy et al., 

2021). With a GWP of 1, CO2 is used as the reference gas with the 100 year GWP (GWP100) 

of a gas the standard time frame used to evaluate GHGs (IPCC, 2014). However, GWP* has 

been proposed as an alternative metric for assessing the warming potential of short lived 

climate pollutants (SLCP) (Thompson et al., 2020). The metric compares the impact of SLCPs 

on global temperature change as that which is equivalent to a one-off pulse emission of GWPH 

x H tonnes of CO2, whereby GWPH is the value of that SLCP’s GWP for a time-horizon H 

(Allen et al., 2018). GWP* is consider to offer a more accurate reflection of the warming 

potential of SLCPs by accounting for the increased warming effect of a gas after its immediate 

release, but reduced impact on global temperature change as the gas is removed from the 

atmosphere (Lynch et al., 2020). As argued by Lynch et al. (2020), evaluating SLCPs as CO2 

eq over-estimates their actual impact on global warming, as reductions in SCLPs are likely to 

have a cooling effect on global temperature (Figure 2.2). The Global Temperature change 

Potential (GTP) is an additional metric available for assessing GHGs. It differs from the GWP 

index by measuring the associated change in the average global surface temperature should 

one unit of a gas be emitted, relative to CO2, over a given time frame (IPCC, 2014). 

2.3.3 Methane  

Methane, after CO2, is considered the second most important GHG and has an estimated 

GWP100 of 28 and GTP of 4 (IPCC, 2014). Methane is considered a SLCP and is estimated to 

have atmospheric life time of 11.8 ± 1.8 years (IPCC, 2021). After its emissions into the 

atmosphere, CH4 is eventually oxidised to CO2 and water (H2O) (Lashof and Ahuja, 1990). 

Atmospheric concentrations of CH4 have nearly doubled over the last 100 years from 966 

parts per billion (ppb) in 1918 (Etheridge et al. 1998) to 1890.9ppb at present (National 

Oceanic and Atmospheric Administration, 2021). The latest Assessment Report (AR) 

compiled by the IPCC on the physical science basis of climate change, has identified the rapid 
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and sustained reductions to global CH4 production as a necessity to limit further planetary 

warming (IPCC, 2021). 

2.4 Irish climate change mitigation targets 

National GHG emissions were estimated at 59,777.7 kt CO2eq in 2019, ~9.9% higher than 

emissions in 1990 (Duffy et al., 2021). Irish GHG emissions were at their highest in 2001, due 

to a sustained period of rapid economic growth, at 71,124.2 kt CO2eq (Duffy et al., 2019). 

Figure 2.3 presents Ireland’s GHG emissions profile. Emissions arising from agriculture are 

the highest contributor to national emissions, accounting for 34.3% of national GHG emission 

or 20,479.7 kt CO2eq (Duffy et al., 2021). Enteric CH4 is reported using tier two methodologies 

and is responsible for over half of Ireland’s agricultural GHG production or 19.8% of national 

emissions (Duffy et al., 2021).  

As part of the 2009 and 2018 EU GHG emissions initiatives, Ireland was set a 20 and 30% 

reductions target, based on 2005 levels, for emissions arising from non-Emissions Trading 

Scheme (non-ETS) sectors. While the EU over achieved its 2020 GHG reduction target, with 

a 31% decrease in GHG emissions observed, Ireland was amongst one of several Members 

States failing to meet its GHG reduction objectives (EEA, 2021). Recent projections estimate, 

over the ESD period, Irish emissions will decrease by 5-6% resulting in a substantial failure to 

meet EU obligations (EPA, 2019a). This will require a 24-25% reduction in Irish no-ETS 

emissions, over a 10 year period from 2021 to 2030, for Ireland to meet 2030 EU reduction 

targets. The national Climate Action Plan was launched in 2019, with the goal of carbon 

neutrality of the state by 2050 (DCCAE, 2019). The Irish Climate Action Plan was further 

updated in 2021, to align with the Climate Action and Low Carbon Development Act 2021, 

with the state committing to a 51% reduction in  national emissions by 2030 (DECC, 2021). 

Ireland has committed to a 22-30% reduction in total agricultural emissions (DECC, 2021) and 

minimum 10% reduction in biogenic CH4 emissions by 2030 (DAFM, 2021b).  

The agriculture food sector is of critical importance to the Irish economy, employing 7.1% of 

the national workforce and producing exports valued at €14.5 billion (DAFM, 2021a). As a 

result, mitigation solutions that do not hamper agricultural productivity are required to ensure 

adherence to international and national climate change commitments and sustain the 

economic output of the Irish agri-food sector. A sustained and productive agricultural sector 

has a key role in maintaining rural Irish communities and meeting the social and economic 

needs of its inhabitants.  
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Figure 2.3 Trends in GHG emissions across Ireland’s largest sectors from 1990-2019. IPPU refers to industrial 

processes and product use Figure obtained from Duffy et al.  (2021). 

2.5 The rumen microbiome  

Ruminants possess a forestomach consisting of four different compartments (reticulum, 

rumen, omasum and abomasum) with the ability to ruminate (regurgitate) and re-chew partially 

degraded feed (Dehority, 2002). Such anatomical and physiological behaviour, coinciding with 

the microbial population in the rumen, has equipped ruminants with the ability to obtain 

nutrition from complex plant polysaccharides. A schematic of the ruminant digestive is 

displayed in Figure 2.4.  

 

 

Figure 2.4 Schematic of the ruminant digestive tract adapted from McDonald et al. (2002) and originally sourced 
from Annison E F and Lewis D 1959 Metabolism in the Rumen, London, Methuen and Co. 

The rumen can be described as a large anaerobic fermentation vat with near neutral pH (~6.5 

with a normal range of 5.5-7.0) and an ambient temperature of 39°C (Dehority, 2002). Such 

conditions provide the optimal environment for members of the rumen microbial community, 

consisting of bacteria, fungi, protozoa and archaea, to prosper (Huws et al., 2018). Ruminants 

rely on a symbiotic relationship with the anaerobic microbial ecosystem, residing within the 
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rumen, to facilitate the fermentation of plant matter into volatile fatty acids (VFAs) (Henderson 

et al., 2015) which is estimated to supply 80% of the ruminant’s metabolizable energy 

requirements (Krehbiel, 2014). The VFAs (acetate, propionate and butyrate), formate, CO2, 

H2 and CH4 are the predominant end products of enteric fermentation (McDonald et al., 2002). 

All three gases are mostly eructated from the rumen while the VFAs are absorbed via the 

rumen wall. Figure 2.5 provides a simple schematic of the ruminal fermentation of 

carbohydrates in the rumen.  

 

Figure 2.4 Simplistic overview of the fermentation of carbohydrates in the rumen. Sourced from Ungerfeld 

(2013). 

2.5.1 Bacteria 

The rumen bacteria normally account for the largest proportion of species richness in the 

rumen (Wallace et al., 2019) contributing and estimated 50-75% of the total microbial 

population (Choudhury et al., 2015) with 1010 – 1011 bacterial cells per gram of rumen content 

(Choudhury et al., 2015, Cammack et al., 2018). The rumen bacterial community have 

adapted to survive in the anaerobic conditions of the rumen with most bacterial species suited 

to a pH of 5.5-7.0 (Hungate, 1966).   

The rumen bacteria can be split into three subpopulations depending on the rumen fraction 

they are associated with i.e. rumen fluid or free floating bacteria, bacteria attached to ingested 

feed particles (solid adherent) and bacteria associated with the rumen lining or epithelium 

(epimural bacteria) (Dehority and Orpin, 1997). The initial colonisation of ingested feed 

particles is performed by rumen fluid associated bacteria while the majority of feed degradation 

is carried out by feed adherent bacterial species (McAllister et al. 1994). Subsequently, the 

epimural bacterial community is believed to play a lesser role in the degradation of feed, yet 
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contributes to maintaining anaerobic conditions within the rumen, urea hydrolysis and 

digestion of displaced rumen epitheal cells (Cheng et al. 1979, De Mulder et al., 2017).  

The rumen bacteria play a key role in the conversion of numerous plant carbohydrates, 

including cellulose, hemicellulose, xylan, pectin and starch, into VFAs for the ruminant host 

(Newbold and Ramos-Morales, 2020). Ruminal bacteria can therefore be classified into 

functional groups depending on the main substrate utilised for growth and/or major 

fermentation end product produced (Cammack et al., 2018). The degradation of cellulose in 

the rumen is dependent on the synergistic action of three classes of cellulases including endo 

β-1,4-glucanase, cellobiohydrolase and β-glucosidase (Terry et al., 2019), which have 

previously been shown to be produced by the main cellulolytic bacterial generas Fibrobacter 

and Ruminococcus (Dai et al., 2015). Figure 2.6 provides a simple schematic representation 

of the enzymatic degradation of cellulose and hemicellulose based on the process described 

by Cheng (1993). In addition, the bacterial proportion of the rumen is also a key protein source 

to the ruminant, with microbial protein accountable for 50-80% of the crude protein (CP) supply 

reaching the small intestine (Owens et al., 2014).  

 

Figure 2.6 Schematic representation of the enzymatic degradation of plant matter, with cellulose embedded in 

hemicellulose, performed by rumen microbes based on the model proposed by Chesson (1993). Arrows indicate 
active enzymes. Colour of enzyme corresponds to targeted substrate; that is, blue arrow represents hemicellulase 
targeting hemicellulose, while green arrows represent cellulase-targeting cellulose. (a) Hemicellulase-targeting 
hemicellulose component of the plant particle, (b) hemicellulose beginning to be degraded with exposure of 
cellulose and production of cellulase and (c) cellulase production increased as further exposure of cellulose occurs. 

Figure sourced from Waters et al. (2020). 

2.5.2 Archaea 

Archaea, like bacteria, are prokaryotic organisms with the majority of ruminal population 

consisting of CH4 producing microbes, known as methanogens (Janssen and Kris, 2008). 

Similar to rumen bacteria, methanogens can be found associated with liquid and solid ruminal 

contents along with the rumen epithelium (Morgavi et al., 2010). Additionally, the rumen 
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methanogens are known to share an endobiont and ectobiont relationship with rumen 

protozoa (Williams and Coleman, 1997) as displayed in Figure 2.7.  

Methanogens, through the production of CH4, prevent the accumulation of excess H2 in the 

rumen, formed during the fermentation conducted by bacteria, fungi and protozoa (McAllister 

and Newbold, 2008). All three methanogenesis pathways are predominantly driven by the 

availability of H2 (Morgavi et al., 2010). Hydrogenotrophic methanogenesis is the main CH4 

formation pathway in the rumen, whereby CO2 or formate is reduced (Janssen and Kris, 2008). 

In methylotrophic methanogenesis, methanol or methylamines can act as a carbon source 

(Liu and Whitman, 2008). Finally some methanogens can utilise acetate as a carbon source; 

however this is not believed to occur to any great extent in the rumen (Janssen and Kris, 

2008). 

 

Figure 2.7 Endosymbiotic (left) and ectosymbiotic (right) methanogens distributed within the rumen protozoa 
Isotricha and Metadinium. Rumen protozoa are identifiable by the red/orange plasma membrane stain (red).  
Methanogen coenzyme F420 auto fluorescence (blue) was used to identify methanogen cells, methyl green (green) 

was used to detect nucleic acids. Images sourced from Valle et al. (2015) and Gruninger et al. (2019). 

 

Members of the genera Methanobrevibacter are the most abundant ruminal archaea and are 

also the main hydrogenotrophic methanogens (Tapio et al., 2017). Figure 2.8 shows a 

scanning electron micrograph of the methanogen, Methanobrevibacter ruminantium M1. The 

genus Methanobrevibacter can be segmented into two subgroups or clades, known as the 

SGMT and RO clade (Leahy et al., 2010, Tapio et al., 2017). Methylotrophic methanogenesis 

is predominantly limited to members of the order Methanosarcinales, with the exception of 

Methanosphaera (Liu and Whitman, 2008). In addition, Methanosphaera, is also capable of 

hydrogenotrophic methanogenesis (Tapio et al., 2017). Finally, members of the genera 

Methanosarcina are capable of acetoclastic methanogenesis (Stewart et al. 1997).  
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Figure 2.8 Scanning electron micrograph of Methanobrevibacter ruminantium M1. Figure sourced from Miller et 

al. (1986). 

2.5.3 Fungi 

Rumen fungi belong to the phylum Neocallimastigomycota and have adapted to anoxic 

conditions of the rumen via the possession of a hydrogenosome, allowing for the metabolism 

of glucose in the absence of O2 (Gruninger et al., 2014). Eleven genera of rumen fungi have 

been described (Edwards et al., 2019) including Orpinomyces, Neocallimastix, Cyllamyces, 

Piromyces, Anaeromyces and Caecomyces (Choudhury et al., 2015, Gruninger et al., 2014) 

with five new genera, Buwchfawromyces (Callaghan et al., 2015) and Oontomyces (from the 

camel forestomach) (Dagar et al., 2015), Pecoramyces (Hanafy et al., 2017), 

Liebetanzomycespolymorphus (Joshi et al., 2018) and Feramyces (Hanafy et al., 2018) 

revealed via molecular techniques.  

Rumen fungi are known to play a key role in the degradation of plant material due to their 

ability to synthesize a wide range of potent enzymes and physically rupture plant structures, 

via the rhizoid (Dehority and Orpin, 1997, Choudhury et al., 2015, Huws et al., 2018) which 

may even surpass the lignocellulytic capabilities of rumen bacteria (Lee et al., 2000). The life 

cycle of the rumen fungi consists of a flagellated zoosporic phase coinciding with a vegetative 

sporangium state (Gruninger et al., 2014). Rumen fungi constitute approximately 20% of the 

rumen microbial biomass (Rezaeian et al., 2004). Rumen fungi have a greater affinity to the 

solid proportion of rumen digesta as a result of their physical digestion of feed particles with 

motile zoospores associated in the liquid phase of the rumen (Edwards et al, 2017).  
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2.5.4 Protozoa  

Rumen protozoa are strictly anaerobic and occupy a small proportion of the species richness 

of the rumen (104-106 cells per ml of rumen fluid) yet occupy ~50% of the microbial biomass 

due to their size (Choudhury et al., 2015). The ciliate protozoa can be divided into two groups: 

the smaller entodiniomorphids and larger holotrichs (Williams and Coleman, 1997). Members 

of the genera, Entodinium, are considered to be the most abundant protozoa in the rumen 

(Lan and Yang, 2018).  

Protozoal occupancy is not fundamental for the normal functionality of the rumen microbiome 

with ruminants capable of surviving when protozoa are removed from the rumen (also known 

as defaunation) (Newbold et al., 2015). However, in the meta-analysis conducted by Newbold 

et al. (2015) fibre degradation was shown to be reduced in defaunated animals, and thus 

emphasising the fibrolytic role of protozoa in the rumen.  

Protozoa are known to predate on rumen bacteria and fungi (Williams an Coleman, 1997, 

Wolin et al., 1997; Figure 2.6). Both rumen bacteria and organic material engulfed by the 

protozoa are degraded in digestive vacuoles (Morgavi et al., 2010). Predation of rumen 

bacteria decreases microbial protein synthesis with defaunation estimated to increase the 

microbial protein supply to the host by ~30% (Newbold et al., 2015). The interspecies 

interaction of protozoa and bacteria has resulted in extensive horizontal gene transfer, which 

 

Figure 2.9 Scanning electron micrograph of the rumen protozoa, Eudiplodinium Maggii, engulfing the rhizoids 

and sporangia of the rumen fungi Piromyces communis. Figure sourced from Williams and Coleman (1997). 

has been suggested to benefit the fibrolytic capabilities of rumen protozoa (Lan and Yang, 

2018). Similar to fungi, rumen protozoa possess a hydrogenosome with H2 an end product of 

their fermentation along with CO2 and formate (Williams an Coleman, 1997). 
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Maintaining axenic cultures of the rumen protozoa has limited our understanding of the 

genomic and functional activity of protozoa in the rumen (Park et al., 2021). The macro 

genome of only one rumen protozoa, E. caudatum, has been published to date (Park et al., 

2021). The annotation of the E. caudatum macro genome identified numerous Carbohydrate-

Active Enzymes (CAZYmes) such as those associated the degradation of starch and 

hemicellulose as well as the annotation of lysozymes and chitinases, further confirming the 

predatory behaviour of protozoa in the rumen. Metatranscriptomic data produced by Wang et 

al. (2019) and Williams et al. (2020) confirmed the expression of an abundance of cellulases, 

amylases and xylanases. Both Wang et al. (2019) and Williams et al. (2020) identified 

transcripts associated with lysozymes, peptidoglycanases and chitinases leading the latter 

authors to confirm that protozoa predate members of the fungal population in the rumen. 

Metatranscriptomic and metagenomic data highlighted the inability of rumen protozoa to 

synthesis propionate while the majority of genes associated with the production of acetate and 

butyrate were transcribed or encoded in the genome of E. caudatum (Wang et al., 2019, Park 

et al., 2021).  

2.5.1 Methods for studying the rumen microbiome 

Robert Hungate, during the middle of the last century, pioneered scientific investigations in 

the area of rumen microbiology (Hungate, 1966). Much of the early rumen microbial work was 

originally conducted using culture dependant techniques (McGovern et al., 2018a). Culture 

dependant methods can be a very powerful tool for studying micro organisms however such 

techniques can be limited in their focus on easy to culture microbes (Huws et al., 2018). In 

addition, culture collections of rumen microbes are somewhat under developed due to the 

anaerobic requirement of many rumen microbes and the complicated nutrient and inter 

microbial relationships they possess. However, recent advances and improvements in growth 

media for rumen microbes may enhance the supply of culture collections (Huws et al., 2018).  

More recently, advances in next generation sequencing technology (NGS) has resulted in an 

increase in the number of ‘omic based rumen microbiome studies. In 2005, NGS technology 

appeared on the market (Schuster, 2008) enhancing genomic and transcriptomic studies 

across all fields of biology with the ability to produce large quantities of sequence data cheaply 

(Metzker, 2010). A variety of different sequencing technologies are available from various 

companies with comparisons and in depth discussions of the application to microbiome 

research of individual sequencing instruments published by others (D’Amore et al., 2016, 

Quince et al., 2017, Pollock et al., 2018). 

Metataxonomic, metagenomic and metatranscriptomic strategies are routinely implemented 

when studying the rumen microbiome. Although metagenomics and metatranscriptomic 
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analysis affords the opportunity to identify the presence and activity of microbial genes within 

the rumen (Gruninger et al., 2019), the implementation of these technologies in research can 

be limited by access to expertise in bioinformatics and the costs associated with the 

technology. A brief overview of metataxonomic sequencing is given, due its ability to produce 

large amounts of relatively inexpensive microbial composition data (Knight et al., 2018), 

making it one the most popular methods to investigate the rumen microbial composition.  

2.5.1.1 Metataxonomics 

Metataxonomic approaches target the sequencing of a marker gene, which is highly 

conserved across taxa, for the identification of microbial phylogenies (Breitwieser et al., 2019). 

The amplification of marker genes is one of the most commonly utilised sequencing 

applications for studying complex microbial communities (Pollock et al., 2018) such as the 

rumen. Marker genes commonly used for microbial community analysis include 16S rRNA 

gene (bacteria and archaea), 18S rRNA gene (protozoa) and the internal transcribed spacer 

sequence (ITS; fungi).  

In general, full length sequencing of most marker genes is limited by the accuracy of long read 

sequencing platforms. Long read technologies capable of full length 16S rRNA sequencing, 

such as PacBio and Oxford Nanopore platforms, have previously been associated with high 

sequencing error rates, with short read technologies like the Illumina MiSeq being preferred 

by researchers (Pollock et al., 2018). Short read sequencing normally targets a specific hyper 

variable region within the marker gene that is an appropriate length for individual sequencing 

instruments. An appropriate target region requires a highly variable proportion, to allow the 

identification of individual microbes, nested within a conserved region targeted for PCR 

amplification (Knight et al., 2018).  

There are 9 hypervariable regions within the 16S rRNA gene (Figure 2.10), with the choice of 

targeted region known to impact data interpretation (Pollock et al., 2018). The V4 region is the 

most popular targeted region for microbial analysis (Gruninger et al., 2019) due to its short 

length allowing for near complete overlap of Illumina paired end sequences and its accurate 

identification of taxa included in mock community standards (McGovern et al., 2018a). 

 

Figure 2.10 Illustration of the 16S rRNA gene. The start and end of each hypervariable region is approximately 

estimated by the numbers at the top of the image. Image sourced from McAllister et al. (2018). 
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2.5.1.2 Microbial reference databases  

After sequencing, reads are aligned back to a reference database for taxonomic identification. 

Accurate identification of taxa is therefore dependant on database quality. The most widely 

available reference databases include the Ribosomal Database Project (RDP) (Cole et al., 

2014), SILVA (Quast et al., 2012), GreenGenes (DeSantis et al., 2006), RefSeq (O’Leary et 

al., 2016) and, more recently, the Genome Taxonomy Database (GTDB) (Parks et al., 2018). 

The effect of reference database choice on the classification of sequences and the 

implications this has on the interpretation of microbiota analysis is well established (Park and 

Won, 2018; Pollock et al., 2018; Henderson et al., 2019). The dominance of microbial data 

originating from human microbiomes in many databases (Pollock et al., 2018) has resulted in 

little consensus of the optimal 16S rRNA database for rumen microbiome analysis. In light of 

this, the incorrect classification of rumen microbial generated sequences, when aligned to 

databases populated with predominantly human microbiome data, is a real concern. Indeed, 

sequences originating from the global rumen census (GRC) project, have previously been 

shown to be both under estimated in, and impacted by, reference database choice (Henderson 

et al., 2019), which may impact results interpretation. Internal reference standards or mock 

communities, provide a reference for which the results obtained from amplicon sequencing 

can be compared against, with commercial non ruminant standards previously used to 

optimise DNA extraction methods (McGovern et al., 2018a). Developing environment specific 

reference standards for evaluating all stages of microbial sequencing analysis has previously 

been utilised in the Microbiome Quality Control (MBQC) project (Sinha et al., 2015; Sinha et 

al., 2017). Using a similar principle, the development and utilisation of a rumen specific 

sequencing standard has the potential to further optimise all stages of rumen microbial 

analysis.  

2.5.2 Methanogenesis  

The rumen provides a unique environment characterised with a relatively rapid passage rate, 

readily available supply of CO2 and H2, resulting in a community of archaea distinct to other 

anoxic systems (Patra et al., 2017). Methanogens found in the liquid fraction of the rumen and 

attached to feed particles or rumen protozoa are considered to contribute most to 

methanogenesis (Morgavi et al., 2010). 

In nature, three major substrates are used in the production of CH4: CO2, compounds 

containing methyl groups and acetate (Liu and Whitman, 2008). In the hydrogenotrophic 

pathway, CH4 is produced from the reduction of CO2 with electrons donated from H2 and 

formate (Janssen and Kirs, 2008, Liu and Whitman, 2008). Compounds containing methyl 

groups also provide a carbon source for CH4 production (Tapio et al., 2017). In the acetoclastic 
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pathway, the carbonyl group of acetate is cleaved and oxidized to CO2 (Ferry, 2011). The 

three methanogenesis pathways are presented in Figure 2.11.  

2.5.2.1 Hydrogenotrophic methanogenesis pathway  

Predominantly, CH4 is synthesised via the hydrogenotrophic or CO2 reducing pathway in the 

rumen (Liu and Whitman, 2008, Janssen and Kirs, 2008, Morgavi, et al., 2010).  

 

Figure 2.11 Schematic of the hydrogenotrophic (black), methylotrophic (green) and acetoclastic (blue) 

methanogenesis pathways. Figure sourced from Lambie et al. (2015). 

The reduction of CO2 resulting in the formation of CH4 is a seven step process, which results 

in the carbon group progressing through the pathway via attachment to various coenzymes 

resulting in a final reduction to CH4 (Rouviere and Wolfe, 1988). The pathway commences 

with the binding of CO2 with methnofuran (MF) and reduction of CO2 to a formyl group with 

ferredoxin (Fd) acting as the electron donor (Liu and Whitman, 2008) and formyl-methanfuran 

dehydrogenase (fmd) the catalyst for the reaction (Ferry, 2011). In the second step of the 

pathway, the formyl group of the formyl-MF complex is transferred to 

tetryahydromethanopterin (H4MPT) (McAllister et al., 1996). In step three, the formyl group of 

formyl-H4MPT is converted to methenyl-H4MPT by the enzyme 5, 10-

methenyltetrahydromethanpterin cyclohydrolase (Rouviere and Wolfe, 1988). As part of step 

four and five of the pathway, coenzyme F420 (F420 H2) acts as the electron donor on two 
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occasions, firstly converting the methenyl group to a methylene group (step four) followed by 

further reduction to a methyl group (step five) resulting in the formation of methyl- H4MPT (Liu 

and Whitman, 2008). The oxidation of F420 is catalysed by F420-reducing hydrogenase 

(Deppenmeier and Müller, 2008). In the sixth step, the methyl group is transferred to 

coenzyme M (HS-CoM), with the formation of methyl-CoM catalysed by CH3-

H4MPT:coenzyme M methyltransferase (mtr) (Ferry, 2011). The final reduction step, catalysed 

by mcr, reduces methyl-CoM to CH4 (Liu and Whitman, 2008). Coenzyme B (HS-CoB) 

provides the electrons for the final step of the pathway and combines with the cleaved HS-

CoM forming the heterodisulfide molecule CoM-S-S-CoB as an end product (Ferry, 2011) 

along with CH4.  

The hetrosulfide end product, CoM-S-S-CoB, is returned to the reduced molecules HS-CoB 

and HS-CoM via the cytosol encompassed hydrogenase–heterodisulfide reductase complex 

(MvhADG–HdrABC) (Evans et al., 2019). Electron bifurcation of H2 results in the reduced 

products HS-CoB and HS-CoM and a reduction of ferredoxin for the methanogenesis cycle 

(Thauer et al., 2008).  A further supply of reduced ferredoxin is created from the energy 

produced during the translocation of sodium (Na+) ions into the cell via the membrane bound 

hydrogenases Eha and Ehb oxidising H2 (Thauer et al., 2008, Evans et al., 2019). 

2.5.3 The role of methanogenesis in the rumen  

In the rumen, bacteria, protozoa and fungi hydrolyse plant polysaccharides to monomeric 

sugars which are further fermented to produce various products such as the VFAs acetate, 

propionate and butyrate along with CO2 and CH4 (Hobson and Fonty, 1997). The Embden-

Meyerhof-Parnas (EMP) pathway is the initial pathway in the catabolism of sugars which 

results in the formation of pyruvate, a central intermediary metabolite in the rumen (Russell 

and Wallace, 1997). During the EMP pathway, carbohydrates are oxidised resulting in the 

reduction of the electron transporter NAD+ (Nicotinamide adenine dinucleotide) to NADH, 

which must be subsequently followed by the reoxidation to NAD+ for fermentation to continue 

(McAllister and Newbold, 2008). Excessive amounts of H2 in the rumen have the ability to 

inhibit the activity of hydrogenase enzymes therefore limiting the oxidation of sugars when 

alternative pathways for H2 disposal are absent (McAllister and Newbold, 2008). 

Methanogenesis contributes to the efficiency of the rumen, preventing increases in the partial 

pressure of H2 promoting the function of microbial enzymes involved in electron transfer 

reactions, such as NADH dehydrogenase (Morgavi et al., 2010). During the dominant 

methanogenesis pathway (hydrogenotrophic methanogenesis), H2 is oxidised to H+, and CO2 

is reduced to form CH4 (Ferry et al., 2011). Methanogenesis is considered an energy inefficient 

process, which consumes an estimated 2-12% of the animal’s gross energy intake (GEI) 
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(Johnson and Johnson, 1995, Pacheco et al., 2014). After its synthesis in the rumen, the bulk 

of enteric CH4 is expelled from the rumen via eructation (Hammond et al., 2016).   

2.5.4 The relationship of the rumen microbiome and enteric methane emissions  

Methanogenesis facilitates ruminal fermentation by reducing the concentration of dissolved H2 

through the synthesis and eructation of CH4 from the rumen (McAllister and Newbold, 2008, 

Morgavi, 2010). However, as the rate of methanogenesis is reduced, an increase in ruminal 

H2 concentrations alters the fermentation profile, causing H2 producing fermentation pathways 

to be down regulated in preference of low or non H2 emitting process, resulting in less H2 and 

CH4 produced per unit of feed fermented (Janssen, 2010; Figure 2.12).  It is also assumed the 

presence of individual microbes in the rumen is determined by both ruminal conditions 

supporting their abundance and/or the ability of certain microbes to adapt their metabolism to 

the prevailing conditions in the rumen (Janssen, 2010). As a result, the composition of the 

rumen microbial community, including the methanogen cohort, is a reflection of prevailing 

conditions within the rumen. In this section of the review, the association of the rumen 

microbiota with enteric CH4
 will be discussed with the aim of highlighting potential rumen 

microbial signatures indicative of an animal’s CH4 output potential. 

 

Figure 2.12 Schematic of the model proposed by Janssen (2010). Figure sourced from Janssen (2010). 

 

The composition rather than size of methanogen community in the rumen is closely associated 

with CH4 production (Tapio et al., 2017). In cattle, no differences in the overall relative 

abundance of archaea between high and low CH4 emitting dairy cows were observed 

(Danielsson et al., 2017) while a weak positive correlation of archaeal abundance and CH4 

yield (MY; g/kg of DMI) was reported in steers (Wallace et al., 2014). Similarly with sheep, no 

difference in the relative abundance of archaea was noted in sheep ranked as high and low 

for daily CH4 emissions (DME; g/day) (Kittelmann et al., 2014) or MY (Shi et al., 2014). In 

contrast however, high MY cross bred steers were found to have double the relative 
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abundance total methanogens when metagenomic techniques were conducted (Auffret et al., 

2018). 

Martínez-Álvaro et al. (2020) proposed a more diverse methanogen community and 

expression of methanogenesis pathways, to be associated with a reduced CH4 output, likely 

due to competition for methanogenesis substrates amongst rumen archaea. Variation in the 

composition of the rumen methanogen community between high and low CH4 emitting animals 

has been reported. An increased abundance of members of the Methanosphaera genera has 

been observed in low CH4 emitting cattle (Danielsson et al., 2017, Ramayo‐Caldas et al., 

2019) and sheep (Kittelmann et al., 2014, Shi et al., 2014). Within the Methanobrevibacter 

genera, Danielsson et al. (2017) reported an increased relative abundance of M. gottcshalkii 

and M. ruminantium was associated with high and low CH4 emitting dairy cows. Similarly, an 

increase in the abundance of M. gottcshalkii was reported in rumen samples obtained from 

high MY sheep (Shi et al., 2014).  

The Methanobrevibacter clade can be segmented into two subgroups, the SGMT (M. smithii, 

M. millerae, M. thaueri and M. gottschalkii) and RO clade (M. ruminantium and M. olleyae) 

with the SGMT clade capable of synthesising both mcrI and mcrII and the RO subgroup 

possessing only mcrI (Leahy et al., 2010, Tapio et al., 2017). The expression of both mcrI and 

mcrII is regulated by H2 availability in the rumen, with mcrI and mcrII expression occurring in 

the presence of low and high concentrations of ruminal dissolved H2 (Reeve et al., 1997), 

which, as depicted by Danielsson et al. (2017), may give the SGMT clade a competitive 

advantage in the presence of a greater availability of H2. Similarly, as methylotrophic 

methanogens have a lower H2 requirement for methanogenesis (Kelly et al., 2019, Feldewert 

et al., 2020), an increased abundance of members of the Methanosphaera genera may 

indicate a rumen environment where less H2 is produced during fermentation, resulting in a 

lower CH4 output from the rumen. 

Metagenomic analysis has revealed an increased abundance of genes involved in the 

methanogenesis cycle in high CH4 emitting cattle, including those associated with mcr, mtr, 

fmd and heterosulfide reductase (Roehe et al., 2016, Auffret et al., 2018, Ramayo‐Caldas et 

al., 2019). The expression of a similar cohort of genes was observed to be upregulated in high 

MY sheep (Shi et al., 2014). 

As stated, rumen H2 conditions will dictate the fermentation profile of the rumen with 

methanogenesis the main H2 utilisation pathway. Therefore, the presence of individual 

bacteria in the rumen will be dependent on their ability to alter their metabolism to adapt to the 

prevailing rumen conditions. Rumen bacteria vary greatly in substrate specificity as well as 
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different groups of bacteria being associated with H2 production and utilisation (Stewart et al., 

1997). In sheep, Kittelmann et al. (2014) identified three different ruminotypes associated with 

CH4 emissions. Ruminotype Q and S were correlated with low CH4 emitting sheep and 

harboured higher abundances of bacterial communities associated with propionate production 

and a combination of lactate and succinate, respectively. Ruminotype H, contained an 

increased abundance of the Firmicutes phylum including the families Ruminococcaceae, 

Clostridiales and Lachnospiraceae, which contains known degraders of cellulose and 

hemicellulose (Krause et al., 2003; Dai et al., 2015; Huws et al., 2016; Mayorga et al., 2016) 

and accepted producers of CO2 and H2 (Marounek and Dušková, 1999; Rooke et al., 2014). 

The abundance of lactate producing bacteria, such as Sharpea, Kanderila and Olsnella, has 

been reported to be elevated in low methane emitting sheep (Kittelmann et al., 2014, Kamke 

et al., 2016). In beef steers, Wallace et al. (2015) reported a 4 fold reduction in the abundance 

of the succinate producing bacteria family Succinivibrionaceae in high compared to low CH4 

emitting animals. In addition, high CH4 emitting cattle have been shown to possess a rumen 

microbiome characterised by an elevated abundance of the butyrate and formate producing 

bacteria Pseudobutyrivibrio and Butyrivibrio (Martínez-Álvaro et al., 2020).  

Metabolic hydrogen (H) is incorporated into the synthesis of propionate in the rumen with 

succinate and lactate known precursors of the VFA (Wolin et al., 1997). In contrast to this, the 

stoichiometric calculation of rumen fermentation indicates a net production of metabolic H 

associated with the synthesis of acetate and butyrate (Marty and Demeyer, 1973) with formate 

estimated to contribute to 18% of CH4 produced in the rumen (Hungate et al., 1970). An 

increased abundance and/or expression of genes involved in the acrylate pathway, including 

Lactate dehydrogenase, Lactyl CoA transferase, Lactyl CoA dehydrogenase, Acyl CoA 

dehydrogenase and Propionate CoA transferase, has been reported in low MY sheep (Kamke 

et al., 2016). Greening et al. (2019) reported an increased expression of acetyl-CoA synthase 

and fumarate reductase to be associated with a low CH4 phenotype in sheep. Thus the 

presence of individual rumen bacteria and a varied expression of pathways associated with 

H2 utilisation and production, is associated with the quantity of CH4 an animal produces.  
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Figure 2.13 Illustration detailing the differences between the faunated and defaunated rumen. (a) Faunated rumen. 

Protoza (blue) degrading a feed particle (green). During the degradation process, bacteria (red) access digestible 
component of the feed particle with end products of fermentation (black) produced by both bacteria and protozoa 
being utilised by methanogens (purple) to produce methane (orange). Methanogens attach to protozoa utilising the 
excess hydrogen produced from the protozoal hydrogenosome. (b) Defaunated rumen. Degradation of ingested 
feed particle in the absence of protozoa results in a reduction in the products of fermentation and methane 
production. Figure sourced from Waters et al. (2020) 

Protozoa have a role in predicting the methanogenic output of an animal as they are key H2 

producers in the rumen (Morgavi et al., 2012). A strong positive linear relationship between 

log10 protozoal numbers and MY was reported in the meta-analysis of rumen protozoa 

experiments reported by Guyader et al. (2014). Additional meta-analysis studies have 

estimated defaunation to reduce CH4 emissions by 11% but have shown insignificant 

decreases in methanogen numbers (Newbold et al., 2015). The contrast in reports could be 

explained by the discovery of the adhesion like protein (Mru_1499) in M. ruminantium M1. The 

Mru_1499 protein which permits the binding of M. ruminantium M1 to the surface of a wide 

range of rumen protozoa and also to H2 producing Butyrivibrio proteoclasticus suggesting this 

methanogen may be capable of continued methanogenesis after defaunation (Ng et al., 2016). 

However, the reductions in CH4 output associated with rumen defaunation have been reported 

to be variable, with the practice previously not recommended as mitigation strategy for fear of 

negatively impact ruminal digestibility (Hristov et al. 2013a). In addition, the effects of ruminal 

defaunation on DME has been observed to be short-lived based on data generated from long-

term studies (Morgavi et al., 2012). 

The refaunation work conducted by Belanche et al. (2015) showed increased CH4 emissions 

in sheep as they progressed from being protozoa free to monofaunated and fully faunated. 

Belanche et al. (2015) also showed a greater diversity and a 14.4 times greater total 

abundance of protozoa in their fully faunated animals however did not report statistical 

differences between the groups in terms of CH4 emissions or concentration of methanogens. 
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Furthermore, Kittelmann et al. (2014) did not report any distinctive clustering of different ciliate 

protozoal communities in low and high CH4 emitting sheep when conducting amplicon 

sequencing analysis. Figure 2.13 illustrates the brief differences in the faunated and 

defaunated rumen 

Studies in sheep have failed to define clear differences in the clustering of fungal communities 

of high and low emitting animals (Kittelmann et al., 2014) while studies in dairy cattle have 

failed to define a definitive relationship between the fungal populations present in rumen 

samples and CH4 emissions (Cunha et al., 2017). In the study of Cunha et al. (2017), some 

73.19% of the fungal samples were identified as unclassified and therefore poor taxonomic 

identification by reference databases could be a contributory factor toward the lack of reported 

correlations, while it was also acknowledged that sampling method could impact identification, 

as anaerobic fungi are more commonly found attached to feed particles. Work in anaerobic 

digesters inoculated with fungi originating from the rumen of fistulated cattle, showed a positive 

correlation between fungal numbers and CH4 generation (Aydin et al., 2017) perhaps 

indicating the concentration of the fungal population as a whole to be associated with CH4 

output. 

2.6 Enteric methane emissions 

2.6.1 Phenotypic measures of enteric methane emissions in ruminants 

The methanogenic output of an animals is predominantly reported in four different ways. 

Enteric CH4 emissions can be expressed as a daily CH4 emissions, as grams (g/day) or litres 

(l/day). However, DME is largely influenced by and animals voluntary feed intake, as the 

quantity of feed an animal consumes will influence the availability of substrate in the rumen 

for fermentation. Ratio expressions, relative to feed intake, have been advocated to overcome 

the influence of DMI on DME (Donoghue et al., 2016). Enteric emissions can therefore be 

expressed as a proportion of feed intake, known as CH4 yield (MY; g/kg of DMI). Enteric 

emissions can also be expressed per unit of animal product produced which is referred to as 

CH4 intensity (MI; g/kg of milk yield or carcass weight). In growing animals, MI is also reported 

per unit of average daily gain (ADG), as an indicator of the environmental efficiency of animal 

growth. More recently, the concept of residual methane emissions (RME; g/day)  has been 

proposed by Herd et al. (2014) and can be defined as the difference in the animals actual and 

expected CH4 output, based on its level of feed intake and body weight (Bird-Gardiner et al., 

2017). The RME index was initially derived from the linear regression of DME on DMI (Herd 

et al., 2014) however was more recently calculated as the multiple linear regression of DME 

on DMI and body weight (Bird-Gardiner et al., 2017). 
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Figure 2.14 Relationship of daily methane (CH4) emissions and dry matter intake (DMI) from the meta-analysis of 

published literature, conducted by Hristov et al. (2013b). 

2.6.2 Sources of variation in enteric methane emissions  

Daily CH4 emissions is a variable trait with coefficients of variation (CV; %) of 12.7 to 19.2% 

reported in large populations of beef cattle (Donoghue et al., 2016, Bird-Gardiner et al., 2017). 

However, the underlying biological mechanisms contributing to inter animal divergence in 

enteric emissions are not yet fully understood, although factors including host genetics, 

voluntary feed intake, dietary composition, the rumen microbiome and digestive tract 

physiology, are likely influencers. Furthermore, the methodology used to estimate enteric 

emissions may also influence our interpretation of the methanogenic output of an animal.  

Methane output is a heritable trait indicating that it is under some degree of host control with 

heritability estimates ranging from 0.19 in Danish Holstein cows (n=750; Difford et al., 2018) 

to 0.30 in Australian Angus cattle (n=1,060; Donoghue et al., 2016) reported for DME. The 

heritability of MY, MI and RME have been estimated as 0.20, 0.25 and 0.19 in beef cattle 

(Manzanilla-Pech et al., 2016) and ranged from 0.23-0.30, 0.33-0.42 and 0.18 in dairy cows 

(Manzanilla-Pech et al., 2016, Richardson et al., 2021). In addition, in some studies, breed 

has been shown to have a significant impact on DME (Rooke et al., 2014, De Mulder et al., 

2018). However, when emissions were reported as MY in the previous studies, the effect of 

breed was insignificant indicating differences in DME to be influenced by inter animal variation 

in DMI. Indeed, DME has been shown to be both genetically and phenotypically correlated 

with DMI (Herd et al., 2016, Manzanilla-Pech et al., 2016, Bird-Gardiner et al., 2017) with 

up to 85 and 86% of the variation in DME explained by DMI based on the meta-analysis of 

published literature by Ramin and Huhtanen (2013) and Hristov et al. (2013b; Figure 2.14), 

respectively. Intuitively, the relationship of DME with DMI is to be expected as a greater 

volume of feed enters the rumen, there will be an increase in ruminal fermentation and 

production of methanogenesis substrate.  
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The structure of the rumen microbiome has explained 15-40% of the variation in CH4 output in 

some studies (Difford et al., 2018, Wallace et al., 2019) although, it has not yet been 

determined if the composition of the rumen microbiota influences the methanogenic output of 

the animal or vice a versa. It is assumed the presence of individual microbes in the rumen is 

determined by both ruminal conditions supporting their abundance and ability of certain 

microbes to adapt their metabolism to the prevailing conditions in the rumen (Janssen, 2010). 

Some members of the rumen methanogen community have been shown to be heritable 

(Difford et al., 2018, Li et al., 2019) however further work is needed to determine the biological 

principles of host control over the rumen environment.   

The composition and digestibility of the diet offered to ruminants has a major impact on 

methanogenesis by altering H2 concentrations in the rumen, the availability of substrates for 

fermentation and the ruminal fermentation profile which will ultimately influence the availability 

of substrates for methanogenesis (Johnson and Johnson, 1995, Janssen, 2010). For example, 

diets high in starch, in comparison to forage, result in an elevated production of propionate in 

the rumen, which results in less CH4 being produced per unit of feed intake (Johnson and 

Johnson, 1995, Beauchemin et al., 2020) likely due to the effects of cereals on ruminal pH 

and passage rate (Janssen, 2010). In addition, the digestive physiology of an animal may also 

influence their methanogenic output, with low MY sheep shown to have a smaller rumen 

(Goopy et al., 2014).  

2.6.3 Enteric methane measurement technologies for ruminant livestock 

The eructation and release of CH4 originating from the rumen has led to a variety of techniques 

being developed to estimate the enteric emissions of livestock. The respiration chamber (RC), 

sulphur hexafluoride (SF6)  tracer method and the GreenFeed Emissions Monitoring System 

(GEM) are the most commonly used techniques for estimating enteric emissions in cattle 

(Doreau et al., 2018) and will therefore be the predominant focus of this review. Additional 

enteric measurement techniques from ruminant livestock, such as the handheld laser methane 

detector and sniffer technique, have been reviewed by others (Hammond et al., 2016).  

2.6.3.1 Respiration chamber  

Respiration chambers have been used to quantify enteric CH4 emissions for over a century 

with their original purpose utilised to estimate energy losses in respired gases (Hammond et 

al., 2016). The underlying principles of the RC relies on estimating the enteric emissions 

produced by an animal as the difference in the concentration of gases entering and leaving 

the chamber, with the difference in gas concentrations assumed to be those emitted from the 

animal (eructated, exhaled and flatulence) (Storm et al., 2012).  
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The design of various RCs, throughout the world, has been detailed in Pinares-Patiño and 

Waghorn (2014). Both open and closed circuit RCs are currently in use, with a description of 

the former given as it is the most common RC utilised in a research setting (Hammond et al., 

2016). A schematic of and open circuit RC is displayed in Figure 2.15. When utilising the RC, 

animals are individually housed inside sealed and environmentally controlled chambers 

normally maintained under negative pressure conditions (Goopy et al., 2016). Air from outside 

the RC is drawn in via an inlet, with the concentration of gases under investigation and an 

airflow determined, prior to being pumped into the chamber (Storm et al., 2012). Inlet air 

circulates within the chamber, mixing with emitted gases from the animal and is subsequently 

omitted from the chamber with additional estimations of air flow and gas concentration 

conducted (Hammond et al., 2016). RCs are equipped with meters to determine humidity, 

temperature and barometric pressure to determine standard temperature and pressure (STP) 

conditions within chambers (Patra, 2016). A STP correction is vital for gas concentration 

measurements in order to account for the associated effects on gas volume within each 

chamber (Hammond et al., 2016). The basic estimation of CH4 emissions is calculated from 

the difference in the concentration of CH4 entering and leaving the chamber while accounting 

for differences in air flow entering and leaving the chamber (Storm et al., 2012).  

 

Figure 2.6 Diagram of an open-circuit respiration chamber adapted from Storm et al. (2012). 

2.6.3.2 Sulphur hexafluoride tracer technique 

The SF6 tracer technique, for the measurement of enteric CH4 emissions, was developed by 

Patrick Zimmerman (Zimmermann, 1993) with the use of the method first published by 

Johnson et al. (1994). An extensive set of guidelines describing best practice for the use of 

the SF6 method has been published by the Global Research Alliance (GRA) (Berndt et al., 

2014). The fundamental concept of this method relies on the biological inertness of SF6 gas 

and its comparable dispersion rate, from the rumen, to that of CH4 (Lassey and Hegarty, 2014). 
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Based on such attributes, DME is estimated from the concentration of the mixture SF6 and 

CH4 in an animal’s breathe.   

Permeation tubes of SF6 gas, with a known release rate, are administered to the rumen of 

each animal (Patra, 2016). The release rate of each permeation tube is assessed, prior to 

administering to each animal, by submerging tubes in a water bath (39°C) and measuring daily 

mass fluctuation until stabilisation (Storm et al., 2012). After administering the permeation 

tubes, animals are fitted with a collection apparatus consisting of a harness fitted with pre-

evacuated collection cylinders connected via small diameter sample tubing positioned near 

the nose and mouth of the animal (Zimmermann, 1993, Hammond et al., 2016). Gases are 

typically drawn into collection cylinders under partial vacuum (Deighton et al., 2014). Collection 

tubes are changed normally every 24 hours for the determination of gas concentrations using 

gas chromatography (GC). Samples of the background air are also collected to determine and 

discount environmental concentrations of CH4 and SF6 (Williams et al., 2014). 

The below equation is used to determine DME with the differences between the concentration 

of both gases (SF6 and CH4) in the collection cylinder, attached to individual animals, and the 

background cylinders accounted for:  

 

Equation adapted from Williams et al. (2011) 

RCH4 = estimated enteric CH4 per animal (g/animal/d); RSF6 = previously determined release rate of SF6 from the 

permeation tube (mg/d); CH4M = measured concentration of methane in collection cylinders fitted to animal; CH4BG 

= measured concentration of background methane in background collection cylinders; SF6BG = measured 

concentration of background SF6 in background collection cylinders; SF6M = measured concentration of SF6 in 

collection cylinders fitted to animal MWCH4 = molecular mass of methane; MWSF6 = molecular mass of SF6; 1000 = 

conversion factor to account for differential units for SF6 (ppt) and methane (ppm). 

2.6.3.3 GreenFeed emissions monitoring system 

The GEM (C-Lock Inc., Rapid City, USA) created by Patrick Zimmerman (2009, 2012) is a 

more recently developed technology for the estimation of enteric emissions from ruminants, 

with the ability to measure CH4, CO2, hydrogen sulphide (H2S), oxygen (O2) and H2 from 

ruminants. It is a non-invasive web based system which estimates gaseous emissions from 

individual animals with the use of short term breathe measurements collected throughout the 

day (Manafiazar et al., 2017).  



32 
 

As seen in Figure 2.16, the GEM consists of a head chamber, feed dish and automatic diet 

feeder equipped with radio frequency identification (RFID) sensors to identify individual 

animals fitted with RFID tags (Hristov et al., 2015a). When the animal approaches the feed 

dish, each animal is identified by the GEM via their unique RFID tag.  A small amount of “bait” 

feed is dispensed to attract and encourage animals to remain at the system for >3 min 

(Manafiazar et al., 2017). As the animal consumes the bait feed, an extractor fan, positioned 

at the top of the unit, draws a mixture of both exhaled air and that which surrounds the animal’s 

head, through the unit and out an exhaust position at the top of the system (Patra et al., 2016).  

Airflow is calculated using a hot film anemometer with a subset of air sampled prior to outlet 

(Hammond et al., 2016) with gas concentrations measured using non-dispersive infrared 

(NDIR) sensors embedded beneath the feed dish (Zimmermann, 2009). Emissions 

measurements are normally taken over a period of 3-7 min, spread across several time points 

throughout the day and are dependent on the animal’s voluntary visitation to the machine 

(Hammond et al 2016), with data uploaded to a web based interface on an hourly basis. 

The concentration of gases emitted by an animal is reported as a gas flux (concentration of 

an individual gas emitted over a defined period of time; g/ day) with the below three equations 

performed every second (Huhtanen et al., 2015):  

[1] 

Equation 1: Calculation of airflow adapted from Huhtanen et al. (2015) 

(i)= calculation at any time; Qair = volumetric airflow rate(L/min) calculated on a dry gas basis at 1 unit of 

atmospheric (atm) pressure ; 60 = time conversion; Vm = velocity of air at the centre (m /s) of the pipe  which is 

automatically adjusted by sensors to 1 atm pressure; Vadj = is a correction factor (0.88) to account for the Vm to an 

average pipe velocity; Ap = cross sectional area of the pipe (0.00811m2); 1000 = unit conversion.  

 

[2] 

Equation 2: Calculation of gas concentration adapted from Huhtanen et al. (2015) 

(i)= calculation at any time; Qc= volumetric flow rate of individual gases (L/min); Cp= capture rate of air; Conc = 

concentration of captured gas; BConc= concentration of background gas; Qair = volumetric airflow from equation 1; 

106= parts per million (ppm) conversion for gas concentration. 
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[3] 

Equation 3: Calculation of gas flux, based on ideal gas law, adapted from Huhtanen et al. 

(2015). 

(i)= calculation at any time; Qc= volumetric flow rate of individual gases (L/min) from equation 2; 273.15 = 

temperature equivalent in Kelvin; Tair =air temperature (°C); ρc = density of investigative gas at 273.15K and 1atm 

(0.717 and 1.911g/L for CH4 and CO2). 

 

 

Figure 2.16 Schematic of the GreenFeed System. Figure A) adapted from Hristov et al. (2015a) and figure B) 

sourced from C-Lock Inc. 

2.6.4 A comparison of methodologies for estimating enteric emissions in a research 

setting 

Traditionally, the RC has been considered as the gold standard method for the estimation of 

enteric CH4, when operated optimally, primarily as a result of all gases emitted from the animal 

(exhaled, eructed and flatulence) being quantified (Hristov et al., 2018). The cost of 

constructing and maintaining RC within a research establishment can be a limiting factor to 

their utilisation in research. The average cost, across four different research centres, to 

establish RCs was $283,050 with the capacity of each centre to measure 4-10, simultaneously 

(Pinares-Patiño and Waghorn, 2014). Furthermore, the average establishment cost per 

chamber was $53,846 (Pinares-Patiño and Waghorn, 2014). An additional limitation of the RC 

is the volume of animals which can have their emissions simultaneously estimated, with each 

RC only capable of measuring emissions from a single animal. Finally, animal feeding 

behaviour can be altered by the confined conditions of the RC (Hammond et al., 2016, Hristov 



34 
 

et al., 2018) which may not represent a true reflection of an animal’s inherent level of voluntary 

feed intake and DME.   

Both the SF6 and GEM method benefit from their ability to be applied in a more natural setting, 

including at pasture (Morrison et al., 2017, Gunter and Beck, 2018), thus having a limited 

impact on the voluntary feed intake of an animal. Equally, both methods are substantially 

cheaper, when accounting for the greater number of animals which can have their emissions 

estimated. However, with the SF6 technique, animals require daily handling for the 

replacement of collection cylinders, which may alter feeding behaviour (Jonker et al., 2020). 

The SF6 method is labour intensive and very much dependant on the availability of local 

expertise to manage equipment (Patra, 2016). In addition, the permeation rate of SF6 from 

boluses administered to animals can vary (Hammond et al., 2016) however modifications to 

the technique, such as the addition of a flow restrictor as proposed by Deighton et al. (2014) 

has improved accuracy. The SF6 method is also noted as being a less robust technique with 

frequent equipment failure (Goopy et al., 2016). Notably, SF6 is a potent GHG with a 100 year 

GWP of 23,500 and an atmospheric lifespan of 3,200 years (IPCC, 2014). Over a decade ago, 

Williams et al. (2011) estimated ~12kg of SF6 had been released to atmosphere since its 

implementation in livestock research.  

The advantage of the GEM in comparison to both the SF6 method and RC is its more user 

friendly nature and ability to test a greater number of animals simultaneously. However, the 

GEM is reliant on individual animals voluntarily visiting the unit. Therefore animals will require 

an acclimatisation period to ensure habituation and regular attendance at the GEM (Gunter 

and Beck, 2018). In addition to this, the effects of the bait feed, used to encourage animals to 

use the GEM, on CH4 output must also be accounted for, particularly when investigations are 

conducted at pasture (Hammond et al., 2016). Furthermore, emissions data is not continually 

captured from each animal with the method reliant on the collection of measurements over 

several days. It is reported within the literature that animals will be required to visit the GEM a 

30-50 times, for greater than 3 min, or have emission evaluated over the 2-5 weeks 

(Manafiazar et al., 2016, Arbre et al., 2016, Renand et al., 2016, Arthur et al, 2017) for an 

accurate estimation of DME. With the use of the GEM, it is imperative the methodology 

implemented by researchers promotes an even visitation to the unit over a 24 hr period to 

reflect the diurnal pattern of enteric emissions (Hristov et al., 2018). 

Recently, some authors have advocated for the use of daily carbon dioxide emissions (DCE; 

kg/day) as a proxy for DMI due to the linear relationship observed amongst both traits (Arthur 

et al., 2018, Donoghue et al., 2020). As DCE can be measured with the use of the GEM, this 
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technology may have a subsequent benefit in allowing for an approximate estimation of the 

voluntary feed intake of ruminants at pasture. 

2.6.5 The effect of methane measurement technology on the accuracy of estimates of 

enteric methane emissions  

Between animal variation CV% for CH4 output (DME and MY) tends to be lowest with the use 

of the RC (Jonker et al., 2016, Rischewski et al., 2017, Garnsworthy et al., 2019) however 

some studies have shown the opposite for the GEM (Alemu et al., 2017, Doreau et al., 2018). 

A lower DME, when RCs are utilised as reference methodology for quantifying enteric 

emissions, in comparison to both the GEM and SF6 method, has been reported in some 

studies (Jonker et al., 2018, Alemu et al., 2017, Garnsworthy et al., 2019, Jonker et al., 2016) 

which may be reflective of the impact of the RC on animal feeding behaviour.  For example, 

in the meta-analysis of forage fed cattle conducted by Jonker et al. (2018), the mean DMI and 

DME for cattle measured in the RC (8.2 kg/day; 187g/day) was observed to be substantially 

lower in comparison to when it was quantified with the GEM and SF6 method (12.1-13.3 

kg/day; 235-292 g/day). However, when a degree of feed restriction is applied during the 

estimation of emissions with all techniques, an increased DME was observed with the use of 

the RC, in comparison to the GEM and SF6 method (Doreau et al., 2018). 

Velazco et al. (2016) reported no statistical difference in CH4 output estimated by the RC or 

GEM, with a strong and moderate correlation between methods for DME (r = 0.85) and MY (r 

= 0.58). Similarly, no difference in MY and comparable CV % was detected when 

measurements were performed on dairy cows using the modified SF6 and RC (Deighton et 

al., 2014).  Estimates of MY between the GEM and RC did not differ for low RFI animals in 

Alemu et al. (2018). A weak and non-significant correlation between the RC and GEM for 

estimates of MY (r = 0.32) was detected by Doreau et al. (2018) however a strong relationship 

was determined for the SF6 and GEM (r = 0.72). Garnsworthy et al. (2019) reported a 

correlation of (r = 0.87) and (r = 0.81) for SF6 and GEM estimates of DME with the RC.  

Poor agreement in estimates of MY between the SF6 and GEM have been reported (Jonker 

et al., 2016, Doreau et al., 2018) while DME was observed to be moderately associated (r = 

0.40) (Garnsworthy et al., 2019). Potentially such differences could be due to CH4 which is 

absorbed in the blood stream and exhaled with it currently unknown if SF6 and CH4 diffuse 

across the rumen wall at the same rate (Doreau et al., 2018). The CV% for CH4 output has 

been reported to be greater with the SF6 method in comparison to the GEM (Hristov et al., 

2015a, Doreau et al., 2018, Garnsworthy et al., 2019). However the GEM will require an 

increased measurement period and sample size, in comparison to the SF6, to ensure animals 
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attend the unit an appropriate number of times to ensure accurate data collection (Hammond 

et al., 2016).   

All three methodologies can accurately estimate enteric emissions from ruminant livestock, 

with the ultimate choice of methodology reflective of the type of research being conducted 

(Hammond et al., 2016). Based on the literature, the GEM has a distinct advantage in research 

projects aiming to estimate enteric emissions in a large cohort of animals. However, regardless 

of the method deployed, rigorous calibrations are warranted to ensure the accurate data is 

collected (Hammond et al., 2016).  

2.7 Methane mitigation strategies for pasture based production systems 

Numerous strategies have been identified as having the potential to reduce the methanogenic 

output of livestock (Hristov et al., 2013a, Beauchemin  et al., 2020, Honan et al., 2021), 

however not all strategies will be easily implemented at farm level, in particular in pasture 

based production systems. The development of an anti-methanogenic vaccines would likely 

appeal to livestock producers, with uptake amongst farmers likely to be high if proven effective 

(Buddle et al., 2011). However, to date, no antimethanogenic vaccine has been made 

available due to difficulties in targeting the large diversity of methanogens in the rumen 

(Wedlock et al., 2013). Dietary supplementation will have a role in pasture based dairy 

production systems, particularly if additives can be administered during milking. The 

supplementation of beef cattle at pasture is likely to be less feasible (Thompson et al., 2020) 

but may have a role as part of a winter feeding regime. However, due to low profitability of 

beef production (Dillion et al., 2021) a winter CH4 supplementation strategy, would at minimum 

need to be cost neutral to ensure uptake at farm level. Mitigation strategies which focus on 

improving the growth rate of beef cattle at pasture will be advantageous if they reduce the 

lifetime emissions of the animal.  

The identification of low CH4 emitting animals for inclusion in breeding programmes would be 

of benefit to all ruminant livestock production systems. Indeed, animal breeding has been 

advocated by numerous authors as mitigation strategy due to its ability to deliver permanent 

GHG reductions to future generations of livestock (Wall et al., 2010; Pickering et al., 2015; de 

Haas et al., 2017; Beauchemin et al., 2020). However, the positive relationship of animal 

productivity with DME (Garnsworthy et al., 2012, Manzilla-Pech et al., 2016, Bird-Gardiner et 

al., 2017, Breider et al., 2019) would make the direct selection on daily emissions an 

unattractive strategy for producers. Alternative CH4 emissions phenotypes have been 

proposed to overcome the relationship between feed intake and methanogenesis, albeit the 

use of some of these traits will have limited use in animal production. Indirectly selecting low 

CH4 emitting animals by increasing the feed efficiency of cattle has also been proposed 
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(Beauchemin et al., 2020) but the relationship amongst both traits has not been entirely 

consistent across the literature.  

The aim of this section of the review is to give an overview of CH4 mitigation strategies for 

pasture based ruminant production systems. For dietary focused mitigation strategies, an 

emphasis was placed on strategies which, at present, are practically feasible for a temperate 

pasture based production system similar to that of Irish and New Zealand livestock production 

systems. The mitigation potential of forages high in tannins and saponins was not included 

due the lack of data currently available on forages appropriate for temperate grassland 

systems, however their effects on methanogenesis, along with seaweed supplementation, 

have been reviewed by others (Hristov et al., 2013a, Beauchemin et al., 2020, Honan et al., 

2021) and are presented in Table 2.1. In addition, methanogen vaccines were not considered 

in this review, due to the low rate of success in developing a vaccine. The benefits and 

limitations on enteric CH4 emissions and animal productivity are discussed for dietary 

supplementation and animal selection based strategies.  

Table 2.1 Additional methane abatement dietary strategies. 

Strategies Mode of Action Limitations References 

Tannins 

Reduced fibre degrading 
microbes and forms 

complexes with protein 
and cellulose 

May reduce fibre digestibility in the rumen and 
animal performance. Further validation in vivo. 

(Jayanegara et al., 2015, Beauchemin et 
al., 2020) 

Saponins 
Decreases abundance of 

ruminal protozoa 

Requires further validation in vivo. Evidence 
rumen bacteria may replace protozoa as potent 

H2 producers. 

(Newbold et al., 1997, Guyader et al., 
2017a). 

Halogenated 
compounds 
(including 
seaweeds) 

Analog to CoM, block 
methyl group transfer, 
competitive terminal 

electron acceptor 

Potential carcinogens. Further assessment for 
food safety and extraction protocols (seaweed) 

(Abecia et al., 2012, Kinley et al., 2016, 
Webster et al., 2016, Patra et al., 2017) 

 

2.7.1 Dietary methane mitigation strategies  

2.7.1.1 Improving the quality of the grazing sward  

It is vital that a balance between quantity and quality of grown pasture is achieved for forage 

based production systems (Curran et al., 2010) and therefore the plant must be allowed to 

grow for a sufficient time frame to ensure an optimum supply of herbage. The concentration 

of fibre within a plant negatively influences digestibility in the rumen due to its slower and 

sometimes indigestible nature (Buxton and Redfearn, 1997). Low herbage swards (due to the 

plant being in a stage of regrowth) and intensive grazing systems have been shown to have a 

lower structural fibre content and greater digestibility (Holmes et al., 1992, Wims et al., 2010, 

Fraser et al., 2014) with animal productivity responding positively as the quality of the grazing 

sward increases (Boland et al., 2013, Fraser et al 2014, Richmond et al., 2015, Muñoz et al., 

2016). However, the increased DMI associated with improved digestibility has been shown to 

simultaneously elevate DME in both dairy and beef cattle in some (Hart et al., 2009, Boland 
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et al., 2013, Fraser et al 2014, Richmond et al., 2015, Muñoz et al., 2016) but not all studies 

(Wims et al., 2010). Boland et al. (2013) reported a 17 and 22.6% reduction in MI (based on 

ADG) in crossbred Limousin heifers when the herbage mass of the grazing sward reduced 

from 2000 to 1300 kg of DM and 3200 to 2800 kg of DM, respectively. An average increase in 

ADG of 17% was also associated with grazing at lower sward heights. In their comparisons of 

uphill and lowland grazing systems, both Fraser et al. (2014) and Richmond et al. (2015) 

reported an increase in ADG but reduction in MI when beef cattle grazed the higher quality 

lowland swards. The CH4 mitigation potential of improvements to the grazing sward may be 

realised through a reduction in the total life time emission of beef cattle. While the DME of 

beef cattle may increase as the grazing sward becomes more digestible, there is potential to 

offset these emissions with improvements to live weight gain which will ultimately reduce the 

life time emissions of the animal by reducing days to slaughter (Lanigan et al., 2019). 

2.7.1.2 Incorporating clover into the grazing sward 

Legumes such as white (Trifolium repens) and red (T. pratense) clover, tend to have a reduced 

fibre content in comparison to grass species with the opposite being observed with respect to 

protein (Waters et al., 2020). In addition, both clovers are often included in the grazing sward 

due to their unique ability to fix atmospheric N into a usable means for plants and increase 

herbage production (Enriquez-Hidalgo et al., 2018, Guy et al., 2018, Guy et al., 2020). As a 

result, the incorporation of white clover into the grazing sward is currently being advocated as 

a cost neutral N2O mitigation strategy for the Irish livestock sector (Lanigan et al., 2019). 

Indeed, while beneficial to animal performance, (Egan et al., 2017, Grace et al., 2018, 

McClearn et al., 2020, McClearn et al., 2021), the heightened digestibility of white clover likely 

results in its rapid passage through the rumen (Dewhurst et al., 2003), which may benefit 

enteric emissions reductions (Janssen, 2010). However, the mitigation potential of white 

clovers inclusion in the diet has been inconsistent and shown to increase DME in some (Lee 

et al., 2004, Niderkorn et al., 2017) but not all studies (Enriquez-Hidalgo et al., 2014a). The 

fermentation of red clover in comparison to ryegrass, has been shown to produce less CH4 

per unit of digestibility in vitro (Navarro-Villa et al., 2011). An 18.2% reduction in total CH4 

emissions, and subsequent reduction to the total abundance of bacteria, fungi and 

methanogens was reported in vitro by Belanche et al. (2013). However, in vivo, increasing 

proportions of red clover silage has increased both DMI and DME in sheep (Niderkorn et al., 

2015). Based on the available literature, the effects of clover on enteric CH4 emissions are 

inconsistent with further investigation into the effects of clover on enteric emissions and the 

rumen microbiota, warranted. Furthermore, grazing swards containing white and red clover 

can cause digestive disorders such as frothy bloat, due to the rapid fermentation of these high 

protein plant species associated with an elevated production of gas in the rumen (Wang et al. 
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2012). Allowing the clover plant reach a mature stage, has the potential to decrease bloat 

incidence in cattle by slowing the process of protein degradation in the rumen due to the 

presence of condensed tannins (CT) in the flower (Abeynayake et al., 2012). However, the 

effectiveness of this strategy within an intensive grazing system may have limited benefit, due 

to efforts to target a pregrazing sward of < 10 cm to promote increased forage production and 

animal performance. Transgenic research is currently underway to develop white clovers with 

an increased accumulation of CTs within the leaf of the plant, which has shown CH4 mitigation 

potential in vitro (Roldan et al., 2022). The development of transgenic white clovers, with 

increased CT expression within the leaf, may therefore have the potential to simultaneously 

limit the incidence of frothy bloat and mitigate enteric emissions in pastoral based ruminant 

production systems (Roldan et al., 2022). 

2.7.1.3 Concentrate supplementation to forage based diets  

Common ruminant livestock management includes the supplementation of high energy 

substrates to the diet in order to increase muscle growth, milk yield, meet the energy demands 

of pregnancy and overcome deficiencies in nutrient supply (McGee, 2005, McGrath, 2013). 

Cereals and grains offer a readily available supply of rapidly fermentable carbohydrates, in 

the form of sugar and starch (Haque et al., 2018). The supplementation of even a small 

proportion of concentrates to forage based diets, will likely decrease the MI of ruminant derived 

food products as a result of an increased level of animal performance (Hristov et al., 2013a). 

Furthermore, a reduction in MY is generally observed when concentrates account for 35 to 

40% of the diet fed to ruminants (Sauvant et al., 2009, Hristov et al., 2013a).   

An increase in the digestibility of dietary constituents is known to decrease CH4 production 

(Blaxter and Clapperton, 1965). Based on the model of H2 dynamics proposed by Janssen 

(2010), a reduction of rumen pH and increased passage rate associated with concentrate 

supplementation, is likely to have a negative impact on the rumen methanogen community 

ultimately leading to a reduction in methanogenesis. The substitution of forage with 

concentrates in the diet of ruminants has shown reductions in CH4 production in a variety of 

studies when expressed as DME (Aguerre et al., 2011, Rooke et al., 2014, Duthie et al., 2017), 

MY or MI (Jiao et al., 2014, Olijhoek et al., 2018, van Wyngaard et al., 2018). The feeding of 

cereals elevates dissolved H2 concentrations in the rumen which results in a redirection of 

metabolic H towards the synthesis of propionate (Janssen, 2010).  

Some studies have shown, when concentrates are supplemented, DME is either increased or 

is comparable to high forage diets (Lovett et al., 2005, Muñoz et al., 2015, McDonnell et al., 

2016). Increasing the proportion of concentrate in the ruminant diet has been shown to 

increase daily feed intake in cattle (Rooke et al., 2014, Duthie et al., 2017, McDonnell et al., 
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2016). Therefore the reduced effect of concentrate supplementation on DME observed in 

some studies, could be associated with an increased supply of fermentable substrates into 

the rumen, associated with concentrate feeding.  

Ultimately increasing the proportion of human edible grain in the diet of ruminants, limits the 

livestock sector’s competitive advantage of converting cellulolytic plant matter, into human 

accessible animal proteins. Indeed, the societal acceptance of this feeding strategy as a 

means of mitigating CH4 may be challenging as already near 10% of the global area dedicated 

to cereal production, is used to produce grain for ruminant diets (Mottet et al., 2017). In 

addition, a full life cycle analysis would need to be conducted to account for the emissions 

released during the growing, harvesting and transporting of cereals for ruminant feed, coupled 

with the increased requirement for fertiliser (Beauchemin et al., 2008).  

2.7.1.4 Increasing the lipid content of supplemented concentrates 

Traditionally fat supplementation has been utilised as a means of increasing the energy 

content of ruminant diets. However supplementing the ruminant diet with fat has been shown 

to reduce CH4 output in numerous studies (McGinn et al., 2004, Beauchemin et al., 2007, 

Martin et al., 2008, Wang et al., 2017, Bayat et al., 2018) with meta-analysis conducted by 

Patra (2013) and Beauchemin et al. (2008) indicating for every 1% increase in the lipid content 

of the diet, DME and MY is predicted to decrease by 3.77 and 5.6%, respectively. 

Medium chain fatty acids (MCFAs) and polyunsaturated fatty acids (PUFAs) have been 

observed to have the most potent antimethanogenic capacity (Honan et al., 2021). However, 

due to the cost associated with the processing of MCFAs, the use of PUFAs may be a more 

economical option (Beauchemin et al., 2008). The supplementation of unsaturated fatty acids 

was traditionally believed to reduce the availablility of H2 for methanogenesis, via 

biohydrogenation (Johnson and Johnson, 1995). However, the biohydrogenation of 

unsaturated fatty acid is likely to only to absorb 1-2% of H2 produced in the rumen (Hristov et 

al., 2013a). The anti-methanogenic effect of fats is believed to originate from the negative 

effect of lipids on cellulolytic bacteria leading to reduction in organic matter digestibility (OMD) 

and supply of methanogenesis substrates (Beauchemin et al., 2007).  

The supplementation of lipids, in particular to cattle consuming a high forage diet, has been 

shown to have a negative impact on fibre digestion and feed intake in beef cattle (McGinn et 

al., 2004, Beauchemin et al., 2007) and a milk fat and protein yield in dairy cattle (Grainger 

and Beauchemin, 2011). As a result, fat supplementation is generally recommended not to 

exceed an inclusion rate of 6-7% (NRC, 2011) in an effort to negate negative impacts to fibre 

fermentation and palatability issues.  
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2.7.1.5 Supplementation of 3-nitrooxypropanol to ruminants 

The synthetic compound, 3-nitrooxypropanol (3-NOP), or Bovaer® as it is commercially 

known, produced by DSM, has been demonstrated to be a non-toxic anti-methanogenic 

supplement across numerous studies in dairy and beef cattle fed various diets (Hristov et al., 

2015b, Romero-Perez et al., 2015, Martinez-Fernandez et al., 2018, Vyas et al., 2018, Kim et 

al., 2019, Van Wesemael et al., 2019, Alemu et al., 2021). Increasing the supplementation 

rate of 3-NOP linearly decreases CH4 emissions (Jayanegara et al., 2017) with an average 

reduction in DME and MY of 32.5 and 29.3% reported in the meta analysis conducted by 

Dijkstra et al. (2018) based on a mean supplementation rate of 123 mg of 3-NOP/ kg of DMI. 

3-NOP binds to the active site of the methyl coenzyme M reductase (mcr) enzyme, rendering 

it incapable of completing the final methanogenesis step (Duin et al., 2016) leading to 

reduction in the methanogen abundance in the rumen (Romero-Perez et al., 2015, Martinez-

Fernandez et al., 2018).  

No negative impacts to the productivity of dairy cows (Hristov et al., 2015b, Van Wesemael et 

al., 2019) but subtle enhancements to feed efficiency (Vyas et al., 2018, Alemu et al., 2021) 

and ADG (Martinez-Fernandez et al., 2018) in beef cattle, have been reported with the 

supplementation of 3-NOP. Both animal type and dietary composition influence the potency 

of 3-NOP, with the anti-methanogenic effects reduced in beef cattle and as the proportion of 

forage increases in the diet (Dijkstra et al., 2018). Slow release forms of 3-NOP are currently 

under investigation to permit the utilisation of the compound within a pastoral setting (Muetzel 

et al., 2019).  Although a very promising compound, the supplementation of 3-NOP to ruminant 

livestock is still undergoing regulatory approval in the EU. At present, the only countries which 

have granted full regulatory approval for the use of 3-NOP on farm are Brazil and Chile (DSM, 

2021).     

2.7.2 Animal selection as a methane mitigation strategy 

As previously discussed, CH4 output is a heritable trait presenting the opportunity to breed low 

CH4 emitting animals. However, based on a review of the literature, it is determined that CH4 

output is a complex trait under the influence of multiple factors and is both phenotypically and 

genetically correlated with DMI, ADG, body weight and milk yield (Garnsworthy et al., 2012, 

Herd et al., 2016, Manzanilla-Pech et al., 2016, Bird-Gardiner et al., 2017, Breider et al., 2019). 

Therefore, directly selecting animals for a reduced DME phenotype will likely decrease animal 

performance and therefore be unfavourable amongst producers due to negative ramifications 

to on farm profitability. The selection of low CH4 emitting cattle on the basis of ratio traits, such 

as MY, has traditionally been advocated as MY was perceived to be free from any association 

with feed intake or body weight but positively correlated with DME, under restricted feeding 

regimes with the use of RCs (Herd et al., 2014, Donoghue et al., 2016). Subsequently, in 
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studies offering cattle ad libitum access to both concentrate (Herd et al., 2016, Bird Gardiner 

et al., 2017) and forage based diets (Renand et al., 2019), DMI and MY have been shown to 

be negatively correlated. As a result, the selection of animals on the basis of MY has the 

potential to increase the voluntary feed intake of future generations of livestock. However, the 

elevated feed intake associated with MY is unlikely to benefit animal performance, as a 

negative relationship of MY with measures of feed efficiency, such as residual feed intake 

(RFI; kg/day), has been revealed in studies implementing an ad libitum feeding regime 

(McDonnell et al., 2016, Flay et al., 2019, Renand et al., 2019). Therefore a reduction in the 

DME associated with the selection of cattle for a low MY phenotype will likely occur at the 

expense of less efficient conversion of feed to animal protein, thus negatively impacting on 

farm profitability. Therefore the selection of animals on the basis of ratio traits should be 

avoided by virtue of their unpredictable response to other traits of economic importance in 

cattle production (Pickering et al., 2015). The effect of experimental conditions on the 

relationship of DMI and MY further highlights the complexities of CH4 output as a trait. First 

proposed by Herd et al. (2014), RME can be defined as the difference it an animals predicted 

and actual level of DME and was initially derived from the linear regression of DME on DMI 

(Herd et al., 2014) however was more recently calculated as the multiple linear regression of 

DME on DMI and body weight (Bird-Gardiner et al., 2017). By virtue of its calculation, RME 

has been shown to be phenotypically and genetically independent of feed intake and body 

weight in beef cattle but positively correlated with DME (Donoghue et al., 2016, Bird-Gardiner 

et al., 2017). Although confirmation is required, the phenotypic independence of RME from 

DMI and body weight, would suggest the lack of a relationship of RME with other traits of 

economic importance. The lack of a potential relationship of RME with traits of economic 

importance in cattle production makes it an attractive trait to utilise as part of CH4 mitigation 

breeding programme (de Haas et al., 2017) indicating the potential to reduce DME without 

impacting animal performance. Indirectly selecting animals for an enhanced feed efficiency 

has been advocated as an alternative selection index for reducing the CH4 output of livestock 

(Beauchemin et al., 2020). Based on the literature, animals with an enhanced level of feed 

efficiency have been shown to produce less CH4 in some studies (Nkrumah et al., 2006, 

Hegarty et al., 2007, Fitzsimons et al., 2013, Mercadante et al., 2015, Alemu et al., 2017, 

Sharma et al., 2017, Dini et al., 2019). However, as seen in Table 2.2, inconsistencies in the 

relationship of RFI and enteric emissions have been reported, with no difference in DME 

observed in animals with a superior feed efficiency (McDonnell et al 2016, Oliveira et al., 2018, 

Olijhoek et al., 2018, Flay et al., 2019).  
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Table 2.2 Differences in daily methane emissions (DME; g/day) and methane yield (MY; g/kg of DMI) from studies investigating the effects of 
residual feed intake (RFI; kg/day) on methane emissions across various diets. 

Species 
Main Diet 

Component 
High 
RFI 

DMI ADG DME MY  Low 
RFI 

DMI ADG DME MY Significant Study 

Beef1GEM Barely silage 0.292 7.9 1.03 222.2a 28.5  -0.25 7.4 1.14 202.5b 27.7 DME 
(Alemu et 
al., 2017) 

Beef2 RC Barely silage 0.292 6.3 1.03 164.5 26.5  -0.25 6 1.14 156.3 26.5 ND 
(Alemu et 
al., 2017) 

Beef Barley Concentrate - 14.13 1.229 190.2a 14.7  - 8.38 1.126 142.3b 16.3 DME 
(Hegarty et 
al., 2007) 

Dairy Alfalfa - 12.4 - 256 20.7b  - 11.3 - 253 22.7a MY 
(Flay et al., 

2019) 

Beef Grass silage 0.54 7.96 0.6 297a 36  -0.49 6.95 0.59 260b 38 DME 
(Fitzsimons 
et al., 2013) 

 

Beef 
Grass 

silage/Pasture/TMR 
0.66 7.54 1.52 146 20.2  -0.74 7.18 1.55 156 22.4 ND 

(McDonnell 
et al., 2016) 

 

Beef TMR 0.83 10.6 0.8 265a 28.1a  -0.78 9.33 0.83 194b 20.3b DME, MY 
(Dini et al., 

2019) 
 

Nellore TMR 0.362 8.12 0.547 163a 25.7  −0.506 7.09 0.467 144b 24.4 DME 
(Mercadante 
et al., 2015) 

 

Buffalo TMR 0.05 9.2 0.74 222.2a 24.8  -0.05 9.5 0.76 163.4b 17.2 DME 
(Sharma et 
al., 2017) 

Nellore TMR 0.787 7.86 1.12 107 11.4  -0.683 6.31 1.11 101 11.9  (Oliveira et 
al., 2018) 

Dairy3 Low Concentrate 0.44 20.9 - 635 30.7  −0.62 18.6 - 595 32.4 ND 
(Olijhoek et 
al., 2018) 

Dairy3 Low Concentrate 0.98 15 - 499 32.6  −0.74 14.9 - 491 32.5 ND 
(Olijhoek et 
al., 2018) 

Dairy3 High Concentrate 0.44 23.7 - 493 28.2  −0.62 21.6 - 467 27.9 ND 
(Olijhoek et 
al., 2018) 

Dairy3 High Concentrate 0.98 17.8 - 504 21.4  −0.74 17 - 527 24.5 ND 
(Olijhoek et 
al., 2018) 

RFI=Residual feed intake (kg DMI/day) 
DME= Methane production (g/day), MY=Methane yield (CH4 g/ kg DMI) 
ND= No difference.  
1 Methane emissions estimated using GreenFeed Emissions Monitoring System. 
2 Methane emissions estimated using Respiration Chambers. 
3 Emissions reported as litres per day. 
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3.1 Abstract 

Our understanding of complex microbial communities, such as those residing in the rumen, 

has drastically advanced through the use of HTS technologies. Indeed, with the use of 

barcoded amplicon sequencing, it is now cost effective and computationally feasible to identify 

individual rumen microbial genera associated with ruminant livestock nutrition, genetics, and 

performance and GHG production. However, across all disciplines of microbial ecology, there 

is currently little reporting of the use of internal controls for validating HTS results. 

Furthermore, there is little consensus of the most appropriate reference database for analysing 

rumen microbiota amplicon sequencing data. Therefore, in this study, a synthetic rumen 

specific sequencing standard was used to assess the effects of database choice on results 

obtained from rumen microbial amplicon sequencing. Four DADA2 reference training sets 

(RDP, SILVA, GTDB, and RefSeq + RDP) were compared to assess their ability to correctly 

classify sequences included in the rumen-specific sequencing standard. In addition, two 

thresholds of phylogenetic bootstrapping, 50 and 80, were applied to investigate the effect of 

increasing stringency. Sequence classification differences were apparent amongst the 

databases. For example the classification of Clostridium differed between all databases, thus 

highlighting the need for a consistent approach to nomenclature amongst different reference 

databases. It is hoped the effect of database on taxonomic classification observed in this 

study, will encourage research groups across various microbial disciplines to develop and 

routinely use their own microbiome-specific reference standard to validate analysis pipelines 

and database choice. 
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3.2 Introduction 

The ability of ruminant animals to obtain nutrition from complex plant carbohydrates stems 

from their co-evolution with the microbial community residing in their rumen (Sasson et al., 

2017). Traditionally, the rumen microbiome was investigated using culture based methods 

such as those pioneered by Hungate (1966). Unfortunately, such methods were often biased 

toward the study of culturable microbes (Huws et al., 2018) and left an estimated 80–90% of 

the rumen microbiome undiscovered (McSweeney et al., 2006). However, the widespread 

availability of HTS technology after the turn of the 21st century has advanced our 

understanding of numerous complex microbial communities, including that which inhabits the 

rumen (Knight et al., 2018).  

Metabarcoded amplicon sequencing has become the most popular method for studying the 

microbial composition of a variety of microbiomes (Pollock et al., 2018) with numerous authors 

using it to study the relationship of the rumen microbial community with dietary management 

(Petri et al., 2013; McCabe et al., 2015; Lyons et al., 2017; Smith et al., 2020) host genetics 

(Henderson et al., 2015) enteric CH4 output (Kittelmann et al., 2014; Danielsson et al., 2017) 

and production traits such as feed efficiency (Myer et al., 2015; McGovern et al., 2018b) or 

milk production (Jami et al., 2014). The method can be described as the targeted PCR 

amplification of a specific gene or genomic segment of interest (amplicon), with primers 

targeting conserved regions which flank regions of variability (Allaband et al., 2019). Popular 

phylogenetic marker genes used to investigate microbial communities include; 16S rRNA 

(bacteria and archaea), 18S rRNA (protozoa) and the internal transcribed spacer region 

(fungi).  

The method is championed for its ability to produce large amounts of relatively inexpensive 

microbial composition data, be predominantly free from eukaryotic host contamination and 

with downstream data processing and analysis that is less computationally demanding in 

comparison to other methods, such as shotgun metagenomics (Knight et al., 2018; Fricker et 

al., 2019). In addition, the technique has previously been utilized in large scale global studies 

such as the Earth Microbiome Project (Thompson et al., 2017) and the GRC project 

(Henderson et al., 2015). Unlike shotgun metagenomics, 16S rRNA gene amplicon 

sequencing benefits from the availability of extensive and comprehensive curated reference 

databases for the alignment of sequences or training of taxonomic classifiers, and ultimately 

taxonomic classification of sequences. The most widely available reference databases include 

the RDP (Cole et al., 2014), SILVA (Quast et al., 2012), GreenGenes (DeSantis et al., 2006), 

RefSeq (O’Leary et al., 2016) and, more recently, GTDB (Parks et al., 2018). In addition, the 
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Rumen and Intestinal Methanogen Database (RIM-DB) is a methanogen specific reference 

database (Seedorf et al., 2014).  

The calibration of high throughput analysis with an internal control or reference standards is 

common practice in many scientific disciplines (Hardwick et al., 2017; Yeh et al., 2018). 

However, in the area of molecular microbiology, the use of internal reference standards to 

“benchmark” results and analysis remains low. For example, of the 265 high throughput 

microbial experiments published in the journals Microbiome and ISME in 2018, only 10% of 

studies reported the use of internal positive controls (Hornung et al., 2019).  

The effect of reference database choice on the classification of sequences and the 

implications this has on the interpretation of microbiota analysis is well established (Park and 

Won, 2018; Pollock et al., 2018; Henderson et al., 2019). However, few detailed comparisons 

between the classification accuracy of the main reference databases, with a rumen microbiota 

focus, have been conducted with the use of a reference standard. The dominance of microbial 

data originating from human microbiomes in many databases (Pollock et al., 2018) has 

resulted in little consensus surrounding the choice of the optimal 16S rRNA database for 

rumen microbiome analysis. In light of this, the incorrect classification of rumen microbial 

generated sequences, when aligned to databases populated with predominantly human 

microbiome data, is a real concern. For example, sequences originating from the GRC have 

previously been shown to be both under estimated in, and impacted by, reference database 

choice (Henderson et al., 2019). In addition, the degree of bootstrapping applied during the 

bioinformatics analysis of amplicon data, has been shown to affect the accuracy of taxonomic 

classification. Bootstrapping is a technique which is applied to determine a threshold for the 

accuracy with which a sequence is classified (Lan et al., 2012) with an increase in the 

bootstrapping value from 50 to 80, previously shown to increase the accuracy of genus level 

classification (Claesson et al., 2009).  

In accordance with the recommendations of the MBQC project and other research consortia, 

on the use of internal reference standards that contain taxa relevant to the microbial 

community under investigation (Sinha et al., 2015; Sinha et al., 2017; Pollock et al., 2018), the 

present study aimed to assess the accuracy of four reference databases (RDP, SILVA, GTDB 

and RefSeq + RDP) for rumen microbiota analysis. A synthetic amplicon reference standard 

containing a mixture of full length synthetic 16S and 18S rRNA gene sequences of key rumen 

microbes (archaea, bacteria and protozoa), was generated as part of the RumenPredict 

consortium and used in this study. In addition, this study aimed to determine the specificity of 

the Caporaso et al. (2011) 16S rRNA gene targeted primers to prokaryotic sequences and the 
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effects of applying an enhanced degree of bootstrapping in the DADA2 pipeline on taxonomic 

classification. 

3.3 Materials and methods 

The full length 16S rRNA gene sequences of 13 different species of bacteria and 3 different 

species of archaea, identified as representative of the rumen microbial composition from the 

GRC project or prior studies and isolated from the rumen with their genome sequenced where 

possible, were synthesized based on sequence information obtained from GenBank by 

Integrated DNA Technologies (Leuven, Belgium). Species were deemed representative of the 

rumen microbial community by being several of the most abundant classified genera in the 

GRC project, as well as species known to be commonly associated with different diets fed to 

domesticated ruminants. In addition, nine rumen protozoal 18S rRNA gene sequences 

(synthesized in the same manner as the 16S rRNA gene sequences) were present in the 

reference standard to evaluate the specificity of the 16S rRNA gene primers utilized. Details 

of the full length 16S (n = 16) and 18S (n = 9) rRNA gene sequences included in the reference 

standard are highlighted in Table 3.1. Synthesized sequences were pooled at varied 

concentrations to create the standard. The standard was treated as an internal control and 

included in three separate rumen microbial amplicon sequencing runs, as part of additional 

studies, with library preparation identical for all three runs. The standard was subsequently 

sequenced once per run, resulting in three sequenced replicates of the standard for 

comparison.  

3.3.1 Library preparation and sequencing  

Illumina amplicon libraries were generated using 12.5 ng of synthetic DNA from the pooled 

rumen sequencing standard as a template. Two rounds of PCR amplification were performed 

according to instructions in the Illumina MiSeq 16S Sample Preparation Guide with minor 

modifications to cycle length, as previously described by McGovern et al. (2018a). The first 

round of PCR amplification was performed using the 515F/806R primers (Caporaso et al., 

2011), targeting the V4 hypervariable region of the 16S rRNA gene. These primers have 

previously been utilized for the amplification of bacterial and archaeal microbial communities 

in large scale studies, such as the Earth Microbiome Project (Thompson et al., 2017) and 

investigations of the prokaryotic microbial community residing in the rumen (McCabe et al., 

2015; Bowen et al., 2018; Petri et al., 2018; McGovern et al., 2018b; McLoughlin et al., 2020; 

Smith et al., 2020). In addition, primers were designed with Illumina Nextera overhang 

adapters, with the 2× KAPA Hifi HotStart ReadyMix DNA polymerase (Roche Diagnostics, 

West Sussex, United Kingdom) utilized during amplification. Cycle conditions were as follows: 

1 cycle of 95◦C for 3 min, then 20 cycles of 95◦C for 30 s, 55◦C for 30 s, 72◦C for 30 s and 
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then 1 cycle of 72◦C for 5 min. Amplicons were purified using the MinElute PCR Purification 

Kit (Qiagen, Manchester, United Kingdom). Following purification, amplicons were subjected 

to a second round of PCR to attach dual indices and Illumina sequencing adapters using the 

Nextera XT indexing kit (Illumina, San Diego, CA, United States). Cycle conditions for the 

second round of PCR were 1 cycle of 95°C for 3 min, then 8 cycles of 95°C for 30 s, 55°C for 

30 s, 72°C for 30 s and then 1 cycle of 72°C for 5 min.  

The resulting amplicons were then purified using the MinElute PCR Purification Kit (Qiagen, 

Manchester, United Kingdom). Amplicon size was assessed by electrophoresis on a 2% 

agarose gel. Amplicons generated from the synthetic standard were pooled in equal 

concentration to the rumen microbial amplicons specific to each run and subjected to gel 

purification using the QIAquick Gel Extraction Kit (Qiagen, Manchester, United Kingdom) to 

remove adapter dimers. An additional round of purification with a MinElute PCR purification 

kit (Qiagen, Manchester, United Kingdom) was then conducted to remove any residues of 

agarose.  

Pooled sample purity and quantity was analysed on a Nanodrop 1000. Quantification was also 

performed on a Qubit fluorometer and using the KAPA SYBR FAST universal kit with Illumina 

Primer Premix (Roche Diagnostics, West Sussex, United Kingdom). Following this, the library 

pool was diluted and denatured according to the Illumina MiSeq 16S Sample Preparation 

Guide. Sequencing was conducted on three separate occasions on the Illumina MiSeq using 

500 cycle (version 2) reagent kits (Illumina, San Diego, CA, United States).  

3.3.2 Sequencing analysis 

 All sequences were processed in R (version 3.5.2) using DADA2 (version 1.11.3) with each 

of the three MiSeq runs separately submitted to the DADA2 pipeline as described by Callahan 

et al. (2016) with minor modifications. Quality checks were conducted to ensure that forward 

and reverse reads had mean Q scores of >30. Guided by the mean Q scores, forward reads 

were trimmed to a length of 240 bp and reverse reads trimmed to 200 bp. Primer sequences 

were removed using the trimLeft function. Identical sequences were combined using the 

dereplication function followed by the merging of forward and reverse reads. Following this, 

an ASV table was generated and chimeric sequences were removed.  

The performance of four databases, generated for use in the DADA2 pipeline, was assessed. 

Taxonomic assignment of sequence variants was compared using SILVA (version 132), RDP 

(version 11.5), GTDB (release date 20/11/2018) and the RefSeq + RDP (release date 

14/05/2018) available for download from the DADA2 website 

(https://benjjneb.github.io/dada2/training.html). Both GreenGenes and the RIM-DB were 

omitted from our analysis due to the classification of sequences based on predefined levels of 



50 
 

similarity or grouping of species into phylogenetic clades (DeSantis et al., 2006; Seedorf et 

al., 2014). All four databases represent training data sets formatted for use with the RDP Naïve 

Bayesian classifier within DADA2. Taxonomy was assigned to the RDP and SILVA database 

using a combination of the functions assignTaxonomy and assignSpecies with the appropriate 

taxonomy and species formatted fasta files. Only the assignTaxonomy function was used for 

both the GTDB and RefSeq + RDP databases as they contain species level classifications. 

Bootstrapping was applied at the default threshold implemented in DADA2 of 50 and 80. The 

increased level of bootstrapping was applied with the addition of the minBoot = 80 function to 

all assignTaxonomy and assignSpecies functions. 

Sample metadata, sequence taxonomy generated for each database and ASVs were 

combined into a phyloseq object for each run using phyloseq (version 1.24.2) (McMurdie and 

Holmes, 2013). Individual phyloseq objects for each database, across the three runs, were 

combined using the merge_phyloseq function to facilitate database comparisons. All ASVs 

which did not align to bacterial and archaeal sequences were depleted from all databases. 

However, to assess primer specification, all sequences were retained in an additional set of 

SILVA ASV tables. For database comparisons, two ASV tables, to account for the different 

bootstrapping thresholds, were generated per database (i.e., a total of n = 8 tables), with each 

table containing data from the all sequencing runs (n = 3). An additional two ASV tables, 

accounting for both bootstrapping values, were compiled for SILVA for the aforementioned 

primer specification analysis. In total, ten ASV tables were generated for analysis.  

The generated ASV table and sequence taxonomies for each database were analysed in R. 

Spearman’s rank correlation coefficient, generated with the hmisc package (version 4.2.0), 

was used to evaluate the compositional consistency of the standard across the three 

sequencing runs. The relative abundance of taxa was calculated for each sample at the 

species level in phyloseq.  

3.3.3 Analysis of database classification and primer specification  

The performance of each database was primarily assessed on their ability to correctly assign 

each of the 16S rRNA sequences, from kingdom to the correct genus and species level, with 

the exception of Methanomassiliicoccales which is yet to be classified beyond the taxonomic 

level of order (Li et al., 2016). The classification of the 16 most abundant sequences in each 

ASV table was utilised in the database comparison, with additionally populated sequences 

considered as background. The 16 most abundant ASVs were selected for analysis, based 

on the number of bacterial (n = 13) and archaeal (n = 3) sequences included in the standard. 

The mean relative abundance of each classified microbial sequence across the three runs 

was used for comparisons. Classification of each of the 16 most abundant ASV sequences 
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was confirmed by conducting an online nr/nt NCBI BLAST search 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch).  

Primer specificity was investigated, using only the SILVA (version 132) database, by 

determining the proportion of sequences assigned to prokaryotic and eukaryotic kingdoms. All 

non-classified and eukaryotic sequences were assessed as chimeric using the online version 

of DECIPHER (version 2.17.14) (Wright et al., 2012). The classification of non-chimeric 

sequences was confirmed using the online nr/nt NCBI BLAST as previously mentioned.  

3.4 Results  

The reference standard was included once across three separate sequencing runs, resulting 

in three sequenced replicates of the standard for comparison. The expected and actual genus 

and species level classification of bacterial (n = 13) and archaeal (n = 3) sequences included 

in the reference standard, by the four databases, are displayed in Table 3.2 (50 bootstraps) 

and Table 3.3 (80 bootstraps). A more detailed description of all levels of taxonomic 

classification for each database is available in the appendix (see Appendix Tables 9.1, 9.2). 

3.4.1 Sequencing performance 

Across the three sequencing runs, an average of 246,721 ± 69,789 reads was obtained for 

the rumen-specific sequencing standard. Following quality filtering, merging and removal of 

chimeric sequences, the average number of reads for the sequencing standard was 207,816 

± 46,679 reads per run. Four applications of the DADA2 pipeline, each time with either the 

SILVA, RDP, RefSeq + RDP or GTDB databases, resulted in the identification of the expected 

16 ASVs (each with a relative abundance of >1.0%), which represented ∼99.5% of all the 

ASVs identified across the sequencing runs. The remaining ASVs (representing just 0.5% of 

all the sequences) had a relative abundance of <1.0%. An average correlation, over the course 

of the three runs, of (rs = 0.90) was observed in the composition of the 16 most abundant 

microbes included in the sequencing standard, across all four databases. 

3.4.2 Domain level primer specificity 

Of the four databases analysed, SILVA is the only database which contains 18S rRNA 

reference sequences and hence was used for the determination of the prokaryotic specificity 

of the 515F/806R primers (Caporaso et al., 2011). A total of 61 unique ASVs were identified 

using the SILVA database when sequences from all kingdoms in the SILVA database were 

included. The 16 most abundant phylotypes classified by the SILVA database, on average, 

had a combined relative abundance of 99.48 ± 0.003% and were identified as bacterial and 

archaeal ASVs only. A total of 12 ASVs were classified as eukaryotic, when a bootstrapping 

threshold of 50 was initiated, and had a mean relative abundance of <0.02%. The number of 
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ASVs identified as eukaryotic decreased to nine when a bootstrapping cut off of 80 was 

applied, with the remaining three ASVs unclassified to any kingdom. BLAST search (nr/nt) 

confirmed only one of these 12 ASVs to be truly eukaryotic (mean relative abundance < 

0.001%). Of the remaining 11 ASVs, one ASV was deemed chimeric (mean relative 

abundance 0.004%) with the remaining ten ASVs identified as bacteria or archaea from the 

top nr/nt NCBI BLAST hits. 

3.4.3 GTDB database 

The GTDB database classified 61 unique taxa with the 16 most abundant ASVs having a total 

relative abundance of 99.48%. An unclassified Lachnospiraceae (mean relative abundance of 

11.95%) made up the largest proportion of ASVs identified by the GTDB database, regardless 

of bootstrapping threshold (Figure 3.1; see Appendix Table 9.3). The ASVs associated with 

the unclassified Lachnospiraceae taxonomic assignment were confirmed as Eubacterium 

ruminantium via a BLAST nr/nt search. Prevotella, Selenomonas, and Megasphaera were 

classified to the correct genera with corresponding family level classifications of 

Bacteroidaceae, Selenomonadaceae, and Megasphaeraceae, respectively. In addition, ASVs 

classified as Prevotella, Fibrobacter, and Propionibacterium had corresponding phylum level 

classifications identified as Bacteroidota, Fibrobacterota, and Actinobacteriota. P. anaerobius, 

C. aminophilum, and B. fibrisolvens could not be classified beyond the family level. Finally, 

bootstrapping threshold impacted the classification of Propionibacterium, which could not be 

classified beyond the family level at the default cut off of 50. 

Two ASVs were correctly classified as the Methanobrevibacter genus and species M. olleyae 

and M. millerae. Both Methanobrevibacter ASVs were classified to the phylum Euryarchaeota. 

The ASV assigned to Methanomassiliicoccales was classified to the correct taxonomic order. 

However, further attempts were made, irrespective of bootstrapping threshold, to classify the 

ASV to a lower taxonomic rank beyond the level of order to Methanomethylophilus alvus. 

3.4.4 SILVA and RDP database 

Both SILVA and the RDP database performed similarly with respect to taxonomic 

identification, and resulted in the identification of a total of 49 and 59 unique ASVs, 

respectively. The most abundant ASV identified by both databases (Figures 3.2, 3.3; see 

Appendix Tables 9.4, 9.5) was an unclassified sequence belonging to the family 

Lachnospiraceae (mean relative abundance of 11.96%). The genus level classifications of 11 

of the 13 bacterial sequences included in the standard were similar across both databases. 

For the SILVA database, the remaining two bacterial sequences were assigned to the taxa 

Lachnoclostridium and the highly abundant Lachnospiraceae. NCBI nr/nt BLAST of these two 

ASVs generated E. ruminantium as the top hit for the highly abundant Lachnospiraceae and 
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C. aminophilum as the top hit for Lachnoclostridium. No effect of bootstrapping was observed 

on ASVs classified with SILVA. 

Similarly, the RDP database failed to classify the highly abundant ASVs assigned to 

Lachnospiraceae to a lower taxonomic rank. These ASVs generated E. ruminantium as the 

top hit when subjected to a BLAST nr/nt search. Bootstrapping threshold altered the 

classification of the C. aminophilum sequence. This ASV was classified as Butyrivibrio at the 

lower bootstrapping threshold but could not be classified beyond the level of family when 

bootstrapping was increased to 80. 

Two ASVs were correctly classified as Methanobrevibacter within both databases. The 

methanogen Methanomassiliicoccales was classified to the correct taxonomic order, however, 

both RDP and SILVA further classified Methanomassiliicoccales as Methanomassiliicoccus 

and Candidatus Methanomethylophilus, respectively. 

3.4.5 RefSeq + RDP database 

The RefSeq + RDP database identified a total of 59 and 60 unique taxa at the high and low 

bootstrapping thresholds, respectively. The most abundant ASV (mean relative abundance of 

11.96%) was identified as Lachnospiraceae incertae sedis at the genus level (Figure 3.4; see 

Appendix Table 9.6). However, this sequence was classified as E. ruminantium (AB008552) 

at the species level. The bacterial sequence C. aminophilum was given the genus level 

classification of Clostridium XlVa, however, was identified as C. aminophilum (L04165) at the 

species level (see Appendix Tables 9.1, 9.2). All other remaining bacterial sequences were 

classified to the correct genus level. Bootstrapping threshold did not affect the taxonomic 

classification of any bacterial sequences to the genus level. However, at a threshold of 50, the 

Propionibacterium ASV was given a species level classification of P. australiense which was 

absent at the higher level of bootstrapping. 

For the methanogen proportion of the standard, the RefSeq + RDP database correctly 

distinguished Methanobrevibacter as two separate ASVs. The degree of bootstrapping applied 

had an effect on the classification of the Methanomassiliicoccales sequence. When the default 

threshold of bootstrapping was applied, Methanomassiliicoccales was classified to the correct 

taxonomic order, however, similar to the other databases, this ASV was further classified 

beyond the taxonomic level of order as Methanomassiliicoccus luminyensis (HQ896499). 

Methanomassiliicoccales was not classified beyond the taxonomic level of class when 

bootstrapping was increased to 80. 
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3.5 Discussion  

The importance of the routine inclusion of an internal DNA reference standard in sequencing 

runs should be apparent to all from the work of Yeh et al. (2018), who discovered the 

unexplainable disappearance of a key marine archaea from their internal control in one 

sequencing run. In spite of this, the routine inclusion and/or reporting of positive control use 

across microbial experiments remains low (Hornung et al., 2019). 

In this study, using a rumen specific reference standard, we aimed to further validate the 

specificity of the 515F/806R primers (Caporaso et al., 2011) toward the prokaryotic domains, 

optimize our bioinformatics analysis and compare reference databases for rumen microbial 

16S rRNA gene amplicon sequencing experiments. Based on the low (<0.001%) occurrence 

of truly non-prokaryotic taxa in the ASV table generated with the SILVA database, we can 

further confirm the suitability of the 515F/806R primers for investigations of the rumen bacterial 

and archaeal populations. Anaerobic fungi, while an important member of the rumen microbial 

community, were not included in this study as they are very much under-represented in the 

presently available microbial reference databases, due to the lack of fungal genome 

assemblies (Edwards et al., 2017; Huws et al., 2018). As a result, we did not seek to evaluate 

the precision with which each database would classify fungal sequences. 

The DADA2 program implements the RDP Naïve Bayesian classifier, as described by Wang 

et al. (2007), for the taxonomic classification of sequences. A bootstrapping threshold of 50 is 

the default setting within DADA2 for taxonomic classification. A bootstrapping value of 80 has 

been shown to marginally increase the accuracy of genus level classification of sequences 

when targeting the V4 region of the 16S rRNA gene, but decrease the overall number of genus 

level classifications (Claesson et al., 2009). Increasing the bootstrapping threshold resulted in 

a more accurate classification of Propionibacterium in both the GTDB and RefSeq + RDP 

databases. At a bootstrapping level of 80, the incorrect species classification of P. australiense 

(Vaidya et al., 2019) was removed in the RefSeq + RDP along with the correct genus 

assignment of this ASV in the GTDB database. Furthermore, a more tentative classification of 

Methanomassiliicoccales was observed at the higher bootstrapping threshold in the RefSeq + 

RDP database. Therefore, to ensure the optimum level of accuracy from this point on, 

database comparison will only be discussed in terms of the datasets with which the higher 

level (80) of bootstrapping was applied. 

Both the RDP and SILVA database have been routinely used in many microbiome 

experiments. The majority of 16S rRNA gene data for the RDP is generated from the 

International Nucleotide Sequence Database (INSC) (Cole et al., 2014). Sequence data within 

the SILVA database is obtained from EMBL-ENA (Glöckner et al., 2017). Both databases 
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source taxonomy from versions of Bergey’s manual and are supplemented by the List of 

Prokaryotic Names with Standing in Nomenclature (LPSN) (Parte, 2018). In addition, the 

SILVA database supplements its taxonomic classification from the RDP (Glöckner et al., 2017) 

with rumen specific taxonomies added to recent versions of the SILVA database (Henderson 

et al., 2019). 

The classification of a single ASV differed between both the RDP and SILVA databases. 

Previously, Henderson et al. (2019) observed a greater number of genera classification with 

SILVA, in comparison to RDP, with data generated as part of the GRC. Interestingly, SILVA 

identified the C. aminophilum sequence to the genus Lachnoclostridium. Previously it has 

been proposed to redefine all members of Clostridium cluster XIVa to the genus 

Lachnoclostridium (Yutin and Galperin, 2013). However, the nomenclatural Lachnoclostridium 

is described as a “preliminary entry that lacks crucial information” by the LPSN. The RefSeq 

+ RDP database classified this ASV as Clostridium XIVa and C. aminophilum at the genus 

and species level. Indeed, differences between the two databases showcase the need for inter 

database nomenclature consistency and alignment. In addition, this observation highlights 

further the effect database choice can have on sequence classification and importance of the 

routine reporting of database version to account for time specific changes to nomenclature. 

The RefSeq database is curated from genomic data obtained and assessed by the National 

Centre for Biotechnology Information (NCBI) (O’Leary et al., 2016). In the analysis conducted 

by Balvočiūtė and Huson (2017), the number of 16S rRNA gene sequences classified to the 

genus level in the NCBI database was vastly greater than both the RDP and SILVA databases 

combined. 

Although each database was predominantly assessed on genus level classifications, 11 ASVs 

(excluding C. aminophilum due to the ambiguous nomenclature of the species) were assigned 

to the correct species by the RefSeq + RDP database. In addition, E. ruminantium was 

correctly identified at the species level by the RefSeq + RDP database. Complications in the 

classification of E. ruminantium at lower taxonomic levels have been reported with the use of 

SILVA (Henderson et al., 2019). As explained by the previous authors, this most likely arises 

due to the sharing of a genus name between taxa belonging to a different family i.e. E. 

ruminantium a member of the Lachnospiraceae and E. limosum a member of Eubacteriaceae. 

The GTDB is relatively new in comparison to the RDP, SILVA and RefSeq databases with its 

curation described in detail by Parks et al. (2018). In short, the database defines bacterial and 

archaeal taxonomy on the basis of 120 and 122 concatenated protein sequences, respectively 

(Parks et al., 2017). The previous authors argue the high proportion of metagenome 

assembled genomes (MAGs) encompassed in many databases, lack 16S rRNA genes due to 
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their repetitive nature. In addition, it is claimed the novel method defined by Parks and 

colleagues is capable of expanding bacterial and archaeal diversity by 30%. 

The GTDB primarily relies on the LPSN for taxonomic classification of sequences (Parks et 

al., 2018). Therefore, the greater reliance on the LPSN for taxonomic classification by the 

GTBD may explain some of the variation in the classification of sequences between 

databases. The LPSN is regularly updated with phylogenetic reclassifications published in the 

literature. The GTDB (11/11/2018) database available through DADA2 has been more 

recently updated than the version of SILVA (13/2/2018) and RDP (1/6/2017) used in this study. 

Therefore, it is possible the GTDB may have contained more recent taxonomies from the 

LPSN, thus explaining differences in sequence classifications at higher levels between 

databases. In addition, both the GTDB curators and LPSN have adhered to inclusion of the 

suffix –ota at the end of the common name of a phylum, as per the recommendation of 

Whitman et al. (2018). 

Previous authors have highlighted the lack of a rumen specific database comparison between 

the main four 16S rRNA databases (RDP, SILVA, NCBI and GreenGenes) (Li et al., 2018). 

The GreenGenes reference database clusters sequences on the basis of 97% similarity. As a 

result, in an effort to adhere to the principles of exact sequence variant analysis as defined by 

Callahan et al. (2017), reads were not aligned to the GreenGenes database. Similarly, the 

RIM-DB database was not considered in our analysis as it groups members of the genera 

Methanobrevibacter into clades based on sequence similarity and utilizes unofficial 

nomenclature for members of the order Methanomassiliicoccales (Seedorf et al., 2014). 

Furthermore, the RIM-DB has previously been shown to have a reduced capacity to classify 

Methanobrevibacter sequences, to the species level, in comparison to early releases of SILVA 

(release 111) (Seedorf et al., 2014). 

To the best of our knowledge, we believe this to be one of the first comparisons of 16S rRNA 

database classifications for rumen microbial amplicon analysis that uses a rumen-specific 

reference standard. Furthermore, this investigation has shown the need for an improvement 

to the consistency and modernization of taxonomic classifications amongst the main 16S 

rRNA reference databases. While useful in the comparison of reference databases for 

microbial community analysis, additional sources of variation which may be present in “true” 

microbiomes cannot be assessed with the use of a DNA reference standard. For example 

inhibitors which may impact both DNA extraction and subsequent downstream analysis, such 

as PCR, are not accounted for with the use of mock communities (Pollock et al., 2018). 

This is the first study to compare differences in the taxonomic classification of rumen microbial 

sequences amongst the main 16S rRNA databases with the use of a synthetic sequencing 
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standard. As alluded to by others (Park and Won, 2018; Pollock et al., 2018; Henderson et al., 

2019), analysis conducted as part of this study highlights the known impact reference 

database selection can have on the interpretation of 16S analysis. Therefore, identifying the 

optimal reference databases capable of facilitating the accurate characterisation of the rumen 

microbial community composition  is imperative to facilitate an in-depth understanding of the 

relationship of the rumen microbiota with animal productivity and enteric emissions With this 

said, based on the findings from this study, the use of the GTDB or RDP 16S reference 

databases investigated are not recommended, due to the inaccurate classification of 

sequences included in the synthetic standard. Subsequently, the RefSeq + RDP and/or SILVA 

databases have been identified as the most appropriate reference databases for studying the 

16S rRNA rumen prokaryotic community profile, due to their superior classification of 

sequences included in the reference standard.”However, only a relatively small number of 

rumen prokaryotic species, in comparison to that which would be represented within the 

rumen, are included in our reference standard. As a result, discretion is required in the 

selection of the optimum reference database for rumen metataxonomic studies based on our 

analysis. Nonetheless, improvement to both the RefSeq + RDP and SILVA databases are 

warranted in future releases. For example, both datasets incorrectly classified 

Methanomassiliicoccales beyond the taxonomic level of order. In addition, while a high number 

of species classifications occurred with the use of the RefSeq + RDP database, discrepancies 

in the genus level classification of Eubacterium were apparent. 

Finding from this study highlight the benefit of utilizing a reference standards, representative 

of a microbiota that typically inhabits a specific microbial environment under investigation, for 

the evaluation of database choice for microbial 16S rRNA analysis. In keeping with the 

recommendations of the MBQC project, we would recommend all microbiome research 

groups to validate existing, novel and updated versions of all databases for taxonomic 

classification accuracy, with the use of internal reference standards containing sequences 

unique and representative of the microbial community under investigation. 
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Table 3.1 Classification of full length 16S (bacteria and archaea; n = 16) and 18S (protozoa; n = 9) rRNA sequences included in the rumen 
specific reference standard. 

Sequence Classification 

1 Eubacterium_ruminantium_strain_GA195_NR_024661.1_Isolated_from_bovine_rumen_1508bp 

2 Methanobrevibacter_millerae_strain_SM9_CP011266.1:785177-786613_Isolated_from_rumen_fluid_of_Ovis aries_1437bp 

3 Methanobrevibacter_olleyae_strain_YLM1_CP014265.1:274144-275584 _Isolated from_rumen_content_of_Ovis_aries_1441bp 

4 Peptostreptococcus_anaerobius_ATCC_27337_L04168.1_Isolated_from_bovine_rumen_1462bp 

5 Pseudobutyrivibrio_ruminis_HUN009_NZ_JNLH01000001.1:24802-26343_Isolated_from_rumen_1542bp * 

6 Propionibacterium_ruminibrarum_DSM106771T_Isolated_from_cow_rumen_fibrous_content_1430bp 

7 Ruminococcus_albus_strain_7_CP002403.1:417348-418847_Isolated_from_cow rumen_1500bp 

8 Butyrivibrio_fibrisolvens_ATCC_19171_U41172.1_Isolated_from_bovine_rumen_1477bp 

9 Megasphaera_elsdenii_strain_DSM_20460_(=ATCC_25940)_NR_102980.1_Isolated_from_sheep_rumen_1552bp 

10 Methanogenic_archaeon_strain_ISO4-H5 Methanomassiliicoccales_NZ_ CP014214.1:1550802-1552276_ Isolated from_rumen_content_of_Ovis_aries 1475bp 

11 Streptococcus_bovis_strain_B315_AF396920.1_Isolated_from_cattle_rumen_1540bp 

12 Lachnospira_multipara_DSM3073T_Isolated_from_bovine_rumen_1453bp 

13 Fibrobacter_succinogenes_subsp._succinogenes_S85_NC_017448.1:1232471-1233969_Isolated_from_bovine_rumen_1499bp 

14 Clostridium_aminophilum_strain_F_NR_118651.1_Isolated_from_bovine_rumen_1477bp 

15 Selenomonas_ruminantium_strain_GA192_M62702.1_Isolated_from_bovine_rumen_1367bp 

16 Prevotella_ruminicola_strain_23_NC_014033.1:223907-225439_Isolated_from_ rumen_1533bp 

17 Entodinium_caudatum_U57765.1_18S_Isolated_from_sheep_rumen_18S_1639bp 

18 Epidinium_ecaudatum_caudatum_AM158474.1_Isolated_from_sheep_rumen_18S_1637bp 

19 Ostracodinium_gracile_AM158468.1_Isolated_from_cattle_rumen_18S_1639bp 

20 Isotricha_prostoma_AF029762.1_Isolated_from_cow_rumen_18S_1641bp 

21 Dasytricha_ruminantium_U57769.1_Isolated_from_sheep_rumen_18S_1638bp 

22 Eudiplodinium_maggii_U57766.1_Isolation_from_rumen_18S_1637bp 

23 Diploplastron_affine_AM158457.1_Isolated_from_cattle_rumen_18S_1627bp 

24 Metadinium_medium_AM158464.1_Isolated_from_cattle_18S_1627bp 

25 Polyplastron_multivesiculatum_AM158458.1_Isolated_from_sheep_rumen_18S_1629bp 

Sequence data and classifications were sourced from GenBank. *16S sequence of 
Pseudobutyrivibrio ruminis obtained from a draft genome 
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Table 3.2 Expected vs. actual genus and species classification of bacterial (n = 13) and 
archaeal (n = 3) sequences included in reference standard by four databases at a 
bootstrapping threshold of 50. 

Sequence Expected Classification GTDB RDP SILVA RefSeq + RDP 

1 Eubacterium ruminantium FF FF FF UE 

2 Methanobrevibacter millerae EE EF EF EE 

3 Methanobrevibacter olleyae EE EF EF EE 

4 Peptostreptococcus anaerobius FF EE EE EE 

5 Pseudobutyrivibrio ruminis EE EF EF EE 

6 Propionibacterium sp. FF EF EU EU 

7 Ruminococcus albus EE EE EE EE 

8 Butyrivibrio fibrisolvens FF EE EE EE 

9 Megasphaera elsdenii EE EF EF EF 

10 
Methanogenic archaeon strain ISO4-H5 
Methanomassiliicoccales 

UU UF* UF* UU 

11 Streptococcus bovis EU EF EF EU 

12 Lachnospira multipara EU EF EF EE 

13 Fibrobacter succinogenes EE EE EE EE 

14 Clostridium aminophilum FF UF UF EE 

15 Selenomonas ruminantium EE EE EE EE 

16 Prevotella ruminicola EF EE EE EE 

 

  

F = database failed to assign ASV to taxonomic level. E = database assigned ASV to the expected 
taxonomic level. U = database assigned ASV to the unexpected taxonomic level. Each letter 
corresponds to the accuracy of the genus and species classification, respectively. 
*Both the RDP and SILVA database gave a genus, but not a species, level classification. 
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Table 3.3 Expected vs. actual genus and species classification of bacterial (n = 13) and 
archaeal (n = 3) sequences included in reference standard by four databases at a 
bootstrapping threshold of 80. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence Expected Classification GTDB RDP SILVA RefSeq + RDP 

1 Eubacterium ruminantium FF FF FF UE 

2 Methanobrevibacter millerae EE EF EF EE 

3 Methanobrevibacter olleyae EE EF EF EE 

4 Peptostreptococcus anaerobius FF EE EE EE 

5 Pseudobutyrivibrio ruminis EE EF EF EE 

6 Propionibacterium sp. EF EF EU EE 

7 Ruminococcus albus EE EE EE EE 

8 Butyrivibrio fibrisolvens FF EE EE EE 

9 Megasphaera elsdenii EE EF EF EF 

10 
Methanogenic archaeon strain ISO4-H5 
Methanomassiliicoccales 

UU UU* UU* EE** 

11 Streptococcus bovis EU EF EF EU 

12 Lachnospira multipara EU EF EF EE 

13 Fibrobacter succinogenes EE EE EE EE 

14 Clostridium aminophilum FF UF UF EE 

15 Selenomonas ruminantium EE EE EE EE 

16 Prevotella ruminicola EF EE EE EE 

F = database failed to assign ASV to taxonomic level. E = database assigned ASV to the expected 
taxonomic level. U = database assigned ASV to the unexpected taxonomic level. Each letter 
corresponds to the accuracy of the genus and species classification, respectively. 
*Both the RDP and SILVA database gave a genus, but not a species, level classification. 
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Figure 3.1The mean relative abundance and GTDB classification (family and genus) of the 16 most abundant sequences in libraries generated from the rumen specific reference 

standard. Bootstrapping threshold: (A) 50 and (B) 80.
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Figure 3.2 The mean relative abundance and SILVA classification (family and genus) of the 16 most abundant sequences in libraries generated from the rumen specific reference 

standard. Bootstrapping threshold: (A) 50 and (B) 80. 
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Figure 3.3 The mean relative abundance and RDP classification (family and genus) of the 16 most abundant sequences in libraries generated from the rumen specific reference 

standard. Bootstrapping threshold: (A) 50 and (B) 80.
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Figure 3.4 The mean relative abundance and RefSeq + RDP classification (family and genus) of the 16 most abundant sequences in libraries generated from the rumen specific 

reference standard. Bootstrapping threshold: (A) 50 and (B) 80. 
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4.1 Abstract 

The performance of ruminant livestock has been shown to benefit from the enhanced nutritive 

value and herbage yield associated with clover incorporation in the grazing sward. However, 

little research to date has been conducted investigating the effects of mixed swards containing 

white clover on the composition of the rumen microbiome. In this study, the rumen microbial 

composition of late lactation dairy cows grazing perennial ryegrass only (PRG; n=20) or 

perennial ryegrass and white clover (WCPRG; n=19) swards, was characterised using 16S 

rRNA amplicon sequencing. PERMANOVA analysis indicated diet significantly altered the 

composition of the rumen microbiome (P=0.024). Subtle shifts in the relative abundance of 13 

bacterial genera were apparent between diets, including an increased relative abundance of 

Lachnospira (0.04 vs. 0.23%) and Pseudobutyrivibrio (1.38 vs. 0.81%) in the WCPRG and 

PRG groups, respectively. The composition of the archaeal community was altered between 

dietary groups, with an increase in the relative abundance of Methanosphaera in the WCPRG 

observed. Results from this study highlight the potential for sward type to influence the 

composition of the rumen microbial community.  
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4.2 Introduction 

Forage is recognised as the cheapest source of nutrition for ruminant livestock (Finneran et 

al., 2012) and predominates as the main source of feed in temperate climatic regions such as 

Ireland (O'Brien et al., 2018). The addition of white clover in the grazing sward has been 

reported to increase herbage yield (Enriquez-Hidalgo et al., 2018, Guy et al., 2018, Guy et al., 

2020) and enhance animal performance in both dairy and sheep systems (Egan et al., 2017, 

Dineen et a., 2018, Grace et al., 2018, Egan et al., 2018, McClearn et al., 2020). However the 

positive response to milk production associated with clover inclusion at pasture can be varied 

(Humphreys et al., 2009, Enriquez-Hidalgo et al., 2014a). Legumes tend to have increased 

protein content and a reduced proportion of fibre in comparison to grasses (Lee, 2018). 

Indeed, it is these attributes that are common to legumes, which has resulted in the majority 

of authors concluding improvements to animal performance to arise from increased feed 

intakes (due to reduced neutral detergent fibre (NDF)) and overall increase to the sward 

nutritive value (as a result of increased CP) associated with clover inclusion in pastoral 

systems (Egan et all., 2017, Guy et al., 2018, McClearn et al., 2020). 

A reduction to the fibrous proportion of diets is associated with increased feed consumption in 

ruminants (Allen, 2000). The decreased fibre proportion in legumes compared to grasses (Lee, 

2018) most likely results from a combination of the increased pectin (Ulyatt, 1971, Thomson, 

1984) and reduced hemicellulose content in clover (Fraser and Rowarth, 1996). Differences 

in the carbohydrate composition between both forages results in a contrasted microbial 

degradation when ingested. The degradation of the pectin component of the cell wall in 

legumes (Cheng et al., 1982) results in a more rapid rate of degradability in the rumen 

(Chesson and Monro, 1982) most likely explaining the associated increase in feed intake when 

clover is fed (Niderkorn et al., 2017), due to a swift reduction in particle size. 

The regulatory capacity of diet on the composition and functionality of the rumen microbiome 

has long been recognised resulting from the effects of a varied supply of growth substrates for 

differing microbes (Hungate, 1966, Henderson et al., 2015, Ellison et al., 2017). Subsequently, 

differences in the composition of the rumen microbial communities are known to influence 

animal performance (Carberry et al., 2012, Shabat et al., 2016, McGovern et al., 2018b). 

Therefore, all dietary strategies under investigation and/or currently utilised on farm, should 

consider animal performance in tandem with rumen microbial composition and function. 

To the best of our knowledge, only two studies have evaluated the effects of grazing swards 

containing white clover on the composition of the rumen microbiome using NGS techniques 
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(Bowen et al., 2018, O’Callaghan et al., 2018). Both studies reported minor or no effects on 

the rumen microbial composition, although the potential for white clover inclusion in the sward 

to cause changes in the rumen microbiota has been suggested (O’Callaghan et al., 2018). 

Monocultures of white clover were investigated by Bowen et al. (2018), which would not 

regularly be grazed at farm level. As a result, the effect of white clover feeding, under practical 

on farm conditions, on the rumen microbiome, has only been conducted in one study and 

requires further validation. In addition, the grazing of clover swards has been reported to have 

a variable effect on CH4 production (Lee et al., 2004, Hammond et al., 2011, Enriquez-Hidalgo 

et al., 2014a, Niderkorn et al., 2017). However, no simultaneous data on the composition of 

the rumen microbiome and CH4 production of ruminants grazing clover swards is available.  

Therefore the aim of this study was to investigate if the inclusion of white clover in the grazing 

sward would alter the composition and predicted functionality of the rumen bacteria and 

archaea communities of dairy cows, in comparison to monocultures of perennial ryegrass. 

Rumen microbial samples were obtained from a previous experiment investigating the effects 

of sward type on animal performance and enteric methane production (Enriquez-Hidalgo et 

al., 2014a). An additional aspect of this study was to determine if minor differences in MY 

associated with sward type, would be reflective of alterations to the rumen archaeal 

population.  

4.3 Materials and methods 

Animal handling and sampling procedures carried out in this experiment were recommended 

for licencing by two qualified signatories at University College Dublin and approved for 

licencing by the Irish Department of Health and Children in accordance with the legislative 

requirements under section 8 of the Cruelty to Animals Act, 1876. 

The experiment described here is based on an earlier study which examined the effect of 

sward composition on milk production and enteric CH4emissions of dairy cows grazing either 

perennial ryegrass pasture with or without the inclusion of white clover. A more thorough 

description of the animal model, CH4 measurement methodology and sward characteristics is 

reported in the original study (Enriquez-Hidalgo et al., 2014a). 

4.3.1 Animal and grazing model, DMI and enteric methane emissions estimates 

Briefly, a total of 40 spring calving late lactation dairy cows, balanced by breed (Holstein 

Friesian, Norwegian Red and Norwegian Red × Holstein Friesian) were selected in April 2011 

from the main herd at the Dairygold Research Farm (Teagasc, Animal and Grassland 

Research and Innovation Centre, Moorepark, Fermoy, Co. Cork, Ireland). Cows were 

randomly assigned to two herds and rotationally grazed swards containing either perennial 
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ryegrass (Lolium perenne) only (PRG; n=20) or perennial ryegrass and white clover (WCPRG; 

n=20). A postgrazing sward height (PostGSH) of 4 cm above ground height was targeted to 

allow individual animals a daily herbage allowance (HA) of 16 kg of DM. Additionally, cows 

were allocated a supplementation of 1 kg of concentrate/cow per day (CP = 154.1, NDF = 

40.9, and ash = 102.8 g/kg of DM). Concentrate supplementation was withdrawn three days 

prior to the measurement of DMI, followed by an increase in HA to 17 kg of DM/cow per day. 

The PRG swards contained a 50:50 mixture of tetraploid (AstonEnergy) and diploid (Tyrella) 

PRG varieties sown at 37 kg/ha. The WCPRG sward included the same relative PRG 

combination utilised in the PRG sward (37 kg/ha) in addition to a medium leaf white clover 

mixture of 50:50 (Chieftain and Crusader) sown at a rate of 5 kg/ha.  

4.3.2 Sample collection and DNA extraction 

During the CH4measurement period, approximately 50 ml of rumen digesta was sampled from 

each animal using transoesophageal rumen sampling (FLORA rumen scoop; Guelph, Ontario, 

Canada). After collection, individual rumen samples were immediately squeezed through three 

layers of synthetic cheesecloth and snap frozen followed by storage at -20°C and by 

subsequent long-term storage at -80°C until DNA was extracted. Further details in relation to 

the processing of samples at collection are reported in Enriquez-Hidalgo et al. (2014b).  

One sample was mislaid resulting in a total number of 39 samples (PRG n=20; WCPRG n=19) 

for microbial DNA extraction. Using the repeated bead beating and column purification method 

(Yu and Morrisson, 2004) DNA was extracted from approximately 250mg of the frozen rumen 

sample. DNA quality was assessed on agarose gels with the concentration of extracted DNA 

quantified on the Nanodrop 1000 spectrophotometer.   

4.3.3 Library preparation and sequencing  

A total of 39 amplicon libraries were generated from 12.5 ng of individual rumen microbial DNA 

from a total of 39 animals by performing two rounds of PCR amplification as outlined in the 

Illumina MiSeq 16S Sample Preparation Guide with minor modifications to cycle length, as 

outlined by McGovern et al. (2018a). An additional library was generated as an internal 

positive control using the ZymoBIOMICSTM Microbial Community Standard DNA (DS) (Zymo 

Research Corp., Irvine, CA, United States) to assess library preparation and sequencing 

performance. The first round of PCR amplification, targeting the V4 hypervariable region of 

the 16S rRNA gene, was performed using the 515F/806R primers (Caporaso et al., 2011), 

designed with Nextera over hang adapters, and 2x KAPA Hifi HotStart ReadyMix DNA 

polymerase (Roche Diagnostics, West Sussex, UK). Cycle conditions were as follows: 95°C 

for 3 min, 20 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and then 72°C for 5 min.  
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Amplicons were purified using the QIAquick PCR Purification Kit (Qiagen, Manchester, UK). 

Following purification, amplicons were subject to a second round of PCR to permit attachment 

of dual indices and Illumina sequencing adapters using the Nextera XT indexing kit (Illumina, 

San Diego, CA, USA). Cycle conditions for the second round of PCR were 95°C for 3  min, 8 

cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and then 72°C for 5 min followed by an 

additional PCR purification with the QIAquick PCR Purification Kit (Qiagen, Manchester, UK). 

Confirmation of amplicon generation was conducted visually on a 2% agarose gel. Amplicons 

were pooled together in equal concentration and subject to gel purification using the QIAquick 

Gel Extraction Kit (Qiagen, Manchester, UK) to remove adapter primers and further purified to 

remove any residues of agarose using the QIAquick PCR purification kit (Qiagen, Manchester, 

UK). 

Pooled sample purity and quantity was analysed on the Nanodrop 1000 with further validation 

on the Qubit fluorometer and using the KAPA SYBR FAST universal kit with Illumina Primer 

Premix (Roche Diagnostics, West Sussex, UK). Following this, the library pool was diluted and 

denatured as per the Illumina Miseq 16S Sample Preparation Guide with sequencing 

conducted on the Illumina MiSeq using the 500 cycle version 2 MiSeq reagent kit (Illumina, 

San Diego, CA, USA). 

4.3.4 Sequencing analysis 

All 16S rRNA gene amplicons were processed in R (version 3.4.2) using DADA2 (version 

1.9.0) (https://benjjneb.github.io/dada2/tutorial.html) and submitted to the pipeline as 

described (Callahan et al., 2016) with minor modifications. Quality checks of both forward and 

reverse reads were initiated based on a visualisation of the average Q score for each sample 

with the aim to ensure mean Q scores of >30 were upheld for forward and reverse reads. To 

achieve this, forward reads were trimmed to a length of 240bp and reverse reads trimmed to 

200bp. The removal of primer sequences was conducted using the trimLeft function. Identical 

sequences were combined using the dereplication function followed by the merging of forward 

and reverse reads. Following this an amplicon sequence variant (ASV) table was constructed 

after which chimeric sequences were removed and taxonomy assigned to sequences variants 

using the SILVA database (version 132). Sample metadata, sequence taxonomy, and ASVs 

were combined into a phyloseq object using phyloseq (version 1.22.3) (McMurdie and Holmes, 

2013) for further analysis. Predictions of metabolic pathways for each sample, based on the 

generated ASVs, were conducted using CowPI (Wilkinson et al., 2018).  

4.3.5 Statistical analysis 

Analysis of animal performance data has been previously reported by Enriquez-Hidalgo et al. 

(2014a). The generated ASV table and sequence taxonomies were analysed in R (version 

https://benjjneb.github.io/dada2/tutorial.html
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3.4.2). Of the 39 samples sequenced, one sample was excluded from the analysis due to 

having a substantially lower sequencing depth compared to all other samples leaving a total 

of 38 successfully sequenced samples evenly split between the dietary groups (n=19 per 

group). Taxa with a read count of less than two were removed for statistical analysis. The 

relative abundance of taxa was calculated for each sample at the genus level, as a percentage 

of total read count, in phyloseq. Two non-metric multidimensional scaling (NMDS) plots, based 

on Bray-Curtis dissimilarity were generated to visualise differences in the overall microbial 

communities and archaeal community between the dietary treatments. A Permutational 

multivariate analysis of variance (PERMANOVA) test, based on 9,999 permutations and a 

significance level of P < 0.05, was carried using the R package vegan (version 2.5.4) (Oksanen 

et al., 2019) implemented through microbiome (version 1.0.2) (Leo Lahti et al., 2017) to 

investigate differences in the overall community structure amongst samples, based on 

treatment, at the level of genus. The Wilcoxon rank sum test, with Benjamini Hochberg (BH) 

correction for false discovery rate (FDR) was implemented for the identification of significant 

treatment differences in the overall relative abundance of taxa and the archaeal only 

proportion, based on adjusted P-values (adj P) of < 0.05. Only taxa with a relative abundance 

of >0.1% in at least one of the dietary groups, was considered in treatment comparisons.  The 

dietary grouping of animals was the only descriptive variable included in the comparison of 

microbial communities between treatments, due to the balanced statistical design of the 

original study (Enriquez-Hidalgo et al., 2014a) and dietary focus of the current study. A 

Student’s T-Test was used to compare diversity metrics microbial community (species level) 

structure comparisons. Statistical analysis of predicted pathways was carried out using 

STAMP (version 2.1.3) (Parks et al., 2014). Comparison of predicted pathways was conducted 

using the proportion of reads that were annotated to each individual metabolic pathway as a 

percentage of the total reads (read relative abundance). Statistical analysis of read relative 

abundance was conducted using a Student’s T-Test, with BH correction for FDR (adj P < 0.05) 

to determine differences based on dietary group. Spearman’s rank correlation coefficient was 

used to determine the correlation of the theoretical composition of the ZymoBIOMICSTM DS 

standard and that of over generated DS library. 

4.4 Results 

Animal performance and herbage analysis has previously been reported by Enriquez-Hidalgo 

et al. (2014a).  

4.4.1 DNA extraction and sequencing run performance 

No evidence of DNA degradation associated with the long term storage of samples was 

present with agarose gels revealing bands predominantly smeared between 12kb and 1kb 
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positions for all samples. This range of smearing is to be expected due to DNA shearing 

associated with the bead beating method utilised (Yu and Morrison, 2004).  

A total of 13,513,572 reads were obtained from sequencing on the Illumina MiSeq with an 

average 168,307 ± 36,207 reads per sample. Following quality filtering, merging and removal 

of chimeric sequences, there was a total of 5,543,164 reads with 138,579 ± 32,416 reads per 

sample. 

A correlation of (rs = 0.98) was observed between the theoretical composition of the 

ZymoBIOMICSTM DS standard and that of our generated DS library. Run performance was 

deemed to have been performed to an optimal standard based on the correlation between our 

internal positive control and the theoretical composition supplied by ZymoBIOMICSTM. 

4.4.2 Microbial community structure and composition  

No effect of sward type was observed on alpha diversity in the rumen microbial community 

structure, with no difference detected in Shannon or Simpson metrics (P = 0.23 and P = 0.34), 

respectively. Due to poor species classification, all ASVs within each sample were classified 

to the genus level. This resulted in a total of 304 taxa being identified at the genus level across 

all samples.  

Across both diets, bacteria and archaea had an average relative abundance of 98.32 and 

1.68%, respectively. At the phylum level, Bacteroidetes and Firmicutes dominated, with 

Prevotellaceae, Lachnospiraceae and Ruminococcaceae residing as the most abundant 

family of taxa across all samples. Finally, Prevotella 1 (40.58%) was the most abundant taxa 

identified in all samples when classified at the genus level. Other abundant genera of microbes 

observed across all samples included Christensenellaceae R-7 group (5.59%), Rikenellaceae 

RC9 gut group (4.81%), Fibrobacter (4.69%) and Ruminococcaceae NK4A214 group (3.93%). 

4.4.3 Dietary effect on rumen microbial community 

A NMDS plot of overall microbial community sample data, generated using Bray-Curtis 

dissimilarity analysis (Figure 4.1), displayed a moderate degree of clustering of samples based 

on diet with respect to the microbial communities. Community composition was deemed to 

have been altered by diet based on the results of the PERMANOVA analysis (P = 0.024). 

Cyanobacteria were the only phyla with a relative abundance that was significantly altered by 

diet, with an increased abundance noted in the PRG group (Table 4.1). Dietary composition 

resulted in a significant increase in the abundance of Veillonellaceae in the PRG group (Table 

4.2). Additionally, a minor but significant, rise in the abundance of Desulfovibrionaceae was 

observed in the PRG group.  
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When classified at the genus level and corrected for FDR, the relative abundance of 15 taxa, 

with an average abundance of >0.1% in at least one dietary group were found to be 

significantly, or tentatively, affected by diet (Table 4.3). Most genera influenced by diet 

belonged to the phylum Firmicutes (n=11). A total of 4 genera belonging to the family 

Lachnospiraceae had relative abundances that differed between the groups. An increase in 

the relative abundance of, Pseudobutyrivibrio and Lachnoclostridium 10 was evident in the 

PRG animals whereas there was a rise in the relative abundance of Lachnospira and 

Lachnoclostridium 1 in the WCPRG group. Within Veillonellaceae, the abundance of 

Selenomonas 1 was decreased in the animals grazing the WCPRG swards. In the family 

Ruminococcaceae, a near significant increase in the abundance of Ruminococcaceae UCG-

014 occurred in the WCPRG.  

Diet also had a minor effect on the relative abundance of lowly abundant bacteria including    

an increase to the relative abundance of genera Ruminococcus 2, Candidatus 

Saccharimonas, Kandleria and Olsenella, in WCPRG cows and Desulfovibrio and 

Selenomonas in the PRG group. In addition, the relative abundance of Methanobrevibacter 

was increased in the PRG animals when abundance was calculated as a proportion of all 

16S rRNA sequences. 

4.4.4 Effect of sward type on rumen archaeal community  

Overall, the archaeal relative abundance accounted for a small proportion (1.68%) of all 

sequences generated. Within both dietary groups, Methanobacteriaceae dominated at the 

family level with the genera Methanobrevibacter accounting for 79.1% of archaea across all 

samples. Calculating the abundance of methanogens relative to archaeal sequences only, 

resulted in a degree of sample clustering based on diet (Figure 4.2). In addition, an increase 

in the relative abundance of Methanobrevibacter (81.98 vs. 76.21%; adj P < 0.001) within the 

PRG diet with a shift towards an increase in the abundance of Methanosphaera (10.19 vs. 

15.40%; adj P < 0.001) in the WCPRG group, was observed.  No dietary effect was observed 

on the remaining genera of methanogens examined in the current study. 

4.4.5 Predicted metabolic pathway analysis 

Two metabolic pathways, with a relative read abundance greater than 0.01%, were found to 

be influenced by diet. Metabolic pathways associated with other glycan degradation (adj P < 

0.001; Figure 4.3) and membrane and intracellular structural molecules (adj P < 0.01) were 

predicted to have a higher expression in rumen samples collected from WCPRG cows. Diet 

did not have an impact on pathways predicted to be connected to CH4 metabolism. 
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4.5 Discussion 

The addition of white clover to the grazing sward has been shown to boost herbage yield and 

reduce the dependence on synthetic fertiliser (Enriquez-Hidalgo et al., 2018, Guy et al., 2018, 

O’Brien et al., 2018). Equally, animal performance has been shown to potentially benefit from 

an enhanced dietary nutritive value and digestibility with the incorporation of white clover into 

the grazing platform (Egan et al., 2017, Egan et al., 2018, Dineen et al., 2018, Grace et al., 

2018, McClearn et al., 2018), albeit response can be varied (Humphreys et al., 2009, 

Enriquez-Hidalgo et al., 2014a).    

The grazing of clover monocultures has previously been suggested to illicit stresses, such as 

low pH and/or bloat, on the rumen in conjunction with an elevated relative abundance of 

genera belonging to the phylum Proteobacteria (Bowen et al., 2018). However, data generated 

from this study would suggest the grazing of swards with 24% clover content to be free of 

imbalances to the rumen microbiota as the relative abundance of Proteobacteria between 

diets was consistent.  

White clover has previously been shown to have higher pectin content in comparison to 

perennial ryegrass (Ulyatt, 1971, Thomson, 1984). Therefore, elevated expression of 

pathways predicted to be associated with other glycan degradation in the WCPRG may be 

indicative of an increased supply of pectin in the diet. However, as CowPI infers the 

functionality of the rumen microbiota with the use of metataxonimc abundance and an 

annotated genome database (Wilkinson et al., 2018), the true expression of rumen microbial 

genes potentially associated with pectin degradation could not be inferred. Nonetheless, 

members of the genera Lachnospira, such as L. multiparus, are predominantly pectin 

degrading bacteria (Stewart et al., 1997). Therefore, the observed greater abundance of this 

genus in the WCPRG cows may in part be due to higher pectin content in white clover when 

compared to grasses. This is similar to the findings of previous studies focused on legume 

forages (Bryant et al., 1960, Bowen et al., 2018). 

The ability to degrade pectin has been identified in other ruminal bacteria such as Prevotella 

and Butyrivibrio (Marounek and Dušková, 1999). The genus Prevotella has been identified as 

a core rumen microbial resident (Hungate, 1966). In addition, the genus has been labelled a 

catabolic generalist (Emerson and Weimer, 2017) due the ability of individual member species 

to degrade a variety of substrates such as starch, hemicellulose, xylan and pectin (Matsui et 

al., 2000, Rubino et al., 2017). As a result, the dominance of Prevotella within both dietary 

groups is most likely reflective of the numerous growth substrates utilised by members of the 

genera. Butyrivibrio also has the ability to degrade a similar cohort of plant structural 
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carbohydrates (Krause et al., 2003), most likely leading to the similar relative abundance of 

the bacteria across both dietary groups.  

The genomes of Lachnospira, Prevotella and Butyrivibrio have recently been reported to 

encode for pectin methyl esterases (PME) (Rode et al., 1981), which are responsible for the 

conversion of pectin to methanol (Kelly et al., 2019). The abundance of methylotrophic 

methanogens such as Methanosphaera, is suggested to be limited by the availability of 

methanol in the rumen (Kelly et al., 2019). Therefore, the minor shift towards an increased 

abundance of Methanosphaera relative to the overall archaeal community, in the WCPRG 

dietary group, may be due to an enhanced supply of methyl compounds arising from the 

fermentation of pectin by the previously mentioned bacteria.  

White clover is more readily fermented in the rumen in comparison to grasses (Minson and 

Wilson, 1994) and has been shown to be both associated with reduced ruminal retention time 

(Dewhurst et al., 2003) and increased feed intake (Lee et al., 2004, Niderkorn et al., 2017, 

Guy et al., 2018). Such characteristics of clover degradation may be a combination of the 

reduced fibre content in clover (Allen, 2000) and cellular fracture, rather than indentation, of 

clover plant cells during the fermentation process (Cheng et al., 1980). 

The model proposed by Janssen (2010) suggests that a faster rumen passage rate is likely to 

negatively impact microbial growth rates when substrates for growth are reduced. Recent work 

by others has identified Pseudobutyrivibrio to be a secondary coloniser of ingested fibre (Huws 

et al., 2016, Mayorga et al., 2016), and therefore most likely unsuited to conditions associated 

with increased ruminal passage rate. In addition members of the genera Pseudobutyrivibrio 

are known fermenters of hemicellulose (Krause et al., 2003). While in depth chemical analysis 

was not performed on the swards under investigation in this study (Enriquez-Hidalgo et al., 

2014a), perennial ryegrass has been shown to have a greater proportion of hemicellulose in 

comparison to white clover (Ulyatt, 1971, Fraser and Rowarth, 1996). Therefore, the increase 

in the relative abundance of Pseudobutyrivibrio observed in the PRG group may have 

potentially benefited from an increased availability of hemicellulose. Also it is possible that 

clover may have some ‘as of yet’ unknown inhibitory effect on the microbe as a reduction in 

the abundance of the genus  in vitro has previously been shown when incubated on red clover 

in comparison to PRG (Elliot et al., 2018). 

Key characteristics of mixed clover and grass swards are indicative of their potential as a 

possible mitigation strategy for pastoral based systems. For example, a decreased rumen 

retention time has previously been associated with reductions in MY (Pinares-Patiño et al., 

2003, Goopy et al., 2014) while reducing the proportion of fibre in the diet is also related to 

lower CH4output (Moss et al., 2000). We observed a minor reduction in the relative abundance 
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of Methanobrevibacter in the clover sward when microbial abundance was calculated relative 

to all 16S rRNA sequences. However, as qPCR was not conducted as part of this study it is 

difficult to determine if the actual abundance of Methanobrevibacter was reduced. Equally, 

while the utilisation of 16S rRNA methods allowed for the simultaneous study of bacterial and 

archaeal populations in this study, the mcr gene has proved a reliable biomarker for 

investigations of methanogenesis (Wilkins et al., 2015). As a result, comparing the abundance 

of methanogens relative to bacteria on the bases of 16S rRNA sequencing, when studying 

methanogenesis, has limitations, including a lack of data on methanogen activity (McGovern 

et al., 2017). However, differences in the abundance of individual members of the methanogen 

population are known to be associated with CH4production (Tapio et al., 2017). With this said 

when the abundance of methanogens was calculated relative to the archaeal sequences only, 

a subtle shift towards an increased abundance Methanosphaera was noted in WCPRG diet. 

In addition to this, a clear separation in the archaeal community structure between both dietary 

groups was apparent.   

Theoretically, hydrogenotrophic methanogenesis has a greater net energy availability (−131 

ΔG°′ (kJ/mol CH4)) (Thauer et al., 2008) in comparison to methylotrophic methanogenesis 

(−113 to −112.5 ΔG°′ (kJ/mol CH4)) (Liu and Whitman, 2008). However, as alluded to by Kelly 

et al. (2019) the lower H2 requirement of methylotrophic methanogenesis results in increased 

free energy availability in comparison to the CO2 reduction pathway. Previously, we referenced 

methanol to be the limiting factor for growth of Methanosphaera rather than H2. As a result, it 

could be possible that the increased supply of methanol, coupled with both the suggested 

negative effect of feed intake on members of Methanobrevibacter (McCabe et al., 2015) and 

more energetically favourable methanogenesis pathway, sustained a competitive advantage 

for Methanosphaera in the WCPRG group. While differences in the proportions of members 

of the archaeal community between both diets have been previously associated with reduced 

MY(Shi et al., 2014, Ramayo‐Caldas et al., 2020), community shifts were minor which is 

reflective of the similar level of daily CH4output and slight reduction in MY associated with the 

WCPRG diet.   

Our research has shown the inclusion of white clover to the grazing sward to be accompanied 

by subtle changes to the composition of the rumen microbiome. Results from this study 

highlight the effect of different sward types on the composition of the rumen. It is assumed that 

more abundant microbes in a normal functioning rumen prosper due to their fermentation 

pathways providing an advantage, over less abundant microbial inhabitants, to utilise available 

substrates (Janssen, 2010). Considering this, it is probable that variation in the substrates 

supplied by the different swards and/or variation in ruminal retention time altered conditions in 

the rumen between the two groups. However, the subtle changes in nutrient flow to the rumen, 
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do not appear to have negative consequences on the microbial composition indicative of 

ruminal stress, such as low pH or bloat, when grazing of swards with a 24% clover. To achieve 

benefits to animal performance, a 30% white clover inclusion rate is deemed necessary 

(Annicchiarico and Tomasoni, 2010). Therefore, future research may look to investigate if 

white clover, at an inclusion rate of 30% or greater, has similar impacts on the rumen 

microbiome. 
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Figure 4.1 Bray-Curtis NMDS plot highlighting differences in the bacterial and archaeal community composition between treatments. Different 
colour dots represent samples obtained from animals grazing different swards. Red = Perennial ryegrass (PRG), Blue = Perennial ryegrass and 
white clover (WCPRG). 
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Table 4.1 Mean relative abundance (%) of the ten most abundant phylum in each dietary 

group. 

Kingdom Phylum WCPRG PRG P-value adj P-value 

Bacteria Bacteroidetes 48.63% 47.53% 0.58 0.73 

Bacteria Firmicutes 31.97% 31.41% 0.64 0.77 

Bacteria Kiritimatiellaeota 5.25% 6.66% 0.09 0.24 

Bacteria Fibrobacteres 3.74% 3.42% 0.22 0.43 

Bacteria Tenericutes 2.66% 2.24% 0.1 0.26 

Bacteria Cyanobacteria 1.27% 2.10% 0 <0.05 

Bacteria Spirochaetes 1.50% 1.51% 0.77 0.88 

Bacteria Patescibacteria 1.33% 1.11% 0.02 0.15 

Bacteria Proteobacteria 1.17% 1.17% 0.89 0.96 

Archaea Euryarchaeota 1.29% 1.58% 0.03 0.15 

 

 

  

PRG=Perennial ryegrass only; WCPRG=Perennial ryegrass and white clover sward; P-values 
were generated using the Wilcoxon rank sum test, with correction for FDR. Adjusted P-values 
deemed significant when adj P - value (P<0.05) and trends (P<0.10). 
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Table 4.2 Mean relative abundance (%) of the ten most abundant microbes, classified to the taxonomic level of family, in each dietary group. 

Kingdom Phylum Class Order Family WCPRG PRG P-value adj P- value 

Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae 43.90% 43.20% 0.86 0.94 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 13.00% 12.13% 0.32 0.51 

Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 11.23% 10.46% 0.25 0.51 

Bacteria Firmicutes Clostridia Clostridiales Christensenellaceae 5.03% 5.24% 0.62 0.71 

Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae 4.04% 4.33% 0.19 0.49 

Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae 4.18% 3.93% 0.43 0.6 

Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae 2.40% 3.39% <0.001 0.02 

Bacteria Bacteroidetes Bacteroidia Bacteroidales F082 2.50% 2.35% 0.37 0.53 

Bacteria Firmicutes Negativicutes Selenomonadales Acidaminococcaceae 1.69% 2.26% 0.01 0.18 

Bacteria Spirochaetes Spirochaetia Spirochaetales Spirochaetaceae 1.63% 1.69% 0.93 0.97 

PRG=Perennial ryegrass only; WCPRG=Perennial ryegrass and white clover sward; P-values 
were generated using the Wilcoxon rank sum test, with correction for FDR. Adjusted P-values 
deemed significant when adj P - value (P<0.05) and trends (P<0.10). 
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Table 4.3 Treatment associated differences classified to genus level with mean relative abundance (%) for each group. 

Kingdom Phylum Class Order Family Genus WCPRG PRG P-value adj P- value 

Bacteria Actinobacteria Coriobacteriia Coriobacteriales Atopobiaceae Olsenella 0.21% 0.15% 0.0022 0.032 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira 0.23% 0.04% <0.001 <0.001 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio 0.81% 1.38% <0.001 <0.001 

Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus_2 0.16% 0.09% <0.001 <0.01 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium_1 0.13% 0.07% <0.001 <0.01 

Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas_1 2.05% 2.77% <0.001 <0.01 

Bacteria Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Kandleria 0.35% 0.16% <0.001 0.015 

Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas 0.05% 0.15% <0.001 0.015 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium_10 0.13% 0.19% 0.0016 0.025 

Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 1.35% 0.86% 0.0051 0.06 

Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_6 0.10% 0.07% 0.006 0.067 

Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Saccharofermentans 1.58% 1.24% 0.007 0.072 

Bacteria Patescibacteria Saccharimonadia Saccharimonadales Saccharimonadaceae Candidatus_Saccharimonas 0.71% 0.51% 0.0034 0.045 

Bacteria Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio 0.07% 0.12% 0.0016 0.025 

Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter 1.13% 1.54% 0.0046 0.058 

PRG=Perennial ryegrass only; WCPRG=Perennial ryegrass and white clover sward; P-values 
were generated using the Wilcoxon rank sum test, with correction for FDR. Adjusted P-values 
deemed significant when adj P - value (P<0.05) and trends (P<0.10). 
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Figure 4.2 Bray-Curtis NMDS plot highlighting differences in the archaeal community composition between treatments. Different colour dots represent samples obtained from 

animals grazing different swards. Red =Perennial ryegrass (PRG), Blue = Perennial ryegrass and white clover (WCPRG
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Figure 4.3 Relative read abundance for pathways predicted to be associated with other glycan degradation. Red = Perennial ryegrass (PRG), Blue = Perennial ryegrass and 

white clover (WCPRG). 
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5.1 Abstract 

Plant based by-products (BP) produced from food and bioethanol industries are human 

inedible, but can be recycled into the global food chain by ruminant livestock. However, limited 

data is available on the methanogenesis potential associated with supplementing a solely BP 

formulated concentrate to a pastoral based diet. Therefore the objective of this in vitro study 

was to investigate the effects of BP inclusion rate (in a formulated concentrate) to a pasture 

based diet on dietary digestibility, rumen fermentation patterns, CH4 production and the 

prokaryotic microbial community composition. Diets consisted of perennial ryegrass and one 

of two supplementary concentrates, formulated to be isonitrogenous (16% CP) and 

isoenergetic (12.0 MJ/ME/kg), containing either 35% BP, barley and soybean meal (BP35) or 

95% BP (BP95) offered on a 50:50 basis, however, starch, NDF and fat content varied. The 

BPs, included in equal proportions on a DM basis, were soyhulls, palm kernel expeller and 

maize dried distillers grains. The BP35 diet had greater (P < 0.05) digestibility of the chemical 

constituents DM, OM, CP, NDF and ADF. Greater total VFA production was seen in the BP35 

diet (P < 0.05). Daily CH4 production (mmol/day; +22.7%) and CH4 output per unit of total 

organic matter digested (MPOMD; +20.8%) were greatest in the BP35 diet (P < 0.01). Dietary 

treatment influenced microbial composition (PERMANOVA; P = 0.023) with a greater relative 

abundance of Firmicutes (adj P < 0.01) observed in the BP35. The Firmicutes:Bacteroidetes 

ratio was significantly reduced in the BP95 diet (P < 0.01). The relative proportions of 

Proteobacteria (adj P < 0.01), Succinivibrionaceae (adj P < 0.03) and Succinivibrio (adj P = 

0.053) increased in the BP95 diet. The abundance of Proteobacteria was found to be 

negatively associated with daily methane production (rs, -0.71; P < 0.01) and MPOMD (rs = -

0.65; P < 0.01). Within Proteobacteria, the relationship of CH4 production was maintained with 

the mean abundance of Succinivibrio (rs, -0.69; P < 0.01). The abundance of the Firmicutes 

phyla was found to be positively correlated with both daily CH4 production (rs = 0.79; P < 0.001) 

and MPOMD (rs = 0.75; P < 0.01). Based on in vitro rumen simulation data, supplementation 

of an exclusively BP formulated concentrate was shown to reduce daily CH4 output by 

promoting a favourable alteration to the rumen prokaryotic community. 
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5.2 Introduction  

The processing of crops for the global food, oil and ethanol industries generates a source of 

residual BP plant matter which can be utilized as animal feed (Mirzaei-Aghsaghali and Maheri-

Sis, 2008). Such BPs contain little economic value as edible food for human consumption due 

to safety, quality and digestibility considerations (Grasser et al., 1995). However, BPs contain 

digestible nutrients that can be used as feed by the livestock industry. In particular, ruminant 

animals, through microbial fermentation, have the ability to digest cellulose and utilize highly 

fibrous feed sources (Sasson et al., 2017) which is often typical of such BPs. As a result, 

ruminants have the unique ability to convert these human inedible low value raw ingredients, 

into high quality animal dairy and meat proteins for human consumption. 

Grazed pasture is usually the most economical feed source for ruminants in temperate regions 

such as Ireland (Finneran et al., 2012) although strategic concentrate usage is common 

throughout the ruminant production cycle (O’Brien et al., 2018) in order to overcome 

deficiencies in nutrient supply. Concentrates are utilized to supplement the diet of dairy cows 

during bad weather conditions and poor grass growth in order to ensure adequate energy 

intake to support milk production and quality (McGrath, 2013). Feeding concentrates is also a 

key component of beef production systems, especially during the winter finishing period 

(McGee, 2005). Currently, near 10% of the global area dedicated to cereal production, is used 

to produce grain for ruminant diets (Mottet et al., 2017). The inefficiency with which human 

edible feed is converted into ruminant derived protein and energy (Wilkinson, 2011) coupled 

with the need to feed a growing global population, has therefore brought into question the 

strategy of supplementing ruminant diets with human edible sources of feed. 

Replacing human edible cereals with BP feeds, offers a more sustainable and efficient use of 

supplemented feed in pastoral based ruminant production systems (Wilkinson, 2011). 

However, the nutritional value between individual BPs can vary (Lee et al., 2003; Kim et al., 

2013) and therefore must be accounted for when considering their inclusion in dietary 

formulations. Nonetheless, members of our group have shown the formulation of 

concentrates, formulated solely from dried distillers grains and solubles (DDGS), palm kernel 

expeller (PKE) and soyhulls (SH) supplemented to a pasture based dairy system, to produce 

a similar level of milk output, to grain formulated concentrates (Whelan et al., 2016; Condren 

et al., 2019). However, data on the effects of this BP concentrate on the rumen microbiome 

and CH4 production is needed to further assess the sustainability of the formulation. 

Both the microbial population residing in the rumen (Morgavi et al., 2010; Henderson et al., 

2015; Tapio et al., 2017) and enteric CH4 production (Beauchemin et al., 2008, 2020; Martin 

et al., 2010) has been shown to be altered by the composition of the diet offered to ruminants. 
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Indeed, certain BP feeds are known to be lower in starch and higher in fibre than conventional 

cereal and oilseed grains (Ertl et al., 2015) leading to shifts in ruminal fermentation patterns 

and digestion end products. Thus, this highlights the importance of investigating, in tandem, 

the effects of replacing grain based concentrates with formulations derived from BPs, on the 

rumen microbiome and CH4 production. 

On an individual BP bases, the high lipid content of DDGS have been shown to reduce CH4 

output in beef and dairy cattle, in comparison to cereal and soybean meal based diets (McGinn 

et al., 2009; Benchaar et al., 2013; Hünerberg et al., 2013). Indeed, the lipid proportion of 

DDGS has been shown to decrease the abundance of members of the fibrolytic microbial 

community in some (Ramirez et al., 2012; Castillo-Lopez et al., 2014) but not all studies 

(Castillo-Lopez et al., 2017). Additionally, PKE has shown CH4 abatement potential through 

reductions to the methanogen population in vivo (Abubakr et al., 2014) and production of CH4 

in vitro (Lee et al., 2003; Kim et al., 2013). 

Therefore, this experiment was designed to evaluate, the effects of supplementing a solely BP 

formulated concentrate, with increased dietary fibre and fat, on rumen fermentation 

parameters, CH4 production and the microbial community composition with perennial ryegrass 

pasture as the main forage source in vitro. 

5.3 Materials and methods 

5.3.1 Experimental licensing and apparatus 

All procedures described in this experiment were approved by the animal research ethics 

committee (AREC) at University College Dublin (UCD) and conducted under the European 

directive 2010/63/EU and S.I. No. 543 of 2012. Each person who carried out procedures on 

experimental animals, during the course of this experiment, was licensed to do so by means 

of individual authorisation from the Health Product Regulatory Authority (HPRA). Two rumen 

simulation technique (RUSITEC) systems with eight vessels/system (Sanshin Industrial Co. 

Ltd., Yokohama, Japan), were used to simulate the rumen environment. Each fermenter had 

a nominal volume of 850 ml with the general incubation procedure described by Czerkawski 

and Breckenridge (1977). 

5.3.2 Experimental design, rumen inoculum and diets 

Dietary treatments consisted of a PRG based pasture and one of two supplementary 

concentrates containing either barley, soybean meal and 35% BP (BP35) or solely 95% BP 

(BP95) offered on a 50:50 basis (Table 5.1). The BPs, included in equal proportions on a DM 

basis, were SHs, PKE and maize DDGS. The PRG component of each treatment was 

harvested in July 2015 from the grazing platform at UCD Lyons Estate Farm, Celbridge, 
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Kildare, Ireland (53°17 ′56 ′ ′N, 6°32 ′18 ′ ′W). Samples were cut to a height of 4 cm from the 

same pasture using a handheld shears (Gardena Accu 90; Gardena GmbH, Ulm, DE) and 

subsequently stored at −20°C. Concentrates were formulated to be isonitrogenous (16% crude 

protein (CP)) and isoenergetic (12.0 MJ/ME/kg), however, starch, NDF and fat content varied. 

The BP35 concentrate was targeted to contain 280 g of starch and 270 g of NDF per kg of DM 

with the BP95 containing 30 g of starch and 500 g of NDF per kg of DM, respectively. A crude 

fat content, based on ether extract (EE), was targeted at 2.51 and 5.6% for the BP35 and 

BP95 diets, respectively. 

Dietary treatments were randomly allocated to sixteen fermentation vessels and added to each 

vessel in nylon bags (100-μm pore size). Samples of PRG were removed from storage (−20°C) 

and immediately chopped to 1–2 cm in length with a bowl chopper before being added to each 

nylon bag and subsequently being refrozen and stored (−20°C). For each treatment, 10 g DM 

of either concentrate under investigation and the fresh weight equivalent of 10 g DM of PRG 

were added to separate nylon bags. 

Rumen inoculum was obtained from three ruminally cannulated beef heifers of continental 

breed crosses, offered grass silage (18% DM, 13.37% CP, 51.5% NDF and 37.39% acid 

detergent fibre (ADF)) and concentrate (86% DM, 16% CP) in a 50:50 ratio, in order to support 

estimated maintenance energy requirements (Agriculture Food Research Council, 1993). 

Rumen fluid collection took place before morning feeding at 09:00. 

5.3.3 Experimental procedure 

A single in vitro incubation period of 14 days, using the first 10 days for microbial adaptation 

and fermentation stabilization (Jaurena et al., 2005) and the last 4 for sampling was 

implemented using the RUSITEC. On Day 1 of the experiment, solid digesta and rumen fluid 

were collected from the three ruminally cannulated heifers, with the fluid strained through four 

layers of cheesecloth. The samples were pooled, flushed with CO2 and incubated at 39°C 

before being transferred to the RUSITEC vessels within 30 min of collection. Each vessel was 

inoculated with 500 ml of rumen fluid and 350 ml of artificial saliva (McDougall, 1948). Nylon 

bags containing PRG were removed from storage (−20°C), on the day prior to incubation, and 

allowed to thaw for 24 h. Treatments were added to each vessel in individual nylon bags (n = 

2) containing PRG and the BP concentrate under investigation. In addition, a third nylon bag, 

containing 70 g of rumen solid digesta, was added to each vessel. This resulted in each vessel 

containing a total of three nylon bags (PRG, concentrate and rumen digesta) at the beginning 

of the experiment. Artificial saliva was prepared daily and was continuously infused at a rate 

of 640 ml/d (dilution rate of 3.33%/h) using the Watson-Marlow 500 series peristaltic pump 

(Watson-Marlow Fluid Technology Group, Cornwall, United Kingdom). The displaced effluent 
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and fermentation gasses from each vessel were collected into effluent bottles and gas 

collection bags, respectively. On day 2, each vessel was opened and nylon bags containing 

rumen digesta solids and the concentrates under investigation were removed, squeezed and 

washed in artificial saliva. The liquid fractions of the washings were returned to each vessel 

along with two new nylon bags, containing PRG and the concentrate under examination. 

Throughout the 14 day period, nylon bags containing PRG were incubated for a 48 h period 

after which they were replaced by a new nylon bag containing forage. Nylon bags containing 

either concentrate under investigation were replaced every 24 h by new bags containing the 

same concentrate. During the adaptation period effluent outflow and gas production were 

measured, as well as pH of the fermentation vessels. 

5.3.4 Diet digestibility, rumen fermentation and methane production 

Dry matter degradation, gas production and outflow of fermentation products were measured 

on days 11, 12, 13, and 14. Overflow vessels were kept in cold water (2°C) to stabilize 

fermentation products. A 4 ml sample of outflow liquor, from each vessel, was preserved in 1 

ml of 50% trichloroacetic acid (TCA), and stored at −20°C for VFA and ammonia (NH3-N) 

analysis. 

After removal from fermenters, nylon bags were rinsed with cold water. Feed residues in the 

nylon bags were washed in a domestic washing machine using the cold rinse cycle in the 

absence of detergent (30 min) to remove the loosely attached bacteria. The feed residues 

were dried in a 55°C forced air oven and weighed. Feed dry matter digestibility (DMD) was 

calculated as the amount of material that had disappeared from the nylon bags after 24 and 

48 h of incubation, for concentrates and forage respectively. Chemical composition of the dried 

incubation residues was determined to calculate digestibility of feed components. 

Gas was measured using gas reusable polyethylene bags fitted with one way valves. These 

were placed on each outflow vessel to measure gas production including methane percentage. 

Gas volume was quantified by manual expulsion through the dual diaphragm DC-1 dry gas 

test meter (Sinagawa Corp. Tokyo, Japan) with the percentage of methane estimated using 

the infra-red ADC SB2000 wall mounted analyser (ADC Gas Analysis Ltd., Hoddeston, United 

Kingdom) (O’Connor et al., 2019a, b). Daily calibrations of the ADC SB2000 were conducted 

with a 10% methane span gas. 

5.3.5 Chemical analysis and VFA production 

The DM content (g/kg) of the feed and feed residue samples were determined after drying the 

samples at 55°C for 72 h in a forced air oven. Dried feed and feed residue samples were then 

ground in a hammer mill fitted with a 1 mm screen for subsequent chemical analysis (Lab Mill, 

Christy Turner, Suffolk, United Kingdom). Ash concentrations (g/kg DM) were determined by 
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complete combustion in a muffle furnace (Nabertherm, GmbH, Lilienthal, Germany) at 550°C 

for 4 h. The nitrogen concentration (g/kg DM) of feed was determined using a LECO FP 528 

instrument (LECO Instruments UK Ltd., Stockport, United Kingdom). The nitrogen 

concentration of the feed was multiplied by 6.25, to determine CP concentrations (g/kg DM). 

Determination of NDF and ADF concentrations were determined by the method of Van Soest 

et al. (1991) using the ANKOM220 Fibre Analyzer (ANKOM Technology, Macedon, NY, United 

States). Grass and concentrate samples were analysed for NDF with sodium sulphite and with 

a heat stable amylase included for concentrate samples only. Both NDF and ADF are 

expressed inclusive of residual ash (g/kg DM). Gross energy was determined on pelletized 

samples using a bomb calorimeter (Parr Instrument Company, Moline, IL, United States). The 

EE content was determined using Soxtec instruments (Tecator, Höganäs, SE) and light 

petroleum ether. The chemical composition of the concentrates and PRG are presented in 

Table 5.1. Samples of vessel effluent were thawed for 16 h to 4°C before being centrifuged 

for 10 min (1600 g; 4°C). A 1 ml sample of supernatant was drawn off and diluted one in five 

with distilled water (dH2O) and centrifuged for 15 min (1600 g; 4°C). Following this 200 and 

250 μl of supernatant was drawn off into separate test tubes for NH3-N and VFA analysis, 

respectively. Concentrations of NH3-N were determined using the phenol-hypochlorite 

method of Weatherburn (1967) using a Shimadzu UV/Vis UVmini-1240 spectrophotometer 

(Shimadzu UK Ltd., Wolverton Mill South, Milton Keynes, United Kingdom). For VFA analysis, 

the 250 μl of supernatant was diluted with 3.75 ml of dH2O and 1 ml of internal standard (0.5 

g 3-metyl-n-valeric acid in one litre of 0.15 M oxalic acid). Following this, diluted VFA samples 

were centrifuged for 5 min (260 g; 21°C) followed by filtration through a 0.45 μm filter (Cronus 

Syringe filter PTFE 13 mm; SMI-LabHut Ltd., Maisemore, Gloucester, United Kingdom) into a 

4 ml GC vial (Thermo Scientific, Langerwehe, Germany) and stored (−20°C) until analysis was 

conducted. VFAs were quantified by injecting 1 μl, via an auto sampler, onto a 25 m × 0.53 

mm i.d. megabore Varian GC 3800 column, [coating CP-Wax 58 (FFAP) – CB (no. CP7614)] 

(Varian, Middelburg, Netherlands). An initial injector temperature of 75°C, immediately rose to 

95°C, followed by a rate of temperature increase of 3°C/min up to 200°C (held for 50 s). 

Nitrogen was used as a carrier gas. The pressure of the column was held at 2.3 psi and the 

column rate was 8.1 ml/min. Estimates of H recovery within each vessel were calculated based 

on the concentration of individual VFAs as described by Marty and Demeyer (1973) with the 

exclusion of H2 gas. 

5.3.6 Microbial DNA extraction 

On the final day of incubation, prior to opening each vessel, a 15 ml sample of fluid was 

collected via an aspiration port at the top of each RUSITEC vessel. Fluid samples were 

collected in individual disposable sterile syringes and deposited in 15 ml falcon tubes. 
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Immediately after collection, samples of vessel effluent were snap frozen in liquid nitrogen and 

subsequently stored at −80°C. Under liquid nitrogen, samples were ground to a fine powder 

using a pestle and mortar. Microbial DNA was extracted from approximately 250 mg of ground 

sample using the repeated bead beating and column purification method (Yu and Morrison, 

2004). DNA quality was assessed on 0.8% agarose gels with the concentration of extracted 

DNA quantified on the Nanodrop 1000 spectrophotometer. 

Microbial DNA extractions were also performed on the ZymoBIOMICSTM Microbial Community 

Standard (MC) (Zymo Research Corp., Irvine, CA, United States) to assess DNA extraction 

performance. Extractions were performed on the ZymoBIOMICSTM MC in triplicate and were 

treated as an internal control and subject to the same library preparation and sequencing 

regime as samples collected from the RUSITEC systems. 

5.3.7 Library preparation and sequencing 

Using 12.5 ng of individual microbial DNA obtained from the RUSITEC vessels, 16 amplicon 

libraries were generated by performing two rounds of PCR amplification as outlined in the 

Illumina MiSeq 16S Sample Preparation Guide with minor modifications to cycle length, as 

outlined by McGovern et al. (2018a). An additional four amplicon libraries were generated to 

assess sequencing run performance and library preparation. Three amplicon libraries were 

generated from the extractions performed on the ZymoBIOMICSTM MC with a final library 

generated using the ZymoBIOMICSTM Microbial Community DS (Zymo Research Corp., Irvine, 

CA, United States) to assess library preparation and sequencing run performance. This 

resulted in a total of 20 amplicon libraries being generated (RUSITEC n = 16; MC n = 3; DS n 

= 1). 

The first round of PCR amplification, targeting the V4 hypervariable region of the 16S rRNA 

gene, was performed using the 515F/806R primers (Caporaso et al., 2011), designed with 

Nextera over hang adapters, and 2x KAPA Hifi HotStart ReadyMix DNA polymerase (Roche 

Diagnostics, West Sussex, United Kingdom). Cycle conditions were as follows: 95°C for 3 min, 

20 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and then 72°C for 5 min. 

Amplicons were purified using the MinElute PCR Purification Kit (Qiagen, Manchester, United 

Kingdom). Following purification, amplicons were subject to a second round of PCR to permit 

attachment of dual indices and Illumina sequencing adapters using the Nextera XT indexing 

kit (Illumina, San Diego, CA, United States). Cycle conditions for the second round of PCR 

were 95°C for 3 min, 8 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and then 72°C for 

5 min followed by an additional PCR purification with the MinElute PCR Purification Kit 

(Qiagen, Manchester, United Kingdom). Confirmation of amplicon generation was conducted 

visually on a 2% agarose gel. Amplicons were pooled together in equal concentration and 
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subject to gel purification using the QIAquick Gel Extraction Kit (Qiagen, Manchester, United 

Kingdom) to remove adapter primers and further purified to remove any residues of agarose 

using the MinElute PCR purification kit (Qiagen, Manchester, United Kingdom). 

Pooled sample purity and quantity was analysed on the Nanodrop 1000 with further validation 

on the Qubit fluorometer and using the KAPA SYBR FAST qPCR universal kit with Illumina 

Primer Premix (Roche Diagnostics, West Sussex, United Kingdom). Following this, the library 

pool was diluted and denatured as per the Illumina Miseq 16S Sample Preparation Guide with 

sequencing conducted on the Illumina MiSeq using the 500 cycle version 2 MiSeq reagent kit 

(Illumina, San Diego, CA, United States). 

5.3.8 Sequencing analysis 

Amplicon sequence data was processed in R (version 3.5.2) using DADA2 (version 1.11.3) 

and submitted to the pipeline as previously described (Callahan et al., 2016) with minor 

modifications. Read quality was determined based on the visualization of Q scores with the 

aim to ensure mean Q scores of >30 were upheld for forward and reverse reads. To achieve 

this, forward reads were trimmed to a length of 240 bp and reverse reads trimmed to 200 bp. 

The removal of primer sequences was conducted using the trimLeft function. Identical 

sequences were combined using the dereplication function followed by the merging of forward 

and reverse reads. Following this an ASV table was constructed after which chimeric 

sequences were removed. The assignTaxonomy function was used to assign taxonomy to 

each ASV using the RefSeq + RDP database (NCBI RefSeq 16S rRNA database 

supplemented by RDP) downloaded from the DADA2 website1. A bootstrapping threshold of 

80 was applied with the addition of the minBoot = 80 function. Sample metadata, sequence 

taxonomy and ASVs were combined into a phyloseq object using phyloseq (version 1.24.2) 

(McMurdie and Holmes, 2013) for further analysis. Predictions of metabolic pathways for each 

sample, based on the generated ASVs, were conducted using CowPI (Wilkinson et al., 2018). 

5.3.9 Statistical analysis 

Data were checked for normality and homogeneity of variance by histograms, qqplots, and 

formal statistical tests as part of the UNIVARIATE procedure of SAS (version 9.1.3; SAS 

Institute). Data that were not normally distributed were transformed by raising the variable to 

the power of lambda. The appropriate lambda value was obtained by conducting a Box-Cox 

transformation analysis using the TRANSREG procedure of SAS. In-vitro data were analysed 

using a mixed model ANOVA (PROC MIXED). Fixed effects in the model included BP 

concentrate (BP35 or BP95). Fermentation vessel was included as a random effect. 

Differences between treatments were determined by F-tests using Type III sums of squares. 
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The PDIFF command incorporating the Tukey test was applied to evaluate pairwise 

comparisons between treatment means. 

The generated ASV table and sequence taxonomies were analysed in R (version 3.4.2). Of 

the 16 samples sequenced from the dietary treatments, one sample from the BP35 group was 

excluded from the analysis due to having a substantially lower sequencing depth compared to 

all other samples leaving a total of 15 samples for analysis (BP35 n = 7; BP95 n = 8). The 

relative abundance of taxa was calculated for each sample at the genus level in phyloseq. A 

PERMANOVA test, based on 9,999 permutations and a significance level of P < 0.05, was 

carried using the R package vegan (Oksanen et al., 2019) (version 2.5.4) implemented 

through microbiome (Leo et al., 2017) (version 1.0.2) to investigate differences in the 

community structure amongst samples based on treatment at the level of genus. The Wilcoxon 

rank sum test, with BH correction for FDR was implemented for identification of significant 

treatment differences in relative abundance of taxa based on adj P-values of < 0.05. The 

ZymoBIOMICSTM MC standard contains eight bacteria and two yeast. As a result the mean 

relative abundance of the eight most abundant ASVs, within the three MC controls, was used 

to analyse performance of the DNA extraction method. Spearman’s rank correlation coefficient 

was used to determine consistency of the internal positive controls and correlations between 

microbial abundances and production data. A Student’s t-test was used to compare diversity 

metrics for microbial community structure comparisons and the ratio of 

Firmicutes:Bacteroidetes. Statistical analysis of predicted pathways was carried out using 

STAMP (version 2.1.3; Parks et al., 2014). Comparison of predicted pathways was conducted 

using the proportion of reads that were annotated to each individual metabolic pathway as a 

percentage of the total reads (read relative abundance). Statistical analysis of read relative 

abundance was conducted using a Student’s t-test, with BH correction for FDR (adj P < 0.05). 

5.4 Results 

5.4.1 Diet digestibility and fermentation parameters 

The disappearance of DM and its chemical constituents are given in Table 5.2. The BP35 diet 

had greater (P < 0.05) digestibility of the chemical constituents DM, organic matter (OM), CP, 

NDF, ADF compared to the BP95 diet. The fermentation parameters including VFA production 

per day and molar proportions for each dietary treatment are presented in Table 5.3. No 

significant difference was recorded in pH between treatments (P = 0.132). The BP35 diet had 

greater total VFA production than BP95 (P < 0.05). Diet did not alter (P > 0.10) the VFA 

proportions of either acetic or propionic acid, nor acetate:proprionate ratio. The proportion of 

butyric acid was greatest in the BP35 diet compared to the BP95 (P < 0.01). There was no 

effect of diet type on NH3-N output per day (P = 0.429). 
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5.4.2 Daily gas and CH4 production 

Average daily gas and CH4 production was altered between the treatment groups (P < 0.05). 

A greater mean daily CH4output (mmol/day) was observed in the BP35 compared to the BP95 

diet (P < 0.01). Increased CH4output with the BP35 diet persisted when expressed per unit of 

total OMD (P < 0.001). Daily gas production (l/day) was greatest in the BP35 diet (P < 0.05). 

Based on VFA analysis, there was a tendency for an increase in the production of theoretical 

H in the BP35 diet (P = 0.06). A reduction in the H incorporation (P < 0.01) and recovery (P < 

0.05) was observed in the BP95 group. 

5.4.3 Sequencing performance 

After quality filtering, merging and removal of chimeric sequences, a total of 1,411,464 reads 

were generated with a mean of 70,573.2 ± 16,920.78 reads per sample. The eight most 

abundant ASVs in the MC control accounted for 97.78 ± 0.24% of sequences. The mean 

correlation coefficient between the composition of libraries generated from the MC standards, 

and the theoretical composition of the ZymoBIOMICSTM standard was (rs = 0.79; P < 0.03). In 

addition, a strong positive correlation between the DS standard and the theoretical 

composition of the ZymoBIOMICSTM standard was observed (rs = 0.95; P < 0.001). 

Performance of the extraction method, library preparation and the sequencing run were 

deemed adequate based on correlations of our internal controls, and that of theoretical 

composition of the ZymoBIOMICSTM standards above that previously reported by members of 

our group (McGovern et al., 2018a). 

5.4.4 Microbial community structure and composition 

Across all samples, the relative abundance of bacteria (91.05%) was greater in comparison to 

archaea (8.95%). At the phylum level, Firmicutes dominated preceded by Bacteroidetes and 

Euryarchaeota. At the genus level, 171 different genera of bacteria and archaea were 

identified, however, only those with a relative abundance greater than 0.01% are reported. 

Methanobrevibacter (11.42%) was the most abundant microbe followed by Prevotella 

(10.32%). Other highly abundant bacteria included Lactobacillus, Streptococcus, Treponema 

and Butyrivibrio. After Methanobrevibacter, other highly abundant methanogens included 

Methanosphaera, Methanobacterium, Methanomassiliicoccus, Methanimicrococcus and 

Methanomicrobium. 

5.4.5 Effect of by-product inclusion rate on microbial community 

A NMDS plot of sample data generated using Bray-Curtis dissimilarity analysis (Figure 5.1) 

displayed a moderate degree of clustering of samples based on diet, particularly BP35, with 

respect to the microbial communities. Based on the results of a PERMANOVA test, BP 
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inclusion rate was deemed to have altered the microbial composition between dietary 

treatments (P = 0.023). 

Differences in the alpha diversity of the microbial community structure, between the groups, 

was not observed when comparisons were conducted using the Shannon Index (P = 0.76). 

However, there was a tendency for a decrease in microbial diversity in the BP95 when diversity 

investigations were conducted with the Simpson metric (0.989 vs. 0.991; P = 0.08). 

Comparisons of the ten and fifteen most abundant microbes classified at the phylum and 

family level are displayed in Figures 5.2 and 5.3, respectively. A dietary effect was observed 

at the phylum level (Table 5.4), with a greater relative abundance of Firmicutes (adj P < 0.01) 

observed in the BP35 with an increased proportion of Proteobacteria in BP95 diet (adj P < 

0.01). In addition, there was a tendency for an increased relative abundance of the 

Bacteroidetes phylum in the BP95 diet (adj P = 0.084). The increased proportion of bacteria, 

belonging to the phyla Proteobacteria, persisted at lower taxonomic ranks. For example, an 

increased abundance of Succinivibrionaceae (adj P < 0.03) at the family level with a strong 

tendency toward a statistically significant rise in the relative abundance of Succinivibrio (adj P 

= 0.053) at the genus level (Table 5.5), was observed in the BP95 diet. The 

Firmicutes:Bacteroidetes ratio was reduced in the BP95 diet (P < 0.01). 

By-product inclusion rate affected the abundance of Selenomonas (adj P = 0.071) and 

Clostridium IV (adj P = 0.053) with both genera tending to have a greater abundance in the 

BP35 dietary treatment (Table 5.4). Although numeric differences were apparent in the 

average relative abundances, BP inclusion rate had no significant influence on the abundance 

of methanogens when calculated relative to all members of the microbial communities. 

5.4.6 Members of the Firmicutes and Proteobacteria phyla associated with diet 

digestibility and VFA production 

The abundance of the Firmicutes phylum had a strong positive correlation with the total DM 

digestibility (DMD) (rs = 0.84; P < 0.001), CP digestibility (CPD) (rs = 0.83; P < 0.001), NDF 

digestibility (NDFD) (rs = 0.86; P < 0.0001) and ADF digestibility (ADFD) (rs = 0.80; P < 0.001). 

Total (rs = 0.63; P < 0.02) and all individual VFA production levels had a positive correlation 

with the abundance of Firmicutes. 

The relative abundance of Proteobacteria had a strong negative correlation with all digestibility 

parameters [total DMD (rs = −0.88; P < 0.0001), OMD (rs = −0.63; P < 0.02), CPD (rs = −0.86; 

P < 0.0001), NDFD (rs = −0.89; P < 0.0001) and ADFD (rs = −0.86; P < 0.0001). A moderate 

negative relationship was observed for the relative abundance of Proteobacteria with total VFA 

(rs = −0.60; P < 0.02) and propionate (rs = −0.58; P < 0.03) production. A strong negative 
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relationship with butyrate (rs = −0.76; P < 0.01) and a near significant association with acetate 

(rs = −0.51; P = 0.052) production, was also observed. The relative abundance of 

Succinivibrionaceae had a negative correlation with all digestibility parameters. Total VFA 

production had a significant negative association (rs = −0.52; P < 0.05) with 

Succinivibrionaceae with both propionate (rs = −0.53; P < 0.05) and butyrate (rs = −0.68; P < 

0.01) production observed to a have a moderately negative association. 

5.4.7 Relationship between members of the microbial community with daily methane 

production 

The associations between members of the microbial community and CH4production were 

investigated in an effort to better understand the microbial factors resulting in the divergence 

of CH4production. At lower taxonomic levels methanogen abundance was found to be 

associated with CH4production. For example a strong positive relationship between 

Methanobrevibacter and daily CH4output (rs = 0.63; P < 0.02) was observed. In addition, there 

was a tendency for a similar correlation between Methanobacterium and CH4 output (rs =0.46; 

P = 0.081). 

Within the bacterial proportion, the abundance of Proteobacteria was found to be negatively 

associated with CH4production when expressed on a daily basis (rs = −0.71; P < 0.01) or per 

unit of OMD (rs = −0.65; P < 0.01). At lower taxonomic levels, the relationship of members of 

the Proteobacteria phylum with CH4 production was maintained for the mean abundance of 

Succinivibrio (rs = −0.68; P < 0.01). The abundance of the Firmicutes phyla was found to be 

positively correlated with both daily CH4 production (rs = 0.79; P < 0.001) and output per unit 

of OMD (rs = 0.75; P < 0.01). Similarly this relationship was maintained for the genera 

Selenomonas (rs = 0.82; P < 0.001) and Clostridium IV (rs = 0.73; P < 0.01) with daily CH4 

output. 

5.5 Discussion 

Findings from this in vitro study have shown a 22.7% reduction in CH4 output with the 

supplementation of a concentrate formulated exclusively from DDGS, PKE and SHs to a 

pasture based diet, in comparison to a barley and soybean meal based concentrate 

formulation. The observed differences in all digestibility parameters associated with the BP95 

diet, most likely originated from the varied supply of fibre (NDF), starch, and fat between the 

diets. Indeed, fibre has a lower digestibility in comparison to starch (Getachew et al., 2004) 

with some components of our BP mixture previously shown to be moderately degradable 

(Ipharraguerre and Clark, 2003; Schingoethe et al., 2009; Wang et al., 2018). In addition, fat 

supplementation is known to reduce fibre degradation in the rumen (Patra, 2013) further 

explaining the reduced digestibility observed in the high fibre BP95 diet. Furthermore, the 
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limited fermentation of lipids by ruminal microbes (Nagaraja et al., 1997) likely contributed to 

the reduced diet digestibility, VFA and daily CH4 production in the BP95 diet, as fat replaced 

fermentable OM. However, the proportions of individual VFAs were similar across both diets, 

with the exception of butyric acid. 

Findings from this study are in agreement with the proposed relationship between the tandem 

reduction in CH4 production and H recovery (Ungerfeld, 2015). However, some 45% of H was 

unaccounted for in our analysis, which may have been redirected to other H sinks not 

investigated in this study, such as H2 gas and additional fermentation end products beyond 

the predominant VFAs and CH4, as proposed by previous authors (Machmüller et al., 1998; 

Dohme et al., 2000; Guyader et al., 2017b). 

While differences in fat, starch and NDF content between the two diets is accepted to have 

influenced daily CH4 production, it is more precise to estimate CH4 output, in vitro, per unit of 

substrate digested (Yáñez-Ruiz et al., 2016). After correcting CH4 output for OMD, dietary 

ranking was consistent with a 20.8% reduction in output detected in the BP95 diet. As CH4 is 

a product of microbial fermentation (Tapio et al., 2017) differences in the components of the 

diets likely altered the composition of the microbial communities, which may have contributed 

to the observed variation in CH4 output per OMD between the diets. 

An increase in the proportion of dietary unsaturated fat has been shown to increase the 

abundance of Succinivibrionacea and Succinivibrio in cattle and sheep (Huws et al., 2015; 

Lyons et al., 2017). Therefore the increased abundance of some members of the 

Succinivibrionacea family in the BP95 diet may be due to the elevated supply of lipids, some 

of which may have been unsaturated and originated from DDGS (Castillo-Lopez et al., 2014; 

Xu et al., 2014). In addition, the non-structural carbohydrate component of SHs is high in 

pectin (Makkar, 2012) which may have benefitted some members of the Succinivibrionacea 

family capable of degrading pectin (Stewart et al., 1997). 

Bacteria belonging to the phylum, Firmicutes, such as members of the Lachnospiraceae and 

Ruminococcaceae family are known degraders of cellulose and hemicellulose (Krause et al., 

2003; Dai et al., 2015; Huws et al., 2016; Mayorga et al., 2016) while others are accepted 

producers of CO2 and H2 gas (Marounek and Dušková, 1999; Rooke et al., 2014). In 

agreement with the literature, the abundance of Firmicutes was strongly correlated with NDF 

digestibility and daily gas production. In addition, it is likely the strong relationship between the 

abundance of Firmicutes and CH4 output (daily and per unit of OMD) was as a result of the 

fibrolytic capabilities of members of the phyla. 
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The observed reduction in the Firmicutes:Bacteroidetes ratio in the BP95 is in agreement with 

the effects of DDGS dietary inclusion, as presented by others (Callaway et al., 2010; Ramirez 

et al., 2012). Equally, the Firmicutes phylum is likely to have been impacted by the increased 

fat content in the BP95 diet, with some members of the phylum found to be adversely impacted 

by lipids (Maia et al., 2007). Soyhulls have also been shown to reduce the abundance of 

Firmicutes in vitro (Wang et al., 2018). As a result, dietary related effects to the abundance of 

the Firmicutes phyla most likely resulted in a varied supply of CO2 and H2 to hydrogenotrophic 

methanogens. Finally, the abundance of Selenomonas likely benefited from the higher starch 

content observed in the BP35 with previous studies showing an elevated abundance of the 

bacteria in high grain diets (Fernando et al., 2010). 

In this study, a high relative abundance of archaea was observed across both dietary groups 

at all taxonomic levels, in comparison to other RUSITEC and in vivo experiments, utilizing the 

same primers to simultaneously target bacterial and archaeal populations (Duarte et al., 2017; 

Bowen et al., 2020). However, archaea have previously been reported as having a relative 

abundance of greater than 7% in feed restricted animals (McCabe et al., 2015) and thus similar 

to the proportion observed in this study. In addition, comparisons between other RUSITEC 

experiments are difficult due to the separate reporting of archaeal and bacterial relative 

abundances by some groups (Belanche et al., 2016a, b). Furthermore, sampling time may 

have had an effect on the abundance of methanogens, with both the abundance of bacteria 

and archaea shown to peak 2–4 h after the introduction of feed to the RUSITEC (Belanche et 

al., 2013). As samples were collected 24 h after feeding, potentially a greater post feeding 

decrease in bacteria, relative to the archaea, may have occurred resulting in the high relative 

abundance of archaea observed in our study. 

Both PKE and DDGS have previously been shown to negatively affect the methanogen 

population in goats (Abubakr et al., 2014) and cattle (Zhou et al., 2012). However, in this study 

the relative abundance of the methanogen proportion of the microbial community was not 

affected by diet. Mcr gene expression has previously been shown to be associated with 

CH4emissions (Shi et al., 2014) and is noted as a more credible methanogenesis biomarker 

than 16S rRNA based methods (Wilkins et al., 2015). Therefore the effect of diet on 

abundance of Firmicutes may have resulted in a reduced supply of H2 and CO2, and 

subsequently influenced the expression of methanogenesis pathways resulting in the reduced 

methane production observed in the BP95 diet. 

Supplementing pasture based dairy cows with the same BP formulated concentrate 

investigated in this study, has previously been shown to capable of supporting a similar level 

of performance to that of cows receiving a conventional dietary formulation (Whelan et al., 
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2016, Condren et al., 2019). Furthermore, formulating concentrates solely from BPs has been 

shown to be an economically beneficial supplementation strategy for pastoral based dairy 

production (Whelan et al., 2016) and is consistent with the ethos of the circular bio economy 

(Wilkinson, 2011). Of additional benefit, findings from this in vitro study highlight the CH4 

abatement potential of a low starch but high fat and fibre formulated concentrate, for grass 

based ruminant production systems. Data generated from our metataxonomic approach, 

suggests the rumen prokaryotic composition to be altered in favour of a potential reduction in 

the production of methanogenesis substrates, with the supplementation of our 95% BP 

formulated concentrate. However, confirmation in vivo will be required to confirm the CH4 

abatement potential, of concentrates formulated solely from SHs, PKE and DDGS to act a 

cost effective dietary mitigation strategy for pasture based livestock production. 
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Table 5.1 Chemical composition of concentrates and grass along with ingredient inclusion 
rate of concentrates fed during the experiment. 

 
BP35 BP95 Pasture 

Chemical composition (% of DM unless stated) 

 DM (% of fresh weight) 
  

 Dry Matter 90.5 92.1 21.6 

 Ash 7.35 7.75 10.26 

 Crude protein 16.85 16.73 25.01 

 Neutral detergent fibre 32.22 53.37 46.79 

 Acid detergent fibre 15.89 31.76 21.31 

 Water soluble carbohydrates 0 0 15.5 

 Either extract 2.51 5.6 3.1 

 Gross Energy (MJ/ kg DM) 16.92 17.73 16.97 

     
Ingredient inclusion rate of concentrates 

 
Barley 45.0 0.0 

 
Soybean meal 12.0 0.0 

 
Distillers dried grain 11.6 31.0 

 
PKE 11.6 31.0 

 
Soybean hulls 11.6 31.0 

 
Molasses 5.0 5.0 

 
Calcined magnesite 0.8 0.8 

 
Salt 0.7 0.7 

 
Palm Oil 0.6 0.6 

 
Lime flour 0.5 0.2 

 
Mono-calcium di-phosphate 0.3 0.0 

 
Vitamin and Mineral  Premix 0.5 0.5  

 

 

 

 

 

 

 

BP35 = Ration containing 35% by-products. BP95 = Ration containing 95% by-products. Vitamin 
and mineral premix contained: 33.9% Ca, 500 mg Co/kg, 7,400 mg Cu/kg, 2,000 mg I/kg, 130 mg 
Se/kg, 10,000 mg Mg/kg, 25,000 mg Zn kg, 1600,000 iu Vitamin A/kg, 400,000 iu Vitamin D3/kg 
and 2,000 mg Vitamin E/kg. 
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Table 5.2 Mean effects of by-product inclusion rate on disappearance of feed and its 
components in the rumen simulation technique (RUSITEC) system. 

  Parameter BP35 BP95 SEM P-value 

Dry Matter (c) 69.67a 57.28b 0.62 <.0001 

Dry Matter (t) 78.44a 67.50b 0.89 <.0001 

Organic Matter (c) 65.36a 52.75b 0.51 <.0001 

Organic Matter (t) 75.75a 66.75b 0.61 <.0001 

Crude Protein (c) 75.32a 63.96b 0.84 <.0001 

Crude Protein (t) 86.33a 80.62b 0.44 <.0001 

NDF (c) 37.21a 45.86b 0.75 <.0001 

NDF (t) 63.10a 58.46b 0.89 <.0001 

ADF (c) 24.23a 34.41b 0.92 <.0001 

ADF (t) 54.27a 50.06b 1.15 0.0096 

Digestibility: c = Concentrate component of overall diet (i.e., 50% of overall DM content of diet); t = 
Total diet (i.e., 50% concentrate component and 50% forage component on a DM basis).  
BP35 = Ration containing 35% by-products. BP95 = Ration containing 95% by-products.  
SEM = Standard error of the mean.  
a,b Means within a row with different superscript differ (P < 0.05). 
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Table 5.3 Mean effects of by-product inclusion rate on pH and fermentation pattern in the 
rumen simulation technique (RUSITEC) system. 

 

 

 

  

Parameter BP35 BP95 SEM P-value 

Daily gas production (l/d) 1.97a 1.68b 0.07 0.0388 

Daily methane production (mmol/day) 3.92 3.03 0.10 <.0001 

Methane production (mmol/omd) 0.30 0.24 0.01 <.0001 

Fermentation parameters     

pH 6.72 6.79 0.04 0.1323 

NH3-N(mg/d) 144.51 140.46 3.52 0.4291 

VFA production (mmol/day)      

Total volatile fatty acids  38.36a 35.73b 1.26 0.0137 

VFA molar proportion (%)       

Acetic: Propionate ratio 3.55 3.57 0.073 0.8711 

Acetic 63.94 64.65 0.003 0.2075 

Propionic 

Estimated H parameters  
18.02 18.14 0.003 0.7882 

H production (mmol/day)* 

H incorporated (mmol/day)* 

H recovery (%)* 

75.91 

41.82a 

55.15a 

70.01 

36.46b 

52.22b 

2.41 

0.97 

0.93 

0.0604 

0.0015 

0.0431 

BP35 = Ration containing 35% by-products. BP95 = Ration containing 95% by-products.  
SEM = Standard error of the mean.  
a,bMeans within a row with different superscript differ (P < 0.05).  
*H production, incorporation and recovery was calculated from the concentration of individual VFAs 
as per Marty and Demeyer (1973) without the inclusion of H2. 
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Figure 5.1 Bray-Curtis NMDS plot highlighting differences in the community composition between diets. Different colour dots represent samples obtained from rumen simulation 

technique (RUSITEC) systems incubated with different diets. Red = Concentrate formulated with 35% by-product (BP35), Blue = Concentrate formulated with 95% by-product 
(BP95).
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Figure 5.2 Stack plot comparing the differences, between diets, in the relative abundances of the ten most 

abundant microbes at the phylum level. Asterisk (∗) signifies phyla with a significantly different relative abundance 
between diets. BP35 = Concentrate formulated with 35% by-product. BP95 = Concentrate formulated with 95% by-
product. 
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Figure 5.3 Stack plot comparing the differences, between diets, in the relative abundances of the fifteen most 

abundant microbes at the family level. Asterisk (∗) signifies families with a significantly different relative abundance 
between diets. BP35 = Concentrate formulated with 35% by-product. BP95 = Concentrate formulated with 95% by-
product. 
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Table 5.4 Mean relative abundance (%) of bacteria significantly different between diets. 

 BP35 BP95 P-value adj P-value 

Phylum     

Firmicutes 61.40%a 56.42%b <0.001 <0.01 

Proteobacteria 1.20%a 2.44%b <0.001 <0.01 
     

Family     

Succinivibrionaceae 0.42%a 1.54%b <0.001 0.03 

     

 

 

  

BP35 = Concentrate formulated with 35% by-product. BP95 = Concentrate formulated with 95% by-
product. P values were generated using the Wilcoxon rank sum test, with correction for FDR using 
the BH method. Adjusted (adj) P values deemed significant when (P < 0.05) 
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Table 5.5 Mean relative abundance of the 33 most abundant genera accounting for >90% of 
the relative abundance across both diets. 

Genus BP35 BP95 P-value adj P-value 

Alistipes 0.90% 0.89% 0.955 0.996 

Anaeroplasma 0.87% 0.99% 0.232 0.629 

Anaerovibrio 3.04% 2.06% 0.014 0.251 

Anaerovorax 1.79% 1.87% 0.694 0.899 

Bacillus 0.64% 0.62% 0.694 0.899 

Bacteroides 1.83% 3.20% 0.029 0.291 

Butyrivibrio 4.30% 4.37% 0.536 0.797 

Clostridium IV 0.76% 0.25% 0.001 0.053 

Clostridium XlVa 3.10% 3.02% 0.955 0.996 

Eubacterium 1.58% 1.85% 0.694 0.899 

Fibrobacter 1.03% 1.47% 1.000 1.000 

Intestinimonas 1.33% 1.20% 0.397 0.709 

Lachnospiracea incertae sedis 2.63% 2.66% 0.779 0.972 

Lactobacillus 6.04% 8.46% 0.094 0.479 

Methanobacterium 1.10% 0.84% 0.094 0.479 

Methanobrevibacter 12.91% 10.12% 0.094 0.479 

Methanosphaera 2.14% 2.25% 0.536 0.797 

Mogibacterium 1.89% 1.53% 0.094 0.479 

Olsenella 0.50% 0.69% 0.281 0.679 

Prevotella 9.76% 10.81% 0.189 0.620 

Pseudobutyrivibrio 2.39% 2.17% 0.536 0.797 

Ruminococcus 3.10% 2.08% 0.021 0.251 

Saccharibacteria genera incertae sedis 1.80% 1.73% 1.000 1.000 

Schwartzia 1.38% 1.76% 0.336 0.679 

Selenomonas 2.14% 1.13% 0.001 0.071 

Sharpea 2.14% 1.50% 0.336 0.679 

Sporobacter 2.37% 1.61% 0.121 0.516 

Streptococcus 6.90% 5.29% 0.094 0.479 

Subdivision5 genera incertae sedis 2.21% 2.10% 0.536 0.797 

Succiniclasticum 2.93% 3.06% 0.694 0.899 

Succinivibrio 0.35% 1.70% 0.000 0.053 

Syntrophococcus 0.91% 0.56% 0.014 0.251 

Treponema 4.48% 7.07% 0.054 0.402 

 

  

BP35 = Concentrate formulated with 35% by-product. BP95 = Concentrate formulated with 95% by-
product. P values were generated using the Wilcoxon rank sum test, with correction for FDR using 
the BH method. Adjusted (adj) P values deemed significant when (P < 0.05) 
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6.1 Abstract 

Residual expressions of enteric emissions favour a more equitable identification of an animal’s 

methanogenic potential compared with traditional measures of enteric emissions. The 

objective of this study was to investigate the effect of divergently ranking beef cattle for RME 

on animal productivity, enteric emissions, and rumen fermentation. Dry matter intake DMI, 

growth, feed efficiency, carcass output, and enteric emissions (GEM) were recorded on 294 

crossbred beef cattle (steers = 135 and heifers = 159; mean age 441 d (SD = 49); initial body 

weight (BW) of 476 kg (SD = 67)) at the Irish national beef cattle performance test centre. 

Animals were offered a total mixed ration (77% concentrate and 23% forage; 12.6 MJ ME/kg 

of DM and 12% CP) ad libitum with emissions estimated for 21 d over a mean feed intake 

measurement period of 91 d. Animals had a mean DME of 229.18 g/d (SD = 45.96), methane 

MY of 22.07 g/kg of DMI (SD = 4.06), MI 0.70 g/kg of carcass weight (SD = 0.15), and RME 

0.00 g/d (SD = 0.34). RME was computed as the residuals from a multiple regression model 

regressing DME on DMI and BW (R2 = 0.45). Animals were ranked into three groups namely 

high RME (>0.5 SD above the mean), medium RME (±0.5 SD above/below the mean), and 

low RME (>0.5 SD below the mean). Low RME animals produced 17.6% and 30.4% less (P 

< 0.05) DME compared with medium and high RME animals, respectively. A ~30% reduction 

in MY (g/kg of DMI) and MI (g/kg of carcass weight) was detected in low versus high RME 

animals. Positive correlations were apparent among all CH4 traits with RME most highly 

associated with (r = 0.86) DME. MY and MI were correlated (P < 0.05) with DMI, growth, feed 

efficiency, and carcass output. High RME had lower (P < 0.05) ruminal propionate compared 

with low RME animals and increased (P < 0.05) butyrate compared with medium and low RME 

animals. Propionate was negatively associated (P < 0.05) with all CH4 traits. Greater 

acetate:propionate ratio was associated with higher RME (r = 0.18; P < 0.05). Under the ad 

libitum feeding regime deployed here, RME was the best predictor of DME and only CH4 trait 

independent of animal productivity. Ranking animals on RME presents the opportunity to 

exploit inter-animal variation in enteric emissions as well as providing a more equitable index 

of the methanogenic potential of an animal on which to investigate the underlying biological 

regulatory mechanisms. 
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6.2 Introduction 

Global food production has benefited from the ability of ruminant livestock to convert plant 

matter into high-quality sources of dairy and meat protein for human consumption (Waters et 

al., 2020). However, ruminant, relative to monogastric, derived food products have a much 

greater carbon intensity (Herrero and Thornthon, 2013), with CH4 originating from 

domesticated cattle accountable for ~4.5% of anthropogenic emissions (Gerber et al., 2013). 

Consequently, mitigation strategies to reduce enteric CH4 emissions from cattle have been a 

key research priority for livestock scientists in recent decades. Numerous dietary interventions 

(strategic supplementation with various feedstuffs and bioactive compounds, combined with 

animal management approaches) have been advocated to offer potential CH4 mitigation 

solutions to livestock producers (Hristov et al., 2013a, Beauchemin et al., 2020, Honan et al., 

2021) however, a supplement with consistent antimethanogenic properties, and no adverse 

implications to animal performance, is yet to be utilised within a commercial animal production 

setting.  

Enteric CH4 emissions is a trait which is moderately heritable (h2 = 0.23 to 0.30) (Pinares-

Patiño et al., 2013; Donoghue et al., 2016; Manzanilla-Pech et al., 2016) with large interanimal 

inherent variation, presenting the possibility of cumulative and permeant reductions in 

ruminant livestock derived emissions through genetic selection as an alternative mitigation 

solution (Wall et al., 2010; Pickering et al., 2015; de Haas et al., 2017; Beauchemin et al., 

2020). Nonetheless, determining the optimal low CH4 phenotype, with which to select cattle, 

poses a challenge due to the relationship of methanogenesis with other traits of importance to 

animal productivity (de Haas et al., 2017). Feed intake and DME (g/d) are both phenotypically 

(Herd et al., 2014) and genetically (Donoghue et al., 2016; Manzanilla-Pech et al., 2016) 

associated. As a result, the implementation of breeding strategies, where DME is the targeted 

phenotype, will likely result in a concurrent reduction to voluntary feed intake, and 

subsequently animal performance, in future generations of livestock (Herd et al., 2014; de 

Haas et al., 2017). 

Selection on the basis of CH4 emissions expressed as a proportion of feed intake (MY; g/kg of 

DMI) has been the traditional selection approach, as the trait was previously perceived to be 

free from any association with feed intake or body weight (BW) but positively correlated with 

DME, when open-circuit RCs and restricted feed intake were utilized as reference 

methodology for quantifying enteric emissions (Herd et al., 2014; Donoghue et al., 2016). 

However, the selection of animals on the basis of ratio traits has been disputed by virtue of 

their unpredictable response to other traits of economic importance in beef production 

(Pickering et al., 2015). In addition, a negative phenotypic correlation between MY and feed 
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intake has recently been observed across both concentrate and forage based diets under ad 

libitum feeding conditions with the use of the GEM (Bird-Gardiner et al., 2017; Renand et al., 

2019). 

Consequently, due to the aforementioned shortcomings, there has been increasing interest in 

the use of the RME concept to identify animals with a greater genetic propensity for lower CH4 

output, principally due to its ability to overcome the limitations associated with proportional 

expression of CH4 emissions relative to other traits and by design, its lack of relationship with 

feed intake. RME can be defined as the difference in the animals actual and expected CH4 

output, based on its level of feed intake and BW (Bird-Gardiner et al., 2017). First proposed 

by Herd et al. (2014), the trait has been observed to be phenotypically and genetically 

independent of feed intake and bodyweight (Herd et al., 2014; Donoghue et al., 2016; Bird-

Gardiner et al., 2017). Indeed, the independence of RME from animal productivity, also affords 

the opportunity to unravel the inherent variation in underlying biological mechanisms 

influencing methanogenesis. Currently, there is a paucity of information on the implications of 

ranking commercially representative beef cattle for RME on animal productivity, feed 

efficiency, and carcass output. 

Therefore, the objectives of this study were to 1) investigate the effects of divergently ranking 

beef cattle for RME on DME, MY, MI, animal productivity, and rumen fermentation; 2) examine 

the phenotypic relationships of RME with other traits of economic importance to beef 

production. 

6.3 Materials and methods 

6.3.1 Experimental licensing and apparatus 

All animal procedures used in this study were approved by the Teagasc Animal Ethics 

Committee and conducted using procedures consistent with the experimental license 

(AE19132/P078) issued by the Irish HPRA in accordance with EU legislation (Directive 

2010/63/EU), for the protection of animals used for scientific purposes. 

6.3.2 Animal management and performance test 

Over a period of 18 mo, data were obtained from 294 commercial beef cattle (steers = 135 

and heifers = 159; mean age 441 d (SD = 49)) enrolled in a feed efficiency performance test. 

Cattle were the progeny of AI bulls, under evaluation as part of the Gene Ireland Breeding 

Program (https://www.icbf.com/?page_id=12900), and were recruited from commercial 

breeding herds, based on factors including sire, breed, genetic merit, pedigree, and age, and 

performance tested under standardized conditions at the Irish Cattle Breeding Federation 

(ICBF) national beef bull progeny test station (Tully, Co. Kildare). Cattle included in this study 
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originated from continental late maturing (LM) beef dams (Charolais, Limousin, or Simmental), 

sired by early maturing (EM) or LM sire breeds. The proportion of EM and LM sired animals 

was 25% and 75%, respectively. 

Eligible cattle enter the test centre in groups of 40 to 75 cattle, hereby referred to as “batches”, 

and undergo a minimum 100 d feed efficiency performance test. Starting in January 2019 and 

finishing in July 2020, animals from seven consecutive batches were included in this study. 

Upon arrival at the facility, cattle were allocated to indoor pens (6.1 m × 4.6 m) bedded with 

peat. Cattle were separated based on gender and initially penned in groups of five to six 

depending on their initial weight and age. Cattle were offered a 30 d adjustment period to allow 

dietary acclimatization and adaption to the facilities. Within the first week of arrival at the test 

centre, animals were fitted with a RFID tag (HDX EID Tag, Allflex Livestock Intelligence, 

Dallas, TX). Once tagged, pen size was increased by opening the gates between adjacent 

pens to accommodate 11 to 30 animals per pen with animals comingled for a minimum 21 d 

period, prior to the beginning of the feed intake measurement period. This was done to 

facilitate the measurement of enteric CH4 production (discussed later). After the adjustment 

period, animals were subjected to a mean daily feed intake measurement period of 91 d (71 

to 128 d). The mean age and BW of animals at the beginning of the test was 441 d (SD = 49) 

and 476 kg (SD = 67), respectively. Steers and heifers averaged 476 (SD = 46) and 410 (SD 

= 27) days of age while LM and EM averaged 442 (SD = 51) and 435 (SD = 43) days of age 

at the commencement of the measurement period, respectively. Post completion of their 

performance test, cattle were slaughtered in a commercial abattoir. 

6.3.3 Measurement of feed intake and chemical composition 

Individual daily feed intake was recorded with the use of electronic feeding stations (RIC Feed-

Weigh Trough; Hokofarm Group BV, Marknesse, The Netherlands) with a feeding event 

recorded with each 100 g fluctuation in weight at the feed bunk. The mean duration of the feed 

intake measurement was 91 d and ranged from 71 to 128 d. Cattle were offered ad libitum 

access to the same total mixed ration (TMR) diet (77% concentrate and 23% grass hay). The 

TMR consisted of 3 kg of hay and 10 kg of concentrates, mixed with 9 kg of water. The 

ingredient composition of the concentrate was as follows (DM basis); maize meal 28%, barley 

24%, soya hulls 14%, dried distillers grains 10%, maize gluten meal 9%, soya bean meal 

5.5%, molasses 5%, mineral and vitamin premix 3.75%, vegetable oil 0.7%, and yeast 0.05%. 

The concentrate was a pelleted ration, formulated to have a CP content of 140 g/kg and had 

a predicted ME content of 12.6 MJ/kg DM (NRC, 2016). A fresh TMR was prepared daily which 

was both mixed and administered via a feed wagon. Feed was offered once per day and at all 

times animals had unrestricted access to clean drinking water. 
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Samples of both the TMR diet and concentrates were obtained weekly and stored at −20 °C 

for laboratory analysis. Feed samples were defrosted overnight in a refrigeration unit (4 °C) 

prior to analysis. The DM of TMR and concentrate samples was determined after drying at 90 

°C for 16 h in a forced-air circulation oven. For chemical analysis, TMR and concentrate 

samples were oven dried at 40 °C for 48 h and then ground through a 1 mm screen (Willey 

mill; Arthur H. Thomas, Philadelphia, PA). After grinding, samples collected during each intake 

run were pooled, respectively. 

Ash concentrations (g/kg DM) were determined by complete combustion in a muffle furnace 

(Nabertherm, GmbH, Lilienthal, Germany) at 550 °C for 4 h. Nitrogen concentration (g/kg DM) 

of the feed was determined using a LECO 828 Series Macro Combustion instrument (LECO 

Instruments, UK, Ltd, Stockport, UK). The nitrogen concentration of the feed was multiplied 

by 6.25, to determine CP concentrations (g/kg DM). Neutral detergent fibre and ADF were 

determined by the method of Van Soest et al. (1991) using the ANKOM220 Fibre Analyzer 

(ANKOM Technology, Macedon, NY). TMR and concentrate samples were analysed for NDF 

with sodium sulfite and with a heat stable amylase included for both sets of samples. NDF and 

ADF are expressed inclusive of residual ash (g/kg DM). Gross energy was determined on 

pelletized samples using a bomb calorimeter (Parr Instrument Company, Moline, IL). Ether 

extract was determined using Soxtec instruments (Tecator, Höganäs, Sweden) and light 

petroleum ether. The chemical composition of the TMR and concentrate ration are displayed 

in Table 6.1. 

6.3.4 Animal growth and ultrasonic muscle and fat deposition 

At the beginning of each test period, and every 21 to 28 d thereafter until the end of the 

measurement period, cattle were weighed with a calibrated scales (ID 3000 scales, Tru Test, 

Ireland). Body weight measurements were used to derive measures of feed efficiency and 

daily weight gain for each animal. Pre-slaughter ultrasound measurements of muscle and fat 

deposition and proportion of intramuscular fat were collected as described by Kelly et al. 

(2019). Measurements were taken with the use of the same Esaote-Pie Medical Aquila PRO 

Vet ultrasound scanner, with a 3.5 MHz transducer head, by a trained technician. 

6.3.5 Carcass characteristics 

Animals were slaughtered on average 3 d after the completion of the feed efficiency test period 

in a EU licensed commercial facility 77 km away (Slaney Foods International, Bunclody, Co. 

Wexford, Ireland). Animals were slaughtered within 1 h of arrival at the facility. Carcass weight 

(CW) was measured, on average, 2 h post-slaughter. After slaughter, carcass conformation 

and fat percentage were automatically recorded on a 15 point scale using video imaging 
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analysis equipment (VBS2000; e+v Technology GmbH and Co.KG, Oranienburg, Germany) 

as described by Hickey et al. (2007). 

6.3.6 Enteric methane and carbon dioxide output 

Enteric CH4 and CO2 measurements were obtained on all animals using the GEM (C-Lock 

Inc., Rapid City, SD) over 21 consecutive days throughout the feed intake measurement 

period. The commencement of the emissions estimation period ranged from days 0 to 36 of 

the feed intake measurement period. 

A detailed description of the workings of the GEM has been previously described (Huhtanen 

et al., 2015; Hammond et al., 2016; Patra et al., 2016; Hristov et al., 2018). Briefly, the 

concentration of enteric gaseous emissions emitted by individual animals per visit was 

determined by the GEM software, as a gas flux, from the increase in the concentration of each 

gas, relative to background levels, accompanied by adjustments for airflow rate and principles 

of the ideal gas law, and reported in grams per day. The ratio of animals to a single GEM, 

ranged from 11 to 30 depending on numbers in each intake group. 

Each GEM was connected to both a span (0.05% CH4), 0.5% CO2 balanced with zero grade 

nitrogen gas; BOC Gas, Dublin, Ireland) and zero gas canister (zero grade nitrogen gas; BOC 

Gas, Dublin, Ireland) with auto calibrations performed every 3 d. Throughout the duration of 

the experiment, monthly CO2 recovery tests were performed, as per the manufactures 

instructions, to assess the airflow of the unit. A clean air filter was replaced in each unit on a 

weekly basis or if airflow dropped below 27 l/s. The bait feed utilized to entice animals to use 

the GEM, was the same pelleted concentrate included in the TMR. Feed drops were weighed 

on a weekly basis for each GEM unit using the average of 10 feed drops. Throughout the 

experimental period and across GEM units, CO2 recoveries and the weight of individual feed 

drops averaged 99.32 ± 3.29% and 34.02 ± 4.11 g, respectively. The mean airflow for all data 

points utilized in this experiment was 37.1 ± 2.59 l/s. 

Previously, Arthur et al. (2017) determined a minimum of 30 visits to GEM, of >3 min in length, 

to be sufficient to accurately determine enteric CH4 emissions for individual animals. In line 

with these recommendations, the GEM was programmed to drop 30 g of bait feed, every 35 

s, to a maximum of six drops per visit for each animal. Once an animal reached the maximum 

number of bait feed drops, a minimum 4 h interval was required before an animal could receive 

another drop of bait feed from the unit. 

6.3.7 Rumen fermentation 

During the last week of the enteric emissions measurement period, samples of rumen digesta 

were obtained from each animal, before feeding, using a transoesophageal rumen sampling 
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device (FLORA rumen scoop; Guelph, Ontario, Canada). Feed was restricted from animals 

for a minimum of 2 h prior to sampling. After collection, ruminal fluid pH was measured 

immediately using a digital pH meter (Orion SA 720; Thermo Fisher Scientific, Waltham, MA) 

followed by the preservation of samples via snap freezing in liquid nitrogen. On the same day 

of sampling, samples were transported 61 km away to the Teagasc research facility (Teagasc 

Grange, Dunsany, Co. Meath, Ireland) on dry ice and stored at −80 °C until analysis was 

conducted. 

Rumen fluid samples were thawed on a laboratory bench top and diluted in 50% TCA acid at 

a ratio of 4:5 in favour of rumen fluid. Following the addition of acid, samples were centrifuged 

for 10 min (2,000 rpm; 4 °C) after which, 250 μl of supernatant was drawn off into a test tube 

and diluted with 3.75 ml of dH2O and 1 ml of internal standard (0.5 g 3-metyl-n-valeric acid in 

1 litre of 0.15 M oxalic acid). Following centrifuging for 5 min (2000 rpm; 21 °C), the dilution 

was filtered through a 0.45 μm filter (Cronus Syringe filter PTFE 13mm; SMI-LabHut Ltd., 

Maisemore, Gloucester, UK) into a 2 ml GC vial (Thermo Scientific, Langerwehe, Germany) 

and frozen at −20 °C until VFA analysis. 

One microliter of sample was injected by auto sampler on a Varian (Saturn 2000) gas 

chromatograph (GC) 450 (Varian, Middelburg, The Netherlands) with a 30 m × 0.25 mm i.d. 

BP21 FFAP capillary column (Trajan Scientific, Milton Keynes, UK). The initial injector 

temperature was 60 °C for 10 s, rising to 110 °C at a rate of 30 °C/min, this temperature then 

increased at rate of 10 °C/min to 200 °C (held for 2 min). Helium was used as a carrier gas. 

The pressure of the column was held at 133.1 kilopascal (KPa) and the column rate was 17.2 

ml/min. 

Total short chain fatty acids (SCFA) are reported as the sum total of all VFAs (mM). The 

percentage of acetate, propionate, and butyrate are reported as the proportion of each 

individual VFA relative to the total SCFA. The ratio of acetate to propionate (A:P) was 

calculated. Estimates of theoretical H production by each animal at the time of sampling were 

calculated based on the concentration of individual VFAs as described by Marty and Demeyer 

(1973) with the exclusion of H2 gas. 

6.3.8 Traits investigated and their derivations 

Average DMI (kg) was calculated as the average daily feed intake of each animal (including 

the GEM bait feed during the estimation of enteric emissions) over the course of the 

experiment after correcting for DM as described above. Average daily gain (kg) during the test 

period for each animal was computed as the coefficient of the linear regression of BW (kg) on 

time. The weight of the animal at the beginning and end of the feed intake measurement period 

was used to calculate initial and final live BW, respectively. Mean metabolic BW (MetBW; kg) 
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was represented as average test BW0.75. Pre-slaughter muscular depth (MD; mm), pre-

slaughter fat depth (FD; mm), and pre-slaughter intramuscular fat (IMF; %) were determined 

using data obtained during ultrasound measurements as previously described. Carcass 

conformation grade and fat class score values were scaled, with 1 representing the poorest 

conformation and 15 the best conformation in carcass conformation grade and 1 representing 

the leanest value and 15 the fattest in fat class scores, respectively (Hickey et al., 2007). Gain 

to feed ratio (G:F) was obtained for each animal by dividing ADG by average DMI. 

Residual feed intake was computed for each animal and was assumed to represent the 

residuals from a multiple regression model regressing DMI on ADG and MetBW. Each batch 

of animals was subsequently treated as a contemporary group (CG) and included as a fixed 

effect in the model. The base model used was 

Yj = β0 + β1MetBWj + β2ADGj + CGi + ej, 

where Yj is the DMI of the jth animal, β 0 is the regression intercept, β 1 is the regression 

coefficient on MetBW, β 2 is the regression coefficient on ADG, CGi is the fixed effect of the ith 

batch of animals, and ej is the uncontrolled error of the jth animal. The multiple regression 

model fitted for RFI explained 72% of the variation in DMI while RFI averaged 0.00 kg DM/d 

(SD = 0.77). Residual feed intake values ranged from −3.53 to 2.25 kg/d and represented a 

difference of 5.78 kg/d between the lowest and highest ranked animals for RFI. 

Methane DMI (MDMI; kg) was calculated as the sum total of the combined TMR and 

concentrate supplementation from the GEM for each animal averaged over the methane 

measurement period. Average daily CH4 (DME; CH4 g/d) and CO2 emissions (CME; CO2 g/d) 

for each animal was derived from the sum of emissions of each gas per spot measurement 

divided by the total number of these measurements as recorded by the GEM over the test 

period. Only spot measurements where the visitation to the GEM was ≥3 min were included 

in the analysis. Methane yield (g/ kg of DMI) was calculated for each animal by dividing DME 

by the MDMI. The weight of individual animals on the 30th day of the feed intake measurement 

period was used to standardize BW for methane analysis (hereby referred to as methane BW). 

Individual animal BW on day 30 was calculated based on the regression analysis conducted 

during the calculation of ADG. Methane per unit of BW (g/kg of BW) and MI (g/kg of carcass 

weight) were calculated by dividing DME by methane BW and CW (kg), respectively. Daily 

CH4 emissions was also expressed per unit of ADG, using ADG calculated over the feed intake 

test period (MADG; g/kg of ADG). 

Residual CH4 emissions (g/day) was computed for each animal using the equation described 

by Bird-Gardiner et al. (2017). Residual CH4 emissions was assumed to represent the 
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residuals from a multiple regression model regressing DME on MDMI and methane BW with 

CG included as a fixed effect in the model. The base model used was 

Yj = β0 + β1MDMIj + β2methane BWj + CGi+ej, 

where Yj is the DME of the jth animal, β 0 is the regression intercept, β 1 is the regression 

coefficient on MDMI, β 2 is the regression coefficient on methane BW, CGi is the fixed effect of 

the ith batch of animals, and ej is the uncontrolled error of the jth animal. The multiple 

regression for RME explained 45% of the variation in DME while RME averaged 0.00 g/d (SD 

= 34.05). Residual CH4 emissions values ranged from −114.07 to 84.99 and represented a 

difference of 199.06 g/d between the lowest and highest ranked animals for RME. Standard 

deviations above and below the mean were used to group animals into high RME (RME > 0.5 

SD above the mean), medium RME (RME ± 0.5 SD above and below the mean), and low 

RME (RME > 0.5 SD below the mean). 

In addition, for comparative purposes among CH4 phenotypes, RME was calculated using the 

equation proposed by Renand et al. (2019) whereby DCE replaced DMI. Residual CH4 

emissions with DCE (RMECO2; g/ day) was assumed to represent the residuals from a multiple 

regression model regressing DME on DCE and methane BW with CG included as a fixed 

effect in the model. The base model used was 

Yj = β0 + β1DCEj + β2methane BWj + CGi+ej, 

where Yj is the DME of the jth animal, β 0 is the regression intercept, β 1 is the regression 

coefficient on DCE, β 2 is the regression coefficient on methane BW, CGi is the fixed effect of 

the ith batch of animals, and ej is the uncontrolled error of the jth animal. The multiple 

regression for RMECO2 explained 57% of the variation in DME while RME averaged 0.00 g/d 

(SD = 30.72). RMECO2 values ranged from −96.76 to 94.76 and represented a difference of 

191.52 g/d between the lowest and highest ranked animals for RMECO2. 

6.3.9 Data and statistical analyses 

Raw emissions data were processed by C-Lock Inc. and checked for irregularities. Data were 

downloaded from the C-Lock Inc. website with an additional round of checks performed to 

identify and remove outliers as per the methods described by Coppa et al. (2021). To detect 

outliers, the SD was calculated for both CH4 and CO2 using all spot measurements (≥3 min) 

supplied by C-Lock Inc. Following this, spot measurements of CH4 were regressed on CO2 

and vice versa, allowing for the prediction of both gases using the equations generated using 

the REG procedure in SAS (SAS Inst. Inc., Cary, NC; version 9.4). Residuals were then 

calculated from the differences of the predicted and observed spot measurements for each 
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gas. Finally, outliers were detected and discounted in the analysis if the residual/SD was >3 

for a measurement of either gas. After the removal of outliers, 99.68% of the emissions data 

were maintained and used for analysis. 

Data were checked for normality and homogeneity of variance by histograms, qqplots, and 

formal statistical tests as part of the UNIVARIATE procedure of SAS. Data from 12 animals 

were not included in the analysis as visitation to the GEM was below the threshold of 30 visits 

(n = 3) or the data from animals were identified as statistical outliers (n = 9). This resulted in a 

final dataset of 282 animals. A mixed model ANOVA (GLIMMIX procedure of SAS) was used 

to examine the effect of RME group on performance, intake, feed efficiency, body composition, 

CH4 emissions, and ruminal fermentation profiles. The statistical model used included the fixed 

effect of RME group (high, medium, and low) breed maturity/genotype (LM and EM), sex (steer 

and heifer), and their interactions. Non-statistically significant (P > 0.10) interactions were 

subsequently excluded from the final model. Age and initial bodyweight at the start of each 

performance test were included as covariates with each batch of animals treated as a CG and 

incorporated as a random effect in the statistical model. Differences among means were 

determined by F-tests using type III sums of squares. The PDIFF option and the Tukey test 

were applied to evaluate pairwise comparisons between means. Mean values were 

considered to be different when P < 0.05 and considered a tendency when P ≥ 0.05 and < 

0.10. The associations among the traits were determined through partial correlations, adjusted 

for gender, breed maturity, and CG using the MANOVA/PRINTE statement within the GLM 

procedure of SAS. Correlation coefficients were classified as strong (r > 0.6), moderate (r 

between 0.4 and 0.6), or weak (r < 0.4), respectively. 

6.4 Results 

6.4.1 Animal performance, feed intake, and feed efficiency 

Summary statistics show animals on test had an average DMI of 10.29 kg/d (SD = 1.46), ADG 

of 1.37 kg/d (SD = 0.28), G:F of 0.13 kg of BW gain/kg of DMI (SD = 0.02), RFI of 0.00 kg 

DM/d (SD = 0.77), final live weight of 594.93 kg (SD = 74.25), age of slaughter of 523.56 d 

(SD = 46.98), and CW of 333.14 kg (SD = 43.99). 

Comparisons among RME grouping, sex, and genotype (sire breed maturity), for animal 

performance, feed intake, and feed efficiency, are displayed in Table 6.2. In this study, there 

were no interactions detected (P > 0.05) between RME grouping, sex, and genotype for intake, 

growth, feed efficiency, or carcass composition traits. Indeed, feed intake, growth, bodyweight, 

feed efficiency measures, and both CW and composition were not different (P > 0.05) between 

the high-, medium-, and low-ranked animals on RME. Steers relative to heifers had a heavier 
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(P < 0.05) initial BW, final BW, and CW. Measures of DMI, ADG, FCR, and RFI were not 

different (P > 0.05) among steers and heifers. Animals from EM sires had a greater (P < 0.05) 

ADG than LM. LM sired animals had a heavier CW and MD, but FD and IMF were greater for 

the EM sired grouping (P < 0.05). 

6.4.2 Enteric CH4 and CO2 output 

On average, 87.8% of the visits to the GEM were >3 min in length with a mean of 59 valid 

recordings (i.e., >3 min in length) obtained for each animal. The mean number of valid 

recordings ranged from 54 to 70 recordings per group of cattle with the highest average valid 

recordings per animal (70) obtained at a ratio of animals to GEM of 25:1. Animal visitation to 

the GEM averaged 2.81 times per day (SD = 0.61) during the 21 d enteric emissions 

measurement period. The average number of daily drops of bait feed was 19.9 drops/d/animal 

throughout the CH4 measurement period and ranged from 9.1 to 27 drops/d/animal. During 

the enteric emissions measurement period, animals had an average daily MDMI of 10.46 kg/d 

(SD = 1.53), consumed 9.84 kg/d (SD = 1.55) of TMR, and received 0.62 kg/d (SD = 0.13) of 

concentrate from the GEM. On average, for the high, medium, and low RME groups, the GEM 

supplemented concentrate account for 5.6%, 6.2%, and 6.3% of total DMI during the 

emissions measurement period, with no difference observed between the groups (P > 0.05). 

Summary statistics show a mean DME of 229.18 g/d (SD = 45.96), DCE of 8.42 kg/d (SD = 

1.02), MY of 22.07 g/kg of DMI (SD = 4.06), MI 0.70 g/kg of CW (SD = 0.15), and MADG 

171.67 g/kg of ADG (SD = 40.73). Summary statistics, along with comparisons among RME 

grouping, sex, and genotype are reported in Table 6.3. The diurnal pattern of enteric emissions 

throughout the measurement period is presented in Figure 6.1. 

No interactions were detected (P > 0.05) between RME grouping, sex, and genotype for any 

methane or carbon dioxide phenotypes in this study. Low RME animals produced 17.69% and 

30.4% less (P < 0.05) DME in comparison to animals ranked as medium and high for RME, 

respectively. Similarly, the low RME group had a lower (P < 0.05) DCE than animals ranked 

as medium and high. Low RME animals had the lowest (P < 0.05) MY and MI of the RME 

groups. A difference of 29.73% and 29.63% for MY and MI was detected among the low and 

high RME groups, respectively. In addition, the low RME animals produced the least (P < 0.05) 

methane per unit of growth, of the RME groups. No differences among any of the methane 

phenotypes (P > 0.05), including both RME and RMECO2, were observed among steers and 

heifers. No difference in DME, DCE, and RME was detected between genotypes. 
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6.4.3 Association analysis among traits associated with CH4 output and animal 

productivity 

Correlation coefficients among the methane traits investigated in this study are presented in 

Table 6.4. The relationship of DME with RME, MI, MY, and MADG is portrayed in Figure 6.2. 

DME were positively correlated (P < .0001) with MY, MI, MADG, RME, and RMECO2. Among 

the methane phenotypes, RME was the strongest predictor of daily methane output (r = 0.86; 

P < .0001). Between the residual methane traits RME and RMECO2 were strongly associated 

with each other (r = 0.86; P < .0001), but RME had the stronger correlations with MY (0.89 vs. 

0.77) and MI (0.86 vs. 0.78). All three CH4 ratio traits (MY, MI, and MADG) were positively 

correlated (P < .0001). Positive associations were observed between DCE with DME, RME, 

and MI. 

Correlation analysis among CH4 traits with intake, growth, and feed efficiency is presented in 

Table 6.5. The relationship of DMI with DME, DCE, MI, MY, RME, and RMECO2 is portrayed in 

Figure 6.3. The CH4 traits RME and RMECO2 were not associated (P > 0.10) with any of the 

production traits (DMI, ADG, CW, MD, FD, IMF, G:F, or RFI). MY was negatively associated 

(P < 0.05) with DMI, ADG, CW, FD, IMF, G:F, and RFI. MI was positively correlated with DMI, 

ADG, and RFI and negatively associated with CW and MD (P < 0.05). MADG was negatively 

correlated (P < 0.05) with DMI, ADG, and G:F (P < 0.05). DCE had a strong positive 

relationship (P < 0.05) with DMI (r = 0.78), ADG (r = 0.45), and CW (r = 0.67). 

6.4.4 Ruminal fermentation parameters 

Comparisons of fermentation parameters among RME grouping, sex, and animal genotype 

are presented in Table 6.6. No interactions were detected (P > 0.05) between RME grouping, 

sex or animal genotype for any of the fermentation parameters reported in this study. 

High RME animals had a greater (P < 0.05) total SCFA production in comparison to the 

medium and low groups. The low RME group had a greater (P < 0.05) propionate % in 

comparison to the high group; however, animals in the high group had a greater (P < 0.05) 

butyrate % compared with both medium and low animals. No difference (P > 0.05) in rumen 

fluid pH, acetate %, A:P ratio or rumen fluid pH was observed among the RME groups. Animals 

ranked as high had the greatest (P < 0.05) theoretical H production of the RME groups. No 

differences in any of the fermentation associated variables among animal sex or genotype 

was found (P > 0.05). 

Correlation analysis of fermentation parameters with all methane traits is reported in Table 

6.7. Total SCFA production had a positive correlation (P < 0.05) with DME, RME, RMECO2, 

MY, and MI. Acetate % was positively (P < 0.05) correlated with MY and MI. Propionate % 

was negatively associated (P < 0.05) with all methane traits namely DME, RME, RMECO2, MY, 
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MI, and MADG. Both RME and RMECO2 were positively associated with higher A:P ratio (P 

< 0.05). Butyrate % and theoretical H production were positively correlated (P < 0.05) with 

DME, RME, RMECO2, MY, MI, and MADG. 

6.5 Discussion 

Reducing CH4 emissions from domesticated cattle will be key to achieving a sustainable 

growth in global food production. Over the past decade, there has been increased international 

interest in the use of genetic selection as part of a methane mitigation solution for the ruminant 

livestock sector (Wall et al., 2010; Pickering et al., 2015; de Haas et al., 2017; Beauchemin et 

al., 2020). However, while the selection of animals solely on DME has the greatest potential 

to decrease enteric emissions, this is likely to have ramifications for animal productivity, due 

to the positive relationship between methanogenesis and feed intake (Wall et al., 2010; 

Pickering et al., 2015; de Haas et al., 2017). Consequently, researchers have proposed 

alternative indices for ranking the methanogenic potential of an animal. For example, RME 

has been advocated as having an optimal balance as a trait in identify low emitting animals, 

while, due to its independence from voluntary feed intake and BW, not impacting on these 

important drivers of profitability (Herd et al., 2014). However, prior to the completion of the 

current study, there was a paucity of information available surrounding the implications of 

ranking beef cattle for RME, on enteric emissions, ruminal fermentation, animal productivity, 

and carcass output. 

Multiple CH4 phenotypes were evaluated and the values recorded in the present experiment 

for average DME, along with MY and MI were consistent with previous studies investigating 

enteric emissions using the GEM technology in beef cattle fed under intensive ad libitum 

rearing conditions (Arthur et al., 2017; Bird-Gardiner et al., 2017). For example, an average 

DME of 195.2 and 202.5 g/d was observed by Arthur et al. (2017) and Bird-Gardiner et al. 

(2017), with the slight increase in emissions observed in this study, likely due to higher 

proportion of forage in the diet. Additionally, daily animal visitation to the GEM throughout the 

CH4 measurement period was within the range (1.3 to 5.08 visits/d) reported by others 

(Velazco et al., 2016; Alemu et al., 2017; Arthur et al., 2017; Renand et al., 2019) and further 

strengthens the validity of the CH4 recording technique implemented in this experiment. The 

absolute range and differences in growth, performance, feed efficiency, and carcass data 

between animal sexes and genotypes were comparable to previous production values 

generated from the same feed efficiency performance test centre over the preceding 10 yr 

(Crowley et al., 2010; Kelly et al., 2011; Kelly et al., 2019; Lahart et al., 2020). DME were 

positively correlated with feed intake, growth, and carcass output, in line with previous studies 

(Bird-Gardiner et al., 2017; Renand et al., 2019). There were no differences in DME among 
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the sexes and genotypes, likely explained by the similar level of feed intake and methane 

bodyweights between the groups, with differences in MI between the breed types due to the 

increased carcass output observed in LM relative to EM breeds over the finishing period. 

Based on data generated under restricted feed conditions within open-circuit RCs, CH4 ratio 

traits, such as MY have traditionally be utilised to identify high or low CH4 emitting animals 

(Herd et al., 2014; Donoghue et al., 2016). However, data generated as part of this study and 

others (Herd et al., 2016a; Bird-Gardiner et al., 2017; Renand et al., 2019) has identified 

antagonistic relationships between ratio expressions of CH4 emissions and traits of economic 

importance in animals offered ad libitum access to different diets. For example, the present 

study observed an unfavourable negative correlation with MY and DMI, with all ratio 

expressions of CH4 output (MY, MI, and MADG) correlated with the individual metric of animal 

performance utilized as a denominator trait in their calculation. Therefore, the existence of 

antagonistic relationships between ratio expressions of CH4 output and traits of economic 

importance, questions the applicability of data generated from feed restricted animals to inform 

CH4 mitigation breeding strategies. 

Alternatively, the selection and ranking of animals on the basis of RME as part of CH4 

mitigation program has been suggested to overcome these limitations associated with ratio-

based CH4 traits and animal productivity, while also maintaining the potential to reduce all 

indices of methane output (Herd et al., 2014). In support of this, RME were the only CH4 trait 

observed to be truly independent of animal production, but positively correlated with enteric 

emissions in this and other studies where ad libitum feeding was employed (Bird-Gardiner et 

al., 2017; Renand et al., 2019). In addition, the coefficient of determination for RME in this 

study is similar to that reported for feedlot steers by Bird-Gardiner et al. (2017). Residual CH4 

emissions were also the best predictor of DME in this experiment and strongly associated with 

all traditional ratio expressions of methane output. Animals phenotypically ranked as low for 

RME, in comparison to their high counterparts, produced 30% less DME showing that large 

interanimal inherent variation exists for this trait. Similarly, low RME animals had a lower MY 

and MI, producing ~30% less CH4 per unit of feed intake or CW, in comparison to the high 

RME group. The reduction in all CH4 phenotypes in the low RME group occurred in the 

absence of any adverse effect on animal performance further emphasizing the merit of RME 

in identifying animals truly divergent for CH4 output, irrespective of productivity.  

As the acceptance of any CH4 abatement selection program within the livestock sector will be 

underpinned by its relationship with on farm profitability (Beauchemin et al., 2020), the 

selection of low RME animals as part of a balanced breeding index or an environmentally 

focused sub index, may be an attractive mitigation strategy for the livestock industry. Based 
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on the phenotypic evidence in this study, supported by genetic correlations and moderate 

heritability estimates of RME presented by others, albeit under restricted feeding conditions 

(Donoghue et al., 2016; Manzanilla-Pech et al., 2016), the breeding of low RME animals is 

suggested to be capable of reducing the DME of future generations of beef cattle, without 

compromising animal productivity.  However, to further advance the selection of low RME beef 

cattle, there is still a need to estimate the heritability and genetic correlations among CH4 traits 

under ad libitum feeding conditions. 

Recently, some authors have advocated for the use of DCE as a proxy for DMI due to the 

linear relationship observed among both traits (Herd et al., 2016b; Arthur et al., 2018; 

Donoghue et al., 2020). The strong correlation with DMI, observed here and elsewhere (Arthur 

et al., 2018), is indicative of the potential benefit of DCE to act as a proxy for feed intake. 

Indeed, Renand et al. (2019), in forage fed cattle, advocated the potential to calculate RME 

with CO2 in absence of feed intake measures and reported RMECO2 to be a good predictor of 

RME and free from any association with DMI or BW. Concurring, in the present experiment 

RMECO2 maintained similar associations to that of RME with feed intake, growth, feed 

efficiency, carcass output, and all CH4 phenotypes. Due to the expense of ongoing accurate 

determinations of DMI and difficulties in the measurement of the trait at pasture, there may be 

credence for the use of DCE as a proxy for feed intake when investigating DME and RME. 

However, the accuracy of DCE as an indicator of feed intake will need to be further evaluated 

across different dietary regimes and stages of the production cycle. 

Ruminal methanogens primarily synthesize CH4 from H2 and CO2 with both substrates 

produced as end products of the microbial fermentation of ingested feed (Moss et al., 2000). 

Methane is a known by-product of microbial fermentation with emissions influenced by H 

dynamics in the rumen and shifts in microbial fermentation pathways (Janssen, 2010). Indeed, 

methanogenesis is believed to acquire a homeostatic role in the rumen, by preventing the 

accumulation of excessive amounts of H2 (Morgavi et al., 2010). Ruminal propionate 

production is considered a competitive H sink to methanogenesis, with butyrate often 

considered a net contributor to ruminal H (Janssen, 2010). In addition, the rumen 

acetate:propionate ratio is a recognized indicator of an animal’s methanogenic capabilities 

(Williams et al., 2019). Our data suggest, differences in microbial fermentation pathways 

particularly the proportion of propionate and butyrate, along with acetate: propionate profile, 

in the rumen to be among the definitive factors influencing divergence in CH4 output observed 

between high- and low-ranked RME animals. Members of both the bacterial and methanogen 

rumen community are known to influence VFA production and methanogenesis (Kittelmann et 

al., 2014; Shi et al., 2014; Wallace et al., 2015; Shabat et al., 2016; Auffret et al., 2017; 

Danielsson et al., 2017; Tapio et al., 2017) making it imperative that further efforts are 
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implemented to identify the key ruminal microbes and methanogenic mechanisms associated 

with RME to facilitate a greater understanding of the trait. In addition, the increased total SCFA 

and theoretical H production observed in high RME suggest differences in RME could be 

influenced by rumen digestibility. Therefore, further studies investigating the relationship of 

RME with ruminal digestibility and retained energy are warranted. 
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Table 6.1 Details of the chemical composition of total mixed ration (TMR) and concentrates 
offered during feed efficiency and enteric emissions measurement periods (±SD). 

  Concentrate TMR 

Chemical composition (% of DM unless stated)      

Dry matter  91.7 (0.8) 50.1 (0.9) 

Crude protein  13.8 (0.4) 12.2 (0.3) 

Neutral detergent fibre 21.8 (0.7) 33.5 (1.1) 

Acid detergent fibre 10.8 (0.3) 17.9 (0.6) 

Either extract 3.4 (0.6) 2.3 (0.3) 

Ash  7.4 (0.2) 7.3 (0.1) 

Gross energy (MJ /kg DM)  16.8 (0.3) 16.7 (0.2) 

Mineral and vitamin premix of diet consisted of 0.18 mg Co/kg, 7,400 mg Cu/kg, 1.8 mg I/kg, 0.25 mg Se/kg, 25 

mg Mg/kg, 50 mg Zn kg, 3000 iu Vitamin A/kg, 1000 iu Vitamin D3/kg and 5 mg Vitamin E/kg. 
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Table 6.2 Characterization of feed intake, performance, feed efficiency, ultrasonic measurements and carcass output in finishing beef cattle 
ranked for residual methane emissions, sex and genotype. 

   RME Ranking 1  Sex  Genotype     

Traits a Mean 2 SD 3 
High Medium Low 

SEM 4 
Steers Heifers 

SEM 5 
Late Early 

SEM 6 
P-value P-value P-value 

(n=84) (n=114) (n=84) (n=128) (n=154) (n=219) (n=63) (RME Ranking) (Sex) (Genotype) 

Performance                

Initial weight (kg) 475. 7 67.3 472.9 477.4 473.2 8.51 492.3a 456. 7b 10.3 482.8a 466.2b 8.0 0.82 0.02 0.04 

Metabolic body weight 
(kg) 

111.1 10.8 111.2 111.5 110.7 1.43 114.2a 108.1b 1.8 112.3 110.1 1.4 0.83 0.02 0.09 

Final weight (kg) 594.9 74.3 599.0 598.8 592.2 11.74 617.2 576.2 15.1 602.4 590.9 11.4 0.70 0.06 0.19 

Average daily gain (kg) 1.4 0.3 1.4 1.4 1.3 0.05 1.4 1.3 0.1 1.3a 1.4b 0.1 0.17 0.34 0.04 

Feed Intake and 
Efficiency 

               

Dry matter intake (kg/ d) 10.29 1.46 10.56 10..29 10.26 0.19 10.52 10.22 0.22 10.21 10.53 0.18 0.29 0.36 0.1 

G:F (kg) 0.13 0.02 0.14 0.13 0.13 0.00 0.14 0.13 0.01 0.13 0.13 0.00 0.21 0.55 0.69 

RFI (kg DM/ d) 0.00 0.77 0.16 0.03 0.10 0.09 0.00 0.20 0.08 -0.08a 0.28b 0.08 0.48 0.12 <0.01 

Ultrasonic 
Measurements 

               

Fat depth (mm) 5.1 1.9 5.5 5.7 5.6 0.4 4.9 6.3 0.5 4.5a 6.7b 0.4 0.58 0.06 <.0001 

Muscle depth (mm) 76.0 7.4 74.5 75.8 75.4 1.6 76.1 74.4 2.2 78.4a 72.1b 1.6 0.32 0.60 <.0001 

Intra muscular fat (%) 6.0 1.4 6.2 6.5 6.3 0.3 6.5 6.2 0.4 5.8a 6.9b 0.3 0.22 0.64 <.0001 

Carcass Characteristics                

Carcass weight (kg) 333.1 44.0 328.2 334.7 331.8 7.5 345.6a 317.6b 9.9 340.5a 322.7b 7.3 0.46 0.04 <0.001 

a G:F = gain to feed ratio. RFI = residual feed intake. 
1 High = RME was >0.5 SD above the mean; Medium = RME was ±0.5 SD above and below the 
mean; Low = RME was >−0.5 SD below the mean.  
2 Overall trait mean.    
3 Overall trait standard deviation.  
4-6 SEM = pooled standard error.   
a,b Least squares means within main effect and a row with different superscripts differ 
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Table 6.3 Characterization of enteric emissions and methane traits in finishing beef cattle ranked for residual methane emissions, sex and 
genotype. 

      RME Ranking 1            Sex    Genotype     

 

  

Traits a Mean 2 SD 3 

High Medium Low  

SEM 4 

Steers Heifers 

SEM 5 

Late Early 

SEM 6 

P-value  P-value  P-value  

(n=84)  (n=114)  (n=84) (n=128) (n=154) (n=219) (n=63) (RME Ranking) (Sex) (Genotype) 

DME (g/day) 229.2 46.0 265.0a 224.0b 184.4c 
8.8 

232.0 217.0 
12.1 

226.4 222.5 
8.7 

<.0001 0.38 0.30 

DCE (kg/day) 8.4 1.0 8.8a 8.3b 8.1c 
0.2 

8.6 8.2 
0.3 

8.4 8.4 
0.2 

<.0001 0.39 0.92 

RME (g/day) 0.00 34.1 38.0a -0.1b -40.3c 
1.8 

-0.7 -0.9 
1.8 

0.6 -2.2 
1.6 

<.0001 0.94 0.25 

RMECO2 (g/day) 0.00 30.2 24.6a 0.7b -31.2c 
2.4 

-1.2 -2.7 
2.3 0.6 

-4.6 
2.1 

<.0001 0.65 0.11 

MY (g/ kg DMI ) 22.10 4.1 25.2a 21.6b 17.7c 
0.7 

21.9 21.1 
1.0 

21.9a 21.1b 
0.7 

<.0001 0.59 0.01 

MADG (g/ kg ADG) 171.7 40.7 191.3a 167.1b 144.1c 
6.6 

166.8 168.1 
8.5 

173.8a 161.2b 
6.4 

<.0001 0.91 0.02 

MI (g/ kg CW) 0.70 0.15 0.81a 0.67b 0.57c 0.03 0.68 0.69 0.05 0.67a 0.70b 0.03 <.0001 0.83 0.01 

a DME = daily methane production. DCE = daily carbon dioxide production. RME = residual methane 
emissions. RMECO2 = residual methane emissions calculated with carbon dioxide.  MY = methane yield. 
MADG = methane emissions per kg of ADG. MI = methane intensity.  
1 High = RME was >0.5 SD above the mean; Medium = RME was±0.5 SD above and below the mean; Low = 
RME was >−0.5 SD below the mean.  
2 Overall trait mean.   
3 Overall trait standard deviation.  
4-6 SEM = pooled standard error.    
a,b,c Least squares means within main effect and a row with different superscripts differ  
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Figure 6.1 Diurnal pattern of daily methane (CH4) and carbon dioxide (CO2) emissions. Error bars indicate standard 

error of the mean (SEM). Daily feed out time is indicated by arrows within each graph.  
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Table 6.4 Correlations coefficients amongst methane and carbon dioxide traits. 

Traits a DME DCE RME RMECO2 MY MI 

DME -       

DCE 0.63***      

RME 0.86*** 0.26***     

RMECO2 0.76*** -0.02 0.86***    

MY 0.61*** -0.01 0.89*** 0.77***   

MI 0.80*** 0.23*** 0.86*** 0.78*** 0.73***  

MADG 0.48*** 0.08 0.55*** 0.57*** 0.57*** 0.49*** 

 

 

 

  

a DME = daily methane production. DCE = daily carbon dioxide production. RME = residual methane 
emissions. RMECO2 = residual emissions production calculated with carbon dioxide.  MY = methane yield. MI 
= methane intensity. MADG = methane emissions per kg of ADG. 

⁎⁎⁎ P<0.001.  
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Figure 6.2 The relationship of daily methane emissions (DME) with residual methane emissions (RME), methane 

intensity (MI), methane yield (MY), and methane emissions per kg of ADG (MADG). 
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Table 6.5 Correlations coefficients of intake, performance, feed efficiency traits, and body 
composition measures with methane traits. 

Traits a DME RME RMECO2 MY MI MADG 

Dry matter intake (kg) 0.50*** 0.05 0.02 -0.30*** 0.13* -0.14* 

Average daily gain 
(kg) 

0.31*** 0.08 0.00 -0.13* 0.13* -0.63*** 

Carcass weight (kg) 0.31*** -0.03 -0.05 -0.18** -0.29*** 0.00 

Muscle depth (mm) 0.13* 0.00 -0.01 -0.04 -0.21*** 0.08 

Fat depth (mm) 0.14* -0.03 0.00 -0.16** 0.00 -0.05 

Intra muscular fat (%) 0.03 -0.07 -0.07 -0.17** -0.08 -0.05 

G:F -0.05 0.09 -0.03 0.14* 0.04 -0.66*** 

RFI 0.23*** -0.01 0.04 -0.24*** 0.31** 0.16** 

 
a DME = daily methane production. DCE = daily carbon dioxide production. RME = residual methane 
emissions. RMECO2 = residual methane emissions calculated with carbon dioxide.  MY = methane yield. MI = 
methane intensity. MADG = methane emissions per kg of ADG. G:F = gain to feed. RFI = residual feed intake. 
     

⁎ P<0.05.     

⁎⁎ P<0.01.      

⁎⁎⁎ P<0.001.      
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Figure 6.3 The relationship of dry matter intake (DMI) with daily methane emissions (DME), daily carbon dioxide 

emissions (DCE), methane intensity (MI), methane yield (MY), residual methane production (RME), and residual 

methane production with carbon dioxide (RMECO2). 
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Table 6.6 Characterization of rumen fermentation profile in finishing beef cattle ranked for residual methane emissions, sex and genotype. 

  
   

RME Ranking 1  Sex  Genotype     

Rumen Fermentation a Mean SD 

High Medium Low 

SEM 2 

Steers Heifers 

SEM 3 

Late Early 

SEM 4 

P-value P-value P-value 

(n=84) (n=114) (n=84) (n=128) (n=154) (n=219) (n=63) 
(RME 

Ranking) 
(Sex) (Genotype) 

pH 6.8 0.3 6.8 6.8 6.8 0.1 6.8 6.8 0.1 6.8 6.8 0.1 0.48 0.76 0.10 

Total SCFA (mM) 124.2 34.4 134.5a 120.9b 119.9b 7.2 119.8 130.4 8.9 123.4 126.8 6.9 0.02 0.39 0.54 

Acetate (%) 74.3 6.7 73.6 73.1 73.5 1.5 71.9 74.9 1.9 73.7 73.1 1.4 0.85 0.26 0.51 

Propionate (%) 13.0 4.3 13.0a 14.0a 14.5b 1.2 14.4 13.2 1.5 13.7 13.9 1.1 0.04 0.59 0.66 

Butyrate (%) 7.8 2.6 8.0 7.8 7.1 0.7 7.7 7.5 0.9 7.5 7.7 0.69 0.10 0.89 0.56 

A:P 5.7 1.4 6.7a 5.8b 5.7b 0.6 5.2 7 0.8 6.3 5.9 0.6 0.03 0.11 0.31 

Hydrogen Production (mM) 663.7 157.2 688.6a 622.9b 630.7b 37.6 626.5 668.3 48.0 654.8 640.0 36.5 0.03 0.54 0.56 

a A:P = acetate to propionate ratio.  
1 High = RME was >0.5 SD above the mean; Medium = RME was±0.5 SD above and below the mean; Low = 
RME was >−0.5 SD below the mean.  
 2-4 SEM = pooled standard error.            
a,b,c Least squares means within main effect and a row with different superscripts differ. 
*Hydrogen Production was calculated from the concentration of individual VFAs as per Marty and Demeyer 
(1973) without the inclusion of H2. 
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Table 6.7 Correlations coefficients of methane traits with rumen fermentation parameters. 

Traits a pH Total SCFA (mM) Acetate (%) Propionate (%) Butyrate (%) A:P H 

DME 0.09 0.19* -0.08 -0.23** 0.25*** 0.07 0.20** 

DCE 0.05 -0.01 0.04 0.03 -0.09 -0.10 -0.03 

RME 0.08 0.19* -0.08 -0.25*** 0.34*** 0.18* 0.22** 

RMECO2 0.09 0.24** -0.10 -0.36*** 0.41*** 0.22** 0.24** 

MY 0.08 0.20** -0.19* -0.18* 0.37*** 0.09 0.23** 

MI 0.05 0.28*** -0.18* -0.18* 0.30*** 0.06 0.28*** 

MADG 0.05 0.12 -0.08 -0.26*** 0.24** 0.27*** 0.16* 

 

 

 

  

a DME = daily methane production. DCE = daily carbon dioxide production. RME = residual methane 
emissions. RMECO2 = residual methane emissions calculated with carbon dioxide.  MY = methane yield. MI = 
methane intensity. MADG = methane emissions per kg of ADG. A:P = acetate to propionate ratio. H = 
theoretical H production.*H was calculated from the concentration of individual VFAs as per Marty and 
Demeyer (1973) without the inclusion of H2.  

⁎ P<0.05.  

⁎⁎ P<0.01.  

⁎⁎⁎ P<0.001. 
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7.1 Abstract 

Residual CH4 emissions, has previously been shown to be the optimal phenotype for 

assessing the methanogenic potential of ruminants, due to the trait’s independence from 

animal productivity. However, there is dearth of data available on the bacterial and archaeal 

microbial communities residing in the rumen of animals divergent ranked for RME. Therefore, 

the objective of this study was to investigate the relationship of the rumen microbiota with RME 

in a population of finishing beef cattle. Residual CH4 emissions was calculated for 282 

crossbred finishing beef cattle,  following which a ~30% difference in all expressions of CH4 

emissions (g/day, g/ kg of DMI, g/ kg of carcass output) was observed between high and low 

RME ranked animals. Rumen fluid samples were successfully obtained from 268 animals 

during the final week of the methane measurement periods, using a trans-oesophageal 

sampling device. Rumen microbial DNA was extracted and subjected to 16S rRNA amplicon 

sequencing in an effort to determine microbial biomarkers associated with RME. Animals 

ranked as low RME had the highest relative abundance (P<0.05) of the lactic acid producing 

bacterial generas (Intestinibaculum, Sharpea, Olsnella) and Selenomas, while high and 

medium RME ranked animals had increased (P<0.05) proportions of Pseudobutyrivibrio, 

Butyrivibrio and Mogibacterium. Within the rumen methanogen community, an increased 

abundance (P<0.05) of the genera Methanosphaera as well as the Methanobrevibacter RO 

clade was observed in low RME animals. The relative abundances of both Intestinibaculum 

and Olsnella were negatively correlated (P<0.05) with RME but positively correlated with 

ruminal propionate %. A similar relationship was observed for the abundance of 

Methanosphaera and the Methanobrevibacter RO, with both members of the rumen 

methanogen community negatively correlated with RME and positively associated with 

propionate. Findings from this study highlights the ruminal abundance of bacterial genera 

associated with the synthesis of propionate via the acrylate pathway, as well as the 

methanogens Methanosphaera and Methanobrevibacter RO clade, to act as potential 

microbial biomarkers for the methanogenic potential of beef cattle. 
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7.2 Introduction 

Enteric CH4 originating from ruminant livestock is accountable for ~6% of global anthropogenic 

greenhouse gas (GHG) emissions (Gerber et al., 2013, Beauchemin et al., 2020). To reduce 

the GHG emissions profile of the livestock industry, numerous authors have advocated the 

power of genetic selection to achieve permanent and accumulative reductions to the methane 

output of future livestock generations (Wall et al., 2010, Pickering et al., 2015, de Haas et al., 

2017, Beauchemin et al., 2020). To date, most investigations examining the relationship 

between the rumen microbiota and CH4 output, have been conducted on animals ranked for 

DME (g/day) (Danielsson et al., 2017) or MY (g/kg of DMI) (Kittelmann et al., 2014, Shi et al., 

2014, Roehe et al., 2016). However, the direct genetic selection of animals for reduced DME 

or MY is unlikely to be implemented as part of a breeding strategy, due to the antagonistic 

relationship of both traits with animal productivity (Bird-Gardiner et al., 2017, Renand et al., 

2019, Smith et al., 2021).  

Residual CH4 emissions has recently been advocated as the optimal trait for identifying low 

CH4 emitting cattle, due to the trait’s independence of animal productivity but strongly 

correlated with DME across different diet types (Herd et al., 2014, Bird-Gardiner et al., 2017, 

Smith et al., 2021). Recently our group observed a 30% difference in CH4 output along with 

shifts in theoretical ruminal H production and a varied expression of microbial fermentation 

pathways associated with propionate production, yet similar level of animal productivity, in 

cattle ranked for RME (Smith et al., 2021). However, to date there has been no investigations 

of the effect of ranking animals for RME on the composition of the rumen microbiota. 

The abundance and fermentative activity of individual members of the rumen microbiota is 

influenced by fluctuating H dynamics with in the rumen (Janssen, 2010) with methanogenesis 

one of the primary metabolic processes regulating dissolved ruminal H2 concentrations 

(McAllister and Newbold, 2008, Morgavi et al., 2010). While the genetic factors controlling 

methanogenesis are yet to be determined, the composition of the rumen microbiota has 

explained 15-40% of the variation in CH4 output in some studies (Difford et al., 2018, Wallace 

et al., 2019). This suggests, with the drastic advancement in our ability to study the relationship 

of the rumen microbiota with methanogenesis due to the widespread accessibility of HTS 

technology (Smith et al., 2020), it may be possible to discover potential rumen microbial 

biomarkers that are reflective of the methanogenic potential of an animal. Indeed the discovery 

of rumen microbial signatures associated with methanogenesis would likely benefit the 

identification of low CH4 emitting animals for inclusion in CH4 abatement selection programmes 

for ruminant livestock.  
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Therefore, the objective of this study was to investigate the composition of the rumen 

microbiota in animals, phenotypically divergent in RME, in an effort to identify rumen microbial 

biomarkers indicative of the methanogenic potential of an animal.  

7.3 Materials and methods  

All animal procedures used in this study were approved by the Teagasc Animal Ethics 

Committee and conducted using procedures consistent with the experimental license 

(AE19132/P078) issued by the Irish Health Products Regulatory Authority in accordance with 

European Union legislation (Directive 2010/63/EU), for the protection of animals used for 

scientific purposes. 

7.3.1 Animal model 

This experiment was conducted as part of a larger study designed to investigate the effects of 

ranking finishing beef cattle, in terms of RME, on enteric emissions and animal productivity. A 

detailed description of the animal model, measurements recorded and derivation of traits has 

been presented in Smith et al. (2021). 

Briefly, over a period of 18 months, data were obtained from 282 commercial beef cattle 

(steers = 128 and heifers = 154) enrolled in a feed efficiency performance test. Cattle were 

the progeny of AI bulls, under evaluation as part of the Gene Ireland Breeding Program 

(https://www.icbf.com/?page_id=12900), and were recruited from commercial breeding herds, 

based on factors including sire, breed, genetic merit, pedigree, and age, and performance 

tested under standardised conditions at the ICBF national beef bull progeny test station (Tully, 

Co. Kildare, Ireland). Cattle included in this study originated from continental late maturing 

beef dams (Charolais, Limousin or Simmental), sired by EM or LM sire breeds. The proportion 

of EM and LM sired animals was 25% and 75%, respectively.   

Eligible cattle entered the test centre in groups of 40-75 cattle, hereby referred to as “batches”, 

and undergo a minimum 100 d feed efficiency performance test. Starting in January 2019 and 

finishing in July 2020, animals from seven consecutive batches were included in this study. 

Upon arrival at the facility, cattle were allocated to indoor pens (6.1m x 4.6m) bedded with 

peat. Cattle were separated based on gender and initially penned in groups of five to six 

depending on their initial weight and age. Cattle were offered a 30 d adjustment period to allow 

dietary acclimatisation and adaption to the facilities. During the adjustment phase animals 

were fitted with a RFID tag (HDX EID Tag, Allflex Livestock Intelligence, Dallas, TX, USA). 

Once tagged, pen size was increased by opening the gates between adjacent pens to 

accommodate 11-30 animals per pen. The mean age and body weight of animals at the 

beginning of the measurement period was 441 days (SD = 49) and 476 kg (SD = 67), 

https://www.icbf.com/?page_id=12900
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respectively. Steers and heifers averaged 476 (SD = 46) and 410 (SD = 27) days of age while 

LM and EM averaged 442 (SD = 51) and 435 (SD = 43) days of age at the commencement of 

the measurement period, respectively. 

Cattle were offered the same TMR ad-libitum, which consisted of 77% concentrates and 23% 

hay (see Chapter 6 Table 6.1) and underwent a mean feed intake measurement period of 91 

d (71-128 d). Enteric emissions (CH4 and CO2) were estimated over a 21 day period during 

the feed efficiency test period with the use of the GEM (C-Lock Inc., Rapid City, SD, USA). 

Following the completion of the measurement period, animals were slaughtered in a 

commercial abattoir.  

7.3.2 Rumen fluid collection 

During the last week of the enteric emissions measurement period, samples of rumen fluid 

(25-50 ml) were collected from 268 animals, before feeding, using the transoesophageal 

rumen sampling device (FLORA rumen scoop; Guelph, Ontario, Canada).  Feed was restricted 

from animals for a minimum of 2 h prior to sampling. Samples were divided across 2x 25 ml 

tubes with ruminal fluid pH measured immediately using a digital pH meter (Orion SA 720; 

Thermo Fisher Scientific, Waltham, MA, USA). Following this, 500 ul of rumen fluid was 

pipetted into 2 ml cyrotubes (Sarstedt, Co. Wexford, Ireland), containing autoclaved zirconia 

beads (0.3 g of 0.1 mm and 0.1 g of 0.5 mm), and immediately preserved via snap freezing in 

liquid nitrogen, along with the remaining rumen fluid contained in 25 ml tubes. On the same 

day of sampling, samples were transported 61 km away to the Teagasc research facility 

(Teagasc Grange, Dunsany, Co. Meath, Ireland) on dry ice and stored at −80 °C until further 

molecular analysis was conducted.  

7.3.3 DNA extraction and library preparation 

Eight samples were misplaced resulting in microbial DNA being extracted from 260 samples, 

using the repeated bead beating and column purification method (Yu and Morrison, 2004) 

using 500 ul frozen rumen fluid sample. DNA quality was assessed on agarose gels (0.8%) 

with the concentration of extracted DNA quantified on the Nanodrop 1000 spectrophotometer.  

A blank extraction control was subjected to the same procedures as rumen fluid samples for 

each extraction kit. 

Using 12.5 ng of extracted rumen microbial DNA, amplicon libraries (n = 260) were generated 

by performing two rounds of PCR amplification as outlined in the Illumina Miseq 16S Sample 

Preparation Guide with minor modifications to cycle length, as outlined in McGovern et al. 

(2018a) and Smith et al. (2020). In addition, six amplicon libraries were generated to assess 

sequencing run performance and library preparation. Three amplicon libraries were generated 

using the ZymoBIOMICSTM Microbial Community DS (Zymo Research Corp., Irvine, CA, 



140 
 

USA). An additional three libraries were synthesised using the synthetic rumen amplicon 

sequencing standard as described by Smith et al. (2020). 

The first round of PCR amplification, targeting the V4 hypervariable region of the 16S rRNA 

gene, was performed using the 515F/806R primers (Caporaso et al., 2011), designed with 

Nextera over hang adapters, and 2x KAPA Hifi HotStart ReadyMix DNA polymerase (Roche 

Diagnostics, West Sussex, UK). Cycle conditions were as follows: 95°C for 3 min, 20 cycles 

at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and then 72°C for 5 min.  

Amplicons were purified using the QIAquick PCR Purification Kit (Qiagen, Manchester, UK). 

A negative control, subject to the same procedures as rumen amplicon samples, was 

performed for each purification kit. Following purification, amplicons were subject to a second 

round of PCR to permit attachment of dual indices and Illumina sequencing adapters using 

the Nextera XT indexing kit (Illumina, San Diego, CA, USA). Cycle conditions for the second 

round of PCR were 95°C for 3  min, 8 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and 

then 72°C for 5 min followed by an additional PCR purification with the QIAquick PCR 

Purification Kit (Qiagen, Manchester, UK). Confirmation of amplicon generation was 

conducted visually on a 2% agarose gel. Amplicons were split across three separate runs, and 

pooled together in equal concentration and subject to gel purification using the Qiagen Gel 

Extraction Kit (Qiagen, Manchester, UK) to remove adapter primers and further purified to 

remove any residues of agarose using the QIAquick PCR purification kit (Qiagen, Manchester, 

UK). In total, 276 samples were sequenced (n = 260 rumen samples; n = 6 positive controls; 

n=11 negative controls). 

Pooled sample purity and quantity was analysed on the Nanodrop 1000 with further validation 

on the Qubit fluorometer and using the KAPA SYBR FAST universal kit with Illumina Primer 

Premix (Roche Diagnostics, West Sussex, UK). Following this, the library pool was diluted and 

denatured as per the Illumina Miseq 16S Sample Preparation Guide with sequencing 

conducted on the Illumina MiSeq using the 500 cycle version 2 MiSeq reagent kit (Illumina, 

San Diego, CA, USA), over three separate runs.  

7.3.4 Rumen metabolite analysis 

Short chain fatty acid concentrations in rumen fluid samples were measured using a Varian 

(Saturn 2000) GC 450 (Varian, Middelburg, The Netherlands). A detailed description of sample 

preparation, the extraction of VFA and the cycle conditions utilized was previously described 

(Smith et al., 2021).  
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7.3.5 Sequencing analysis 

Amplicon sequence data was processed in R (version 4.0.2) using DADA2 (version 1.18.0) 

and submitted to the pipeline as described by Callahan et al., (2016) with minor modifications. 

Quality checks of both forward and reverse reads were initiated followed by the filtering and 

trimming of poor quality reads and removal of primer sequences using the trimLeft function. 

Identical sequences were combined using the dereplication function followed by the merging 

of forward and reverse reads. An ASV table was then constructed following which chimeric 

sequences were removed and taxonomy assigned to sequences variants using the RefSeq + 

RDP (NCBI RefSeq 16S rRNA database supplemented by RDP) downloaded from the DADA2 

website. Sample metadata, sequence taxonomy and ASVs were combined into a phyloseq 

object using phyloseq (version 1.34.0; Wilkinson et al., 2018) for further analysis. Ten rumen 

amplicon samples were removed due to having a significantly low sequencing depth with 

remaining rumen samples (n = 250) rarefied to a depth of 26,366 reads, based on the lowest 

sequencing depth of all samples. Following this, alpha (Shannon and Simpson) diversity was 

calculated for each sample. For comparisons of beta diversity, as well as differential 

abundance analysis, ASVs which were not present in >5% of sample were removed prior to 

calculating the relative abundance, based on rarefied reads.  

To determine the proportion of rumen methanogens belonging to the SGMT or RO clade, 

ASVs assigned to the Methanobrevibacter genus were further classified by conducting an 

online NCBI BLAST search against the RefSeq database 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch).  

7.3.6 Data and statistical analysis  

Prior to assessing differences in the bacterial and archaeal structure amongst RME groups, 

the homogeneity of group dispersions was assessed between low and high ranked animals. 

Following this, a PERMANOVA, based on Bray-Curtis dissimilarities, 9,999 permutations and 

a significance level of (P < 0.05) was implemented to determine if the bacterial and archaeal 

structure differed amongst high and low RME animals. Both the assessment of the 

homogeneity of group dispersions and PERMANOVA analysis was carried using the R 

package vegan (Oksanen et al., 2019) (version 2.5.7) implemented through microbiome (Leo 

et al., 2017) (version 1.12.0). The R package plotly (version 4.9.3) was used to generated 3D 

NMDS plots, based on Bray-Curtis dissimilarities.   

Statistical comparisons of the relative abundance of the rumen bacteria and archaea between 

the RME groups, was conducted on ASVs with a mean relative abundance of greater than 

0.5% in at least one RME group, using the GLIMMIX procedure of SAS (SAS Inst. Inc., Cary, 

NC; version 9.4). The statistical model used included the fixed effect of RME group (high, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch
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medium, and low) breed maturity/genotype (LM and EM) gender (steer and heifer) and their 

interactions. Non-statistically significant (P > 0.10) interactions were subsequently excluded 

from the final model. Age and initial bodyweight at start of performance test were included as 

covariates and contemporary group was incorporated as a random effect in the statistical 

model.  The residuals of each model were normal distributed. Differences among means were 

determined by F-tests using Type III sums of squares. The PDIFF option and were applied to 

evaluate pairwise comparisons between means.  Mean values were considered to be different 

when P < 0.05 and considered a tendency when P ≥ 0.05 and < 0.10. The associations among 

the microbial abundances with performance and fermentation parameters were determined 

through partial correlations, adjusted for gender, breed maturity and contemporary group 

using the MANOVA/PRINTE statement within the GLM procedure of SAS. Correlation 

coefficients were classified as strong (r > 0.6), moderate (r between 0.4 and 0.6) or weak 

(r < 0.4), respectively. 

7.4 Results 

7.4.1 Animal performance 

Statistical comparisons of feed intake, emissions traits amongst the RME groups, are 

presented in Chapter 6 in Table 6.3. Low RME animals produced 17.69 and 30.4% less (P < 

0.05) DME in comparison to animals ranked as medium and high for RME, respectively. 

Similarly, the low RME had a lower (P < 0.05) DCE than animals ranked as medium and high. 

Low RME animals had the lowest (P < 0.05) MY and MI of the RME groups. A difference of 

29.73 and 29.63% for MY and MI was detected amongst the low and high RME groups, 

respectively. 

7.4.2 DNA extraction and sequencing performance  

After quality filtering, merging and removal of chimeric sequences, an average of 67,970 ± 

27,857 reads per rumen sample, were generated across the three runs. Correlations between 

the composition of libraries generated from the DS standards and the theoretical composition 

of the ZymoBIOMICSTM ranged from rs (0.95 – 0.97). In addition, the correlation of the synthetic 

sequencing standard with the composition reported in Smith et al. (2020) ranged from rs (0.89 

- 0.90). Negative extraction controls generated on average 50 reads per sample (range of 13-

93), after quality filtering, merging and removal of chimeric sequences. DNA extraction and 

sequencing performance was deemed satisfactory based on the strong concordance of 

microbial composition with that of their theoretical composition and the low number of reads 

obtained for negative controls. Based on the plateauing of the generated rarefication curve 

(See Appendix Figure 9.1), rarefication of samples to a depth of 26,366 reads per sample, 

was deemed satisfactory.   



143 
 

7.4.3 Rumen microbial composition  

The dominant members of the bacterial community, within each group at the phylum and 

family level, are displayed in Figure 7.1 and 7.2.  At the phylum level, the rumen bacterial 

community was dominated by Firmicutes and Bacteroidetes, which had a mean combined 

relative abundance of 84.58%. Proteobacteria was the next most abundant bacterial phylum 

(7.70%) followed by Fibrobacteres (1.89%), Kiritimatiellaeota (1.86%) and Actinobacteria 

(1.53%). Prevotellaceae was the most abundant bacterial family observed, with a mean 

relative abundance of 45.73% across all samples.  The families Lachnospiraceae, 

Ruminococcaceae and Acidaminococcaceae contributed to 35.72% of the bacterial 

community composition. Prevotella was the primary genus of bacteria observed with a mean 

relative abundance of 55.05% across all samples followed by Succiniclasticum (11.33%), 

Ruminococcus (9.28%), Fibrobacter (4.15%) and Succinivibrio (2.27%). 

The genera Methanobrevibacter and Methanosphaera accounted for 93.87 and 5.09%, 

respectively, of the archaeal community across all samples. Within the Methanobrevibacter 

genus, the relative abundance of members of SGMT and RO clade was of 51.31 and 46.58%, 

respectively, with the remaining 2.11% of species identified as M. boviskoreani. 

7.4.4 Effect of RME ranking on bacterial community composition 

Comparisons in the bacterial community, at the genus level, between RME groups, are 

presented in Table 7.1.The overall bacterial community structure did not differ between high 

and low ranked RME animals (PERMANOVA; P = 0.87) (Figure 7.3). In addition, no difference 

in alpha diversity was detected at the species level between the RME groups (P > 0.05). At 

the phylum level, an increased (adj P < 0.05) relative abundance of Proteobacteria was 

observed in the low compared to high RME animals. The opposite was observed for 

abundance of Kiritimatiellaeota, with an increased (adj P < 0.05) abundance observed in the 

high RME group. No bacterial phylum were impacted by RME ranking.  

At the family level, the proportion of Ruminococcaceae, Succinivibrionaceae and Clostridiales 

Family XIII Incertae Sedis was increased (adj P < 0.05) in the high compared to low RME 

ranked animals. The proportion of the bacterial families, Lactobacillaceae, Erysipelotrichaceae 

and Selenomonadaceae were greater (adj P < 0.05) in low RME groups in comparison to their 

high counterparts.   

Within the bacterial family Lachnospiraceae, a greater (adj P < 0.05) proportion of both 

Pseudobutyrivibrio and Butyrivibrio was present in high RME ranked animals. Animal ranking 

for RME had a significant influence on the genera Mogibacterium (adj P < 0.05) which was 

significantly increased in high RME ranked animals. The proportion of Ruminobacter genera 

tended (P = 0.08), to be higher in high RME animals. The bacterial genera Intestinibaculum, 
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Olsenella, Selenomonas and Sharpea all had an increased (adj P < 0.05) relative abundance 

in low RME ranked animals. In addition, the abundance of Eubacterium tended (adj P = 0.06) 

to be affected by RME ranking, with a decreased proportion of the genus observed in the high 

and medium ranked animals relative to low RME counterparts.  

7.4.5 Relationship of rumen bacteria with enteric emissions and rumen fermentation  

Partial correlation values amongst the relative abundance of rumen bacterial genera with both 

enteric emissions traits and VFAs are presented in Table 7.2 and 7.3. The relative abundance 

of Intestinibaculum, Olsenella and Selenomonas were negatively correlated (P < 0.05) with all 

methane phenotypes and positively correlated with propionate %. In addition, both 

Intestinibaculum and Olsenella were negatively associated (P < 0.05) with A:P ratio, along 

with Olsenella sharing a positive relationship (P < 0.05) with butyrate %. Prevotella abundance 

was negatively correlated (P < 0.05) with DME, RME and MI. The abundance of the generas 

Butyrivibrio, Pseudobutyrivibrio, Mogibacterium and Succiniclasticum were positively 

correlated (P<0.05) with all methane emission traits. Furthermore, the relative abundance of 

both Butyrivibrio and Mogibacterium was negatively associated (P < 0.05) with propionate %. 

The abundance of both Ruminobacter and Ruminococcus was negatively correlated (P < 0.05) 

with both DME and RME. Both the proportions of Fibrobacter and Treponema were negatively 

associated with total SCFA production.  

7.4.6 Effect of RME ranking on archaeal community composition 

Comparisons in the archaeal community, at the genus level and within the Methanobrevibacter 

clades, between RME groups, are presented in Table 7.4. Based on PERMANOVA analysis, 

a tentative difference in the structure of the archaeal community was detected amongst the 

high and low RME groups (P = 0.07), albeit no clear separation was observed (Figure 7.4). 

The relative abundance of Methanobrevibacter did not differ amongst the RME groups (adj P 

> 0.05). Within the Methanobrevibacter genera, the abundance of the SGMT clade was not 

affected by RME ranking. However, an increased (adj P<0.05) relative abundance of the RO 

clade was observed in the low compared to high RME animals. The relative abundance of 

Methanosphaera was increased (adj P< 0.05) in the low relative to high RME animals.  

 

7.4.7 Relationship of rumen methanogens with enteric emissions and rumen 

fermentation  

Partial correlation values amongst the relative abundance of rumen methanogens and with 

both enteric emissions and VFAs are presented in Tables 7.5 and 7.6, Within the 

Methanobrevibacter genus, the RO clade was negatively correlated (P < 0.05) with all 

methane traits, butyrate % and A:P ratio, and was positively associated with propionate %. 



145 
 

The opposite relationships were observed for the relative abundance of the SGMT clade, 

which was positively correlated (P < 0.05) with RME, MY, butyrate % and A:P ratio but 

negatively correlated with propionate %. The genera Methanosphaera was negatively 

correlated (P < 0.05) with all methane phenotypes, propionate % and the A:P ratio but 

positively correlated with acetate %.  

A strong negative correlation (r = -0.80; P <.0001) between the relative abundance of 

Methanobrevibacter and Methanosphaera was observed. A similar relationship was detected 

between the relative abundance of the SGMT and RO clade (r = -0.93; P <.0001). 

7.5 Discussion 

Recently, RME has been identified as the optimal phenotype for identifying low CH4 emitting 

ruminants and examining the inherent biological mechanisms influencing methanogenesis 

(Smith et al., 2021) as it is independent of feed intake and bodyweight (Bird-Gardiner et al., 

2017). Indeed, our group has reported a ~30% difference in CH4 output between high and low 

RME ranked animals and fluctuations in ruminal propionate and butyrate production (Smith et 

al., 2021). Nonetheless, prior to this study, comparisons of the rumen microbiota of high and 

low RME cattle, were yet to be conducted. 

Animals ranked as low for RME had an increased abundance of the lactic acid producing 

bacteria Intestinibaculum, Olsenella and Sharpea. In addition, the abundance of 

Intestinibaculum and Olsenella were negatively associated with all methane phenotypes but 

correlated positively with ruminal propionate %. This suggests the abundance of 

Intestinibaculum and Olsenella may play a role in reducing the dissolved H2 concentrations in 

the rumen via the redirection of metabolic H towards the acrylate pathway. Although 

Intestinibaculum and Olsenella are predominantly lactic acid producing bacteria (Kim et al., 

2019) and not deemed to be among the potent producers of propionate in the rumen, members 

of the Selonomonas genus are capable of fermenting lactate to propionate (Evans and Martin, 

1997, Denam et al., 2015). This likely explains the relationship of Selonomonas with 

propionate synthesis and methane output observed. Although this symbiotic relationship 

amongst lactic acid producing bacteria and Selonomonas will need further interpretation, it 

gives credence to the concept of “microbial teams” having a role in redirecting metabolic H to 

lactate and propionate as proposed by Ungerfeld (2020).  

Metabolic H can also be redirected towards butyrate production when H2 concentrations are 

high in the rumen, however this will still result in a net production of H (Janessen, 2010). An 

elevated relative abundance of the genera Pseudobutyrivibrio and Butyrivibrio, known 

producers of formate, butyrate, acetate and H2 (Van Gylswyk et al., 1997, Kelly et al., 2010, 
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Palevich et al., 2017, Emerson and Weimer, 2017) in the rumen, was observed in high RME 

animals. However, the proportions of Pseudobutyrivibrio and Butyrivibrio were uncorrelated 

with ruminal butyrate %. Data generated in vitro suggests the existence of a symbiotic 

relationship between species within the Butyrivibrio and Methanobrevibacter genera 

associated with the utilisation of formate during hydrogenotrophic methanogenesis (Leahy et 

al., 2010). Methanobrevibacter is also postulated to be capable of adhering to the surface of 

Butyrivibrio species, which may benefit H2 transfer from bacteria to archaea, akin to the 

symbiotic relationship observed between ruminal protozoa and methanogens (Ng et al., 2016). 

As such, the catabolic activities of some members of the Butyrivibrio genus may indirectly 

support methanogenesis, through the supply of formate to ruminal methanogens.  

The positive relationship of the bacterial genus Mogibacterium, with RME follows a similar 

relationship to that of previously reported findings showing an increased abundance 

of Mogibacterium to be associated with high MY cattle (Wallace et al., 2015). As this genus 

has been identified as being asaccharolytic (Nakazawa et al., 2000), its contribution to ruminal 

methanogenesis will require further investigation. 

Traditionally, the expression of the mcr gene in the rumen has been advocated as a more 

credible biomarker of ruminal methanogenesis in comparison to metataxonomic based 

applications (Wilkins et al., 2015). Moreover, recent evidence is supportive of the abundance 

of individual members of the rumen methanogen community as an indicator for the 

methanogenic potential of an animal (Tapio et al., 2017, Ramayo‐Caldas et al., 2019). Similar 

to the findings in this study, an elevated proportion of the Methanobrevibacter RO clade and 

Methanosphaera  genus, has been associated with a reduced CH4 output in sheep (Shi et al., 

2014, Kittelmann et al., 2014)  and dairy cows (Danielsson et al., 2017). Martínez-Álvaro et al. 

(2020) suggested an increased diversity of the methanogen community and methanogenesis 

pathway expression to contribute to a reduced MY in cattle. In this study, the structure of 

methanogen community tended to differ amongst RME groups, with the abundance of 

Methanosphaera and the Methanobrevibacter RO clade increased in low RME animals. 

Members of the Methanosphaera genus predominately produce CH4 via the reduction of 

methanol (Tapio et al., 2017). In addition, the division of the two clades of Methanobrevibacter 

was proposed based on the ability of the SGMT clade to synthesise two isomers of the mcr 

gene, mcrI and mcrII, with only mcrI expressed by the RO clade (Tapio et al., 2017). A 

fluctuation in the abundance of methanogens, with differing methanogenesis pathways, 

between high and low CH4 emitting animals is often perceived as competition for 

methanogenesis substrates amongst ruminal methanogens for H2 (Morgavi et al., 2010). In 

line with this, a negative correlation between the relative abundance of SGMT and RO, as well 
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as opposing correlations with RME, was observed in this study which may suggest competition 

amongst these members of the Methanobrevibacter genus for H2.  

Furthermore, the reduction of methanol via methylotrophic methanogenesis has a lower H2 

requirement in comparison to the hydrogenotrophic synthesis of CH4 (Kelly et al., 2019) with 

the energetic advantage methylotrophic methanogens possess at low H2 pressure detailed by 

Feldewert et al. (2020). The availability of dissolved H2 in the rumen is also postulated to 

regulate the expression of the mcr, with mcrII only expressed when the quantity of H2 is high 

(Reeve et al. 1997) which, as depicted by Danielsson et al. (2017), gives the SGMT clade a 

competitive advantage in the presence of a greater availability of H2. Therefore as more H2 is 

diverted to additional H sinks under high H2 concentrations, there will be a reduced production 

of H2 from fermentation, which, in the current experiment, may have increased the 

competitiveness of Methanosphaera in the rumen of low RME animals. Similarly, when 

dissolved H2 concentrations are kept low by an increased rate of methanogenesis and H2 

producing fermentation pathways are favoured, the SGMT clade may have a competitive 

advantage over members of the RO clade as more H2 is produced during fermentation.  

Subsequently, the relationship of Methanosphaera and abundance of the SGMT and RO clade 

with DME and RME observed in this study, would suggest the methanogenic output of an 

animal, at least in part, influences the composition of the rumen methanogen community, likely 

as a result of H dynamics in the rumen. 

Recently, the abundance of some members of the rumen methanogen community associated 

with RME in this study, have been proposed to be influenced by the genetics of the host.  For 

example, the ratio of Mbb. gottschalkii to ruminantium in the rumen has an estimated 

heritability of 0.17 (Li et al., 2019) while the abundance of Methanosphaera may also be 

regulated by host genetics (Difford et al., 2018). Based on the prospects of host genetics 

regulating the abundance of the methanogen community, it is likely the host illicits some 

control over the rate of ruminal methanogenesis and/or concentration of dissolved H2, however 

such a regulatory feature of the host is yet to be understood. Understanding the mechanism 

with which the host deploys control over conditions within the rumen will be central in the 

selection of low RME animals as part of a genetic selection programme. Nonetheless, under 

intensive finishing conditions deployed in this study, there is evidence that the abundance of 

a small cohort of microbial genera can act as potential biomarkers for methanogenesis, albeit 

the consistency of their relationship with RME will need to be assessed across different diet 

types.  
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Figure 7.1 Stack plot comparing differences, in the relative abundances of the six most abundant rumen bacterial 

phyla, between cattle ranked as high, medium and low for residual methane emissions. 
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Figure 7.2 Stack plot comparing differences, in the relative abundances of the ten most abundant rumen bacterial 

families, between cattle ranked as high, medium and low for residual methane emissions. 
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Table 7.1 Characterization of the rumen bacterial genera in finishing beef cattle ranked for 
residual methane. 

  RME Ranking 1     

Bacteria Genus 
High Medium Low  

SEM 2 Adj P-value 
n=80 n=96 n=74 

Anaeroplasma 0.71 0.77 0.76 0.11 0.59 

Bifidobacterium 1.63 1.81 1.72 0.3 0.77 

Butyrivibrio 1.35a 1.12a 0.80b 0.19 <0.001 

Eubacterium 0.55 0.56 0.68 0.07 0.06 

Fibrobacter 4.35 4.21 4.08 0.5 0.77 

Intestinibaculum 0.37a 0.50a 0.86b 0.1 <.0001 

Mogibacterium 1.63a 1.16b 0.97b 0.16 <.0001 

Olsenella 0.53a 0.74a 1.02b 0.13 <.0001 

Prevotella 53.15 54.55 55.71 1.74 0.23 

Pseudobutyrivibrio 0.69a 0.52b 0.43b 0.09 <0.001 

Ruminobacter 1.77 1.61 1.08 0.43 0.08 

Ruminococcus 9.92 9.3 8.65 0.67 0.16 

Selenomonas 0.74a 0.85a 1.21b 0.15 <0.001 

Sharpea 1.27a 1.75ab 1.86b 0.26 0.03 

Succiniclasticum 11.48 11.26 10.51 0.69 0.23 

Succinivibrio 2.78 2.41 1.84 0.46 0.41 

Treponema 1.63 1.61 1.56 0.17 0.82 

 
1 High = RME was >0.5 SD above the mean; Medium = RME was ±0.5 SD above and below the mean; Low 
= RME was >−0.5 SD below the mean. 
2 SEM = pooled standard error.         
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Figure 7.3 Three dimensional Bray-Curtis NMDS plot highlighting differences in the bacterial community 

composition between animals ranked as high and low for residual methane emissions. Red= low RME; blue= high 
RME. 
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Table 7.2 Correlation coefficients amongst rumen bacterial genera and traits associated with 
enteric emissions. 

 DME DCE RME MY MI  

Anaeroplasma -0.02 -0.04 -0.04 -0.07 0.01  

Bifidobacterium 0.05 -0.01 0.03 0.00 0.10  

Butyrivibrio 0.35*** 0.10 0.30*** 0.24** 0.28***  

Eubacterium -0.08 0.03 -0.13* -0.10 -0.01  

Fibrobacter 0.06 0.02 0.07 0.03 0.01  

Intestinibaculum -0.30*** 0.01 -0.36*** -0.38*** -0.27***  

Mogibacterium 0.38*** 0.07 0.38*** 0.38*** 0.35***  

Olsenella -0.30*** 0.00 -0.32*** -0.29*** -0.31***  

Prevotella -0.19** -0.09 -0.13* -0.09 -0.15*  

Pseudobutyrivibrio 0.32*** 0.12† 0.27*** 0.22** 0.28***  

Ruminobacter 0.13* 0.01 0.16* 0.15* 0.12†  

Ruminococcus 0.23** 0.12† 0.14* 0.09 0.23**  

Selenomonas -0.25*** -0.02 -0.23** _0.18** -0.24**  

Sharpea -0.05 -0.01 -0.09 -0.10 -0.06  

Succiniclasticum 0.13* 0.03 0.14* 0.15* 0.13*  

Succinivibrio 0.12† 0.01 0.13* 0.09 0.11†  

Treponema 0.11† 0.10 0.04 -0.01 0.03  

 

 

  

DME = daily methane production. DCE = daily carbon dioxide production. RME = residual methane 
emissions.  MY = methane yield. MI = methane intensity. MADG = methane emissions per kg of ADG. 
 
† P < 0.10.     

⁎ P < 0.05.     

⁎⁎ P < 0.01.      

⁎⁎⁎ P < 0.001.          
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Table 7.3 Correlation coefficients amongst rumen bacterial genera and rumen fermentation. 

 Total SCFA (mM) Acetate (%) Butyrate (%) Propionate (%) A:P 

Bifidobacterium 0.21** -0.14* 0.18** -0.03 -0.02 

Butyrivibrio -0.08 0.05 0.01 -0.16* 0.11 

Eubacterium 0.06 -0.05 -0.04 0.04 -0.09 

Fibrobacter -0.24** 0.05 0.00 -0.03 0.02 

Intestinibaculum -0.08 -0.15* -0.11 0.21** -0.25** 

Mogibacterium -0.07 0.00 0.13† -0.15* 0.11 

Olsenella -0.08 -0.04 -0.22** 0.16* -0.16* 

Prevotella 0.04 0.02 -0.04 0.10 -0.01 

Pseudobutyrivibrio -0.12† 0.04 0.02 -0.14† 0.09 

Ruminobacter -0.04 0.02 -0.05 0.02 -0.01 

Ruminococcus 0.10 -0.09 0.05 -0.04 -0.02 

Selenomonas 0.04 -0.06 0.03 0.14* -0.09 

Sharpea 0.03 -0.10 -0.04 0.03 -0.13 

Succiniclasticum 0.03 0.09 0.09 -0.15 0.10 

Succinivibrio 0.04 0.05 0.02 -0.08 0.05 

Treponema -0.18** 0.06 0.00 -0.09 0.06 

 

  

A:P = acetate to propionate ratio. 
 
† P<0.10.   

⁎ P<0.05.   

⁎⁎ P<0.01.    

⁎⁎⁎ P<0.001.    
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Table 7.4 Characterization of the rumen methanogen in finishing beef cattle ranked for 
residual methane. 

 RME Ranking1   

Rumen Methanogens 
High Medium Low 

SEM2 P-value 
n=80 n=96 n=74 

Genus      

Methanobrevibacter 94.01 93.64 93.6 0.32 0.27 

Methanosphaera 4.93a 5.22a 5.79b 0.39 <0.01 
      

Methanobrevibacter clades      

RO 45.25a 48.07ab 53.92b 4.57 <0.01 

SGMT 52.11 49.6 45.59 4.45 0.08 

  
1 High = RME was >0.5 SD above the mean; Medium = RME was ±0.5 SD above and below the mean; Low = 
RME was >−0.5 SD below the mean.  
2 SEM = pooled standard error.        
a,b Least squares means within main effect and a row with different superscripts differ   
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Figure 7.4 Three dimensional Bray-Curtis NMDS plot highlighting differences in the archaeal community 

composition between animals ranked as high and low for residual methane emissions. Red= low RME; blue= high 
RME. 
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Table 7.5 Correlation coefficients amongst rumen methanogens and traits associated with 
enteric emissions. 

  DME DCE RME MY MI 

Genus      

Methanobrevibacter 0.06 0.00 0.10 0.12† 0.10 

Methanosphaera -0.20** -0.03 -0.23** -0.22** -0.19** 
      

Methanobrevibacter clades      

RO -0.14* 0.12† -0.26*** -0.28*** -0.13* 

SGMT 0.08 -0.15* 0.20** 0.23** 0.081 

 

  

DME = daily methane production. DCE = daily carbon dioxide production. RME = residual methane 
emissions.  MY = methane yield. MI = methane intensity. MADG = methane emissions per kg of ADG. 
 
† P < 0.10.      

⁎ P < 0.05.      

⁎⁎ P < 0.01.       

⁎⁎⁎ P < 0.001.      
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Table 7.6 Correlation coefficients amongst rumen methanogens with rumen fermentation.  

  Total SCFA (mM) Acetate (%) Butyrate (%) Propionate (%) A:P 

Genus      

Methanobrevibacter 0.12† 0.07 0 -0.06 0.12† 

Methanosphaera -0.05 -0.14* 0.01 0.14* -0.22** 
      

Methanobrevibacter 
clades 

     

RO 0.03 -0.1 -0.29*** 0.18* -0.21** 

SGMT 0.01 0.08 0.26** -0.15* 0.17* 

A:P = acetate to propionate ratio 
 
† P < 0.10.  

⁎ P < 0.05.  

⁎⁎ P < 0.01.   

⁎⁎⁎ P < 0.001.  
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Chapter 8 

General Discussion  
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8.1 Overall summary  

The analysis conducted as part of Chapter 3 was inspired by similar work from the human 

microbiome community as part of the MBQC project’s use of internal reference standards to 

optimise microbial sequence analysis (Sinha et al., 2015; Sinha et al., 2017). The choice of 

reference database utilised during bioinformatics analysis, has previously been shown to 

impact the interpretation of rumen microbial amplicon sequencing analysis (Henderson et al., 

2019). With this said, prior to the analysis in Chapter 3 being conducted, there had been no 

attempt, with the use of a rumen specific microbial reference standard, to assess the suitability 

of the main microbial reference databases and commonly used 16S rRNA primers, for 

application in rumen microbial amplicon sequencing investigations. The effects of four DADA2 

reference training sets (RDP, SILVA, GTDB, and RefSeq + RDP) on the classification of 16S 

rRNA sequences was determined by including a rumen specific standard in three separate 

rumen amplicon sequencing runs. The consistency of the NGS library preparation methods 

utilised by our laboratory, and the consistency of the standard, was deemed satisfactory due 

to the strong correlation (rs = 0.90) in the abundance of the 16 prokaryotic sequences included 

in the standard across all three sequencing runs. In addition, based on the low (<0.001%) 

occurrence of truly non-prokaryotic taxa in the ASV table generated with the SILVA database, 

this analysis confirmed the suitability of the 515F/806R primers for investigations of the rumen 

bacterial and archaeal populations. Variation in the taxonomic classification of bacterial and 

archaeal sequences contained within the synthetic standard, were observed across all four 

databases, possibly reflective of the different origins with which sequence data and taxonomy 

are sourced amongst the different databases. The use of the RefSeq + RDP and SILVA 

databases resulted in the greatest number of sequences being classified to the correct 

taxonomic level. However, differences between the two databases showcased the need for 

inter database nomenclature consistency and alignment, and the importance of the routine 

reporting of database version to account for time specific changes to nomenclature. It is hoped 

that the findings from this Chapter will help to encourage the use of internal standards within 

rumen microbial community facilitating the augmentation and amalgamation of inter study 

datasets. 

The composition of the diet consumed by the animal is known to regulate the structure of the 

rumen microbial community (Henderson et al., 2015) which may influence enteric CH4 

emissions of an animal. With the use of rumen microbial 16S rRNA amplicon sequencing, 

Chapter 4 showed how a subtle change to the composition of the grazing sward associated 

with white clover, is capable of altering the abundance of the bacterial and archaeal 

communities within the rumen of dairy cattle. White clover has a higher pectin content in 

comparison to grasses (Ulyatt, 1971, Thomson, 1984) which, in agreement with previous 
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research by others (Bryant et al., 1960, Bowen et al., 2018), likely explained the increased 

abundance of the pectin degrading bacteria, Lachnospira, and the elevated expression of 

pathways predicted to be associated with other glycan degradation, in the rumen of dairy cows 

grazing the WCPRG. A clear separation in the archaeal community structure between both 

dietary groups was apparent in this study. In Chapter 7, an elevated abundance of 

Methanosphaera in the rumen of low RME animals was postulated to result from the ability of 

these methylotrophs to better adapt to a reduced availability of H2 in the rumen. However, no 

difference in DME was observed between the two groups of cows from which the rumen 

samples were obtained (Enriquez-Hidalgo et al., 2014). Therefore, it is likely the elevated 

ruminal abundance of Methanosphaera in the rumen of WCPRG cows, originated from an 

increased availability of methanol originating from the fermentation of pectin by ruminal 

bacteria such as Lachnospira, Butyvibrio and Prevotella, all of which have been shown to 

encode PME within their respective genomes (Kelly et al., 2019). These findings further 

emphasis the availability of methanol within the rumen to be among the limiting factors 

influencing the ruminal abundance of methylotrophic methanogens. The tentative effect of 

sward type on the abundance of Methanobrevibacter in this study is somewhat less clear, but 

may result from the reduced H2 requirements of members of the Methanosphaera genera 

(Feldewert et al., 2020), allowing them to more effectively compete for ruminal H2 in the 

presence of an increased availability of methanol. A 30% white clover content in the grazing 

sward has been deemed the minimum level required to increase animal productivity 

(Annicchiarico and Tomasoni, 2010), which highlights the need to further investigate the 

effects on the rumen archaeal community and DME, associated with a higher clover content, 

to determine the overall holistic mitigation potential of including this legume in the grazing 

sward.  

To negate the increased expense associated with dietary lipids as a CH4 abatement 

supplement, the objective of Chapter 5 was to assess the potential of solely formulating 

concentrates from a combination of industrial BPs, high in fat and fibre, as a cost effective CH4 

mitigation supplementation strategy for pasture based livestock. Using the RUSITEC system, 

the effects of diets consisting of perennial ryegrass and either one of two concentrate 

formulations, containing either 35% BP (DDGS, PKE, SHs), barley and SBM or 95% BP, on 

diet digestibility, rumen fermentation, CH4 output and the rumen microbiota was investigated. 

A superior digestibility and total VFA production, resulted in a 22.7% greater daily CH4 output 

being observed with the BP35 diet. However, when corrected for OM digestibility a 20.8% 

lower CH4 output and reduced theoretical H recovery % was observed with the BP95 diet, 

indicating that additional factors beyond diet digestibility, contributed to the differences in the 

methanogenic output of the two diets. The relative proportions of Proteobacteria and 
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Succinivibrio were increased in BP95 diet and negatively correlated with daily CH4 output and 

MPOMD. However, the increased abundance of genera associated with the BP95 diet was 

likely a result of the lipolytic capabilities of members of the genus (Huws et al., 2015; Lyons et 

al., 2017), rather than these bacteria being indicative of ruminal conditions associated with a 

reduced rate of methanogenesis. The abundance of Firmicutes was positively correlated with 

CH4 output, which could be a result of members of the phylum producing H2 and CO2 as 

metabolic end products (Marounek and Dušková, 1999; Rooke et al., 2014), and thus 

contributing to the increased CH4 output observed in the BP35. Unlike Chapter 7, a lower CH4 

output was not associated with an alteration to the structure of the methanogen community or 

increase in propionate production, therefore making it difficult to determine the overall impact 

diet had on prevailing conditions within the RUSITEC. Nonetheless, the formulation of 

concentrates from BP feeds originating from the oil and ethanol industry, may have potential 

to act as a low cost mitigation strategy, capable of supporting a similar level of performance 

to that of conventional dietary formulations (Whelan et al., 2016, Condren et al., 2019), for 

pasture based ruminant production systems.  

The benefits of breeding low CH4 emitting ruminants as an additional mitigation strategy has 

long been advocated by numerous researchers (Wall et al., 2010; Pickering et al., 2015; de 

Haas et al., 2017; Beauchemin et al., 2020), however the implementation of this strategy has 

thus far been limited by the relationship of DME with voluntary feed intake and animal 

productivity. Herd et al. (2014) proposed the RME concept as a means of determining the 

methanogenic output of a ruminant, independent of animal productivity. To date, no 

phenotypic correlation between RME and traits of economic importance has so far been 

detected on a concentrate (Bird-Gardiner et al., 2017) or forage based diet (Renand et al., 

2019). As such these relationships will need to be further validated in tandem with the 

quantification of the mitigation potential of ranking commercially representative beef cattle for 

RME.  

The effects of ranking intensively finished beef cattle based on RME, along with the first large 

scale estimates of CH4 emissions in Irish beef cattle, was reported in Chapter 6. Over an 18 

mo period, detailed measurements of feed intake, growth, carcass output, enteric emissions 

and rumen fermentation were obtained from performance tested beef cattle under 

standardized conditions at the ICBF national beef bull progeny test station. Following this, 

RME values were calculated for individual animals, after which animals were ranked as high, 

medium or low for RME. No difference in all measures of animal performance including feed 

intake, ADG, RFI and carcass output was observed between the RME ranked cohorts. 

However, regardless of the way CH4 emissions was expressed (DME, MY, MI), low RME 

animals produced ~30% less CH4 in comparison to high RME animals. These findings, 
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accompanied by the phenotypic independence of RME from all traits of economic importance 

to beef production, but strong correlation with DME, highlighted the benefits of ranking animals 

on the basis of RME as a potential CH4 mitigation breeding strategy.   

As the rate of methanogenesis is reduced, an increase in ruminal H2 concentrations alters the 

fermentation profile within the rumen (Janssen, 2010). In line with this, differences in the rate 

of theoretical H production along with propionate and butyrate %, were observed between the 

RME groups in Chapter 6. It has been proposed that the abundance of individual members of 

the rumen microbiota is dependent on their ability to adapt to fluctuating ruminal conditions 

(Janssen, 2010). Therefore, the observed independence of RME from animal productivity 

while showing a 30% difference in DME between animal rankings, facilitated an investigation 

into the identification of the presence of rumen microbial biomarkers indicative of the 

methanogenic output of an animal as outlined in Chapter 7.    

Rumen fluid samples were successfully obtained from 260 animals included in the study 

described in Chapter 6. Following this, rumen microbial DNA was extracted with 16S rRNA 

amplicon libraries generated and sequenced across three separate runs on the Illumina 

MiSeq. Findings from Chapter 3 guided the bioinformatics analysis applied in this study. No 

difference in the overall bacteria community composition, between high, medium and low RME 

animals was observed. In spite of this, the relative abundance of seven bacterial genera were 

impacted on by RME ranking. Notably, the relative abundance of two lactic acid producing 

bacteria (Intestinibaculum and Olsenella) and Selenomonas were both increased in low RME 

animals and consistently correlated with RME, DME and propionate %. As members of the 

Selenomonas genus are capable of fermenting lactate to propionate, this suggests that the 

rumen microbial community may adapt to an increased H2 concentration via an upregulation 

of the acrylate pathway. Equally, these findings support the concept of a team of rumen 

microbes playing an active role in redirecting metabolic H to lactate and propionate as 

proposed by Ungerfeld (2020), and highlights a combination of the ruminal abundance of 

Intestinibaculum, Olsenella and Selenomonas to be potential rumen bacterial biomarkers 

reflective of a reduced CH4 output and low RME phenotype. Consistent with previous research 

published in the field (Shi et al., 2014, Kittelmann et al., 2014, Danielsson et al., 2017, 

Ramayo‐Caldas et al., 2019) the abundance of individual members of the rumen methanogen 

community was associated with the methanogenic potential of an animal. The abundance of 

the Mbb. RO clade has previously been deemed to be associated with a reduced production 

of metabolic H in the rumen (Danielsson et al., 2017) while the Methanosphaera genus has a 

low H requirement for methanogenesis (Feldewert et al., 2020). Therefore the increased 

abundance of both of these cohorts of methanogen in the low RME, coupled with their 

observed relationships with propionate %, RME and DME, further indicates the influence of 
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H2 concentrations on the rumen microbial community structure. A schematic of the rumen 

fermentation profile and key microbes associated with a low RME phenotype is displayed in 

Figure 8.1. 

8.2 Limitations of research conducted  

In an effort to increase the understanding of the relationship of the rumen microbiome with 

diet and enteric CH4 emissions in pasture based cattle production, five research studies were 

conducted within this thesis. Some of the limitations of the research conducted as part of this 

thesis are outlined in this section, with ways of addressing such limitations in future research 

accounted for in subsequent sections.  

Both rumen fermentation and methanogenesis are driven by the metabolic activity of the 

rumen microbial community. However, whilst 16S rRNA amplicon sequencing is a well-

established metataxonomic technique (Pollock et al., 2018), the method is ill equipped for 

investigating the metabolic activity of microbial communities. The use of 16S rRNA sequencing 

in Chapters 4, 5 and 7 could be considered a limitation in the investigation of the impacts of 

diet on the rumen microbioata and the subsequent relationship of this microbial community 

with methanogenesis. As a technique, 16S rRNA amplicon sequencing is championed for its 

ability to produce large amounts of relatively inexpensive microbial composition data, be 

predominantly free from eukaryotic host contamination and with downstream data processing 

and analysis that is less computationally demanding in comparison to other methods, such as 

shotgun metagenomics (Knight et al., 2018; Fricker et al., 2019). Owing to the cost and 

bioinformatic complexity of metagenomic and metatranscriptomic analysis, a metataxonomic 

approach, using 16S rRNA amplicon sequencing, was utilised to offer an initial assessment of 

the effects of diet on the rumen microbiota and its relationship with RME, which may act as 

the foundation for future research. The effects of sward type on the rumen microbiota (Chapter 

4) and the increased abundance of known lactic acid producing microbial genera in low RME 

animals (Chapter 7) warrants the further use of a metatranscriptomic approach to determine 

differences associated with the activity of the rumen microbiota. The reduced CH4 output 

(MPOMD), but lack of a major impact on the composition of the rumen microbiota, observed 

in Chapter 5 with the BP95 diet, would have also benefited from a metatranscriptomic 

approach to contrast the expression of key genes associated with methanogenesis.  

As observed in Chapter 4, 5 and 7, the metataxonomic profiling of the rumen microbial 

communities was not possible beyond the genus level. Additional marker genes, such as 

Chaperonin-60 (cpn60) have been noted as having the ability to resolve species level 

taxonomies within investigations of other microbial ecosystems (Links et al., 2012). As a result, 

a more in-depth investigation of the prokaryotic species indicative of RME ranking, may have 
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been facilitated as part of Chapter 7 with the use of the cpn60 as a microbial marker. However, 

to date, the use of the cpn60 to characterise the rumen microbial community has been limited. 

Prior to the use of the cpn60 amplicon analysis in rumen microbial investigations, a similar 

methodology to that utilised in Chapter 3, would be warranted to determine the suitability of 

this method for studying the rumen microbiota. 

The Caporaso (2011) primers, targeting the V4 region of the 16S rRNA gene, used as part of 

the molecular analysis conducted in Chapter 3, 4, 5 and 7, allowed for the simultaneous 

amplification of the rumen bacterial and archaeal community. It is well established that both 

the rumen fungal and protozoal community have a key role in the production of methogenesis 

substrates, primarily H2 (Guyader et al., 2014, Tapio et al., 2017). Indeed, the inclusion of both 

of these microbial groups in the analysis conducted in Chapter 7, would have benefited a more 

holistic appreciation of the impacts of RME ranking on entire rumen microbial community. 

Similarly, the known negative impact of dietary lipids on rumen protozoa (Newbold et al., 2015) 

may also have contributed to explaining the reduced MPOMD associated with the increased 

BP inclusion rate in Chapter 5. However, as both the rumen fungal and protozoal communities 

are highly under represented within the currently available microbial references databases  

(Edwards et al., 2017, Huws et al., 2018, Denam et al., 2018), this thesis primarily focused on 

the ruminal bacterial and archaeal communities. 

The research conducted as part of Chapter 4 was the first to investigate the effects of grazing 

WCPRG swards on the rumen microbiota in dairy cows having previously undergone 

measurements of CH4 output. Rumen samples were taken during the week long CH4 

estimation period. However, as white clover composition is known to vary across the grazing 

season (Guy et al., 2018), the interpretation of the impact of WCPRG on the rumen microbiota 

detailed in Chapter 4 is limited to only a single sampling time, when white clover accounted 

for 24% of the sward composition. In addition, the impacts of sward type on the rumen VFA 

profile and NH3 was not assessed. Unfortunately, rumen samples were only collected at one 

time point and were not appropriately processed for VFA analysis at the time of collection 

during the original study conducted buy Enriquez-Hidalgo et al. (2011).  

In Chapter 5, the mitigation potential and impact on the rumen microbiota, associated with the 

supplementation of concentrates formulated from increased proportions of BPs was assessed 

in vitro. As microbial DNA was extracted form rumen fluid, the overall assessment of diet on 

the rumen microbiota was limited to the liquid microbial community. This is a limitation of this 

study, as the solid adherent microbes have a significant role in the degradation of ingested 

plant matter in vivo. The nutritional value of BPs is known to be variable and strongly 

influenced by the initial processing of the plant matter (Lee et al., 2003; Kim et al., 2013). 
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Therefore as the BP formulated concentrate utilised in Chapter 5 was sourced from a single 

feed manufacturer the effects of different manufacturing processes on the nutritional values 

and mitigation potential of BPs was not investigated. Subsequently, the simultaneous 

reduction in daily CH4 output and OMD could potentially limit the use of the BP95 diet within 

a pasture based system. However, while a reduced OMD associated with the BP95 diet was 

observed in vitro, supplementing the same concentrate formulation in vivo, at various inclusion 

rates, did not negatively impact dairy cow performance in two previous studies (Whelan et al., 

2016, Condron et al., 2019). As with all CH4 mitigation dietary strategies, supplementing 

pasture based ruminants with a high BP ration will be a challenge. However, while 

supplementing high BP formulated concentrates to pasture based dry stock may have 

practical limitations, the strategy could be suited to dairy based production system offering 

animals a supplemented ration at milking. Equally, if proven effective in vivo, BPs could be 

utilised as part of winter and/or intensive finishing feeding strategy for beef animals. 

The findings in Chapter 6 and 7 are limited by virtue of the RME traits relationship with DME 

and animal productivity being assessed on a high concentrate ration only. However, a single 

dietary formulation was utilised to ensure a consistent diets is offered to all steers and heifers 

under evaluation at the national test centre, in order to facilitate a uniform comparison of 

animal performance between, and within, batches. Equally, while the RME phenotype shows 

promise, further investigations of the trait and its impact on the rumen microbiota within a 

pastoral setting will be a challenge due to difficulties in accurately measuring individual animal 

feed intake at pasture.   

8.3 Future work 

Numerous practical on-farm mitigation technologies have been identified as part of the 

Teagasc Marginal Abatement Cost Curve (MACC) for agricultural GHG emissions (Lanigan et 

al., 2019). However, even with a linear uptake of all measures identified within the MACC, a 

30% reduction in national GHG emissions by 2030 will not be achievable. As over 80% of 

national agricultural emissions originate from livestock production (DECC, 2021) achieving the 

sectors reduction targets will be dependent on further developing and delivering additional 

novel dietary and breeding based mitigation strategies. However, as reflected in the findings 

of this thesis, the impacts of all mitigation strategies on the rumen microbiome will need to be 

considered, due to the complex symbiotic relationship of the ruminant host with the rumen 

microbiome and the impact of this relationship on enteric emissions and indeed animal 

productivity.  

Animals grazing the WCPRG sward had an archaeal composition reflective of a low RME 

animal, however DME and milk yield was previously shown to unaffected by sward type. 
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Previous research has shown a positive response to animal performance and herbage yield 

with a +30% white clover content in the grazing sward (Annicchiarico and Tomasoni, 2010, 

Enriquez-Hidalgo et al., 2018). At a higher white clover inclusion rate in the sward, herbage 

yield and sward digestibility will likely increase the feed intake of the animal.  Determining the 

effects of a minimum 30% white clover content in the grazing sward on the archaeal 

composition of the rumen and methanogenesis, will therefore need to be further investigated. 

Indeed as the proportion of white clover in the sward can vary over time, the influence this has 

on DME and the rumen microbiota, throughout the whole grazing season, will need to be 

determined. Furthermore, promising in vitro findings (Roldan et al., 2022) warrants further 

evaluation of the mitigation potential of white clover, transgenically modified to have an 

increased proportion of CT, in vivo. Indeed as CTs are known to negatively impact protozoa 

(Guyader et al., 2014, Newbold et al., 2015), such investigations should also consider the 

impact of transgenic white clover on the rumen protozoal community. Finally, with white 

clovers incorporation in the grazing sward being promoted a cost saving N2O mitigation 

strategy for the Irish agricultural sector (Lanigan et al., 2019), there is an urgent need for an 

overall life cycle analysis (LCA) to evaluate any potential GHG emission leaks associated with 

the strategy and determine its impact on on total farm gate emissions. For example, the 

increased DMI often associated with ruminants grazing WCPRG pastures (Dewhurst et al., 

2003, Lee et al., 2004, Niderkorn et al., 2017) has the potential to elevate the DME of dairy 

cows. However, if the increased ADGs observed in sheep grazing WCPRG (Grace et al., 

2019) could be proven to have a similar benefit in beef animals, this may promote the use of 

the legume as a means of reducing age of slaughter and thus lifetime emissions of beef 

animals, which has significant mitigation potential for beef systems (Lanigan et al., 2019). 

Equally, carbon emissions arising from the ploughing and preparation of soil during the sowing 

of white clover will need to be accounted for. Therefore, while white clovers role in reducing 

N2O emission is inequitable, a more accurate reflection of its overall impact on farm gate 

emissions should be a priority for future research. 

Sustained animal performance in vivo and a reduction in CH4 in vitro warrants a further 

investigation of the mitigation potential of supplementing high fat and fibre BPs, to a pasture 

based diet. If found to reduce DME in vivo, the formulation of concentrates solely from DDGS, 

SHs and PKE may be a readily available low cost CH4 mitigation strategy for pasture based 

livestock production. As described in Chapter 5, the increased fat content of DDGS likely 

contributed to the reduce MPOMD observed with the BP95 diet. However, over reliance on a 

single BP type has the potential to limit the economic advantage of this strategy should the 

price of DDGS fluctuate unfavourably. Due to the varied nutritional value between individual 

BPs (Lee et al., 2003; Kim et al., 2013) there is future opportunity to investigate the CH4 
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mitigation potential of additional BPs. For example, other high oil BPs originating from the 

processing of rapeseed, sunflower and linseed has the potential to expand the availability of 

BPs harnessing antimethanogenic properties which could be included within a formulated 

concentrate, blended from multiple BPs, similar to that of Chapter 5. Supplementing fat to 

dairy cow diets has been identified as a costly CH4 strategy within the MACC for Irish 

agriculture (Lanigan et al., 2019). Developing a range of low cost BP ingredients, capable of 

reducing DME in vivo, has the potential to benefit the economic viability of fat supplementation 

as a CH4 mitigation strategy for the Irish livestock sector, and enhance the growth of the 

circular bioeconomy. 

Through its phenotypic independence of animal productivity but strong relationship with DME, 

selecting cattle for a low RME phenotype is a potentially cost neutral environmentally 

sustainable breeding strategy. Pasture, both fresh and preserved, accounts for 80-90% of the 

diet offered to Irish cattle (Finneran et al., 2011, O'Donovan et al., 2011). Therefore, 

determining the association of RME with traits of economic importance at pasture and across 

differing stages of the livestock production cycle, will be of crucial importance in determining 

the suitability of the trait for the Irish livestock sector. The national genomic breeding selection 

programme for Irish cattle was established in 2009 (Berry et al., 2009) and since 2019, CH4 

emissions of the progeny of AI bulls, undergoing breeding evaluation, at the ICBF national bull 

beef progeny performance test centre, have been routinely measured in an effort to facilitate 

the genetic selection of low CH4 emitting animals. However, as part of the national progeny 

evaluation programme, cattle undergo performance test as part of an intensive indoor finishing 

system. Therefore it is equally important, the repeatability of an animals RME ranking across 

time and different diets is investigated to assess the suitability of RME breeding values, 

calculated from commercial breeding bulls based on data orginating from their progeny fed a 

high concentrate diet, for pasture based production systems. The heritability of RME and the 

genetic variation surrounding the trait, has to date, only been estimated in feed restricted 

animals where the RC was utilised as the reference methodology for estimating emissions 

(Manzanilla-Pech et al., 2016). Considering the impact restricted feeding, during the 

estimation of DME, previously had on the interpreted genetic relationship of MY and animal 

productivity, as outlined in Chapter 2 and 6, the heritability of RME and its genetic correlation 

with economically important traits will need to be evaluated under ad libitum feeding 

conditions. With the use of the GEM, this approach is currently underway in Ireland through a 

research and industry collaboration. Assuming independence from animal productivity is 

maintained at a genetic level, investigating how best to incorporate RME into the national 

breeding strategy, be it as part of the economic breeding index or as part of an environmental 
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sub index, and the implications this has on the future genetics gains for the performance of 

the national beef herd, will need to be determined.  

Future research should also focus on investigating the combined mitigation effects of both the 

dietary and breeding strategies investigated in this study. The dietary supplementation of lipids 

is not recommended to exceed 6% of the diet, in order to prevent negative implications to fibre 

digestion. However, as no impact to dairy cow performance has already been established with 

the supplementation of the BP95 diet, it is unlikely any negative implications to animal 

productivity are likely to arise from supplementing the same BP formulation to dairy cows 

grazing WCPRG swards. Indeed, the combination of both diets could potentially act to offset 

any increases to DME associated with grazing WCPRG swards. As eluded to in Chapter 6, 

differences in ruminal digestibility could potentially contribute to inter animal divergence in 

RME. Any potential variation in digestibility however, would appear to have no negative 

consequences to animal productivity due to the same level of carcass output and animal 

performance between high and low RME animals. Subsequently, future research will need to 

be conducted to investigate the combined effects of supplementing a high BP formulated 

concentrate to low RME animals. Potential reductions to animal digestibility associated with 

the breeding of low RME beef animals, could limit the use of supplementing BP formulated 

concentrates, due to the reduced digestibility observed with the BP95. 

With some 55% of an animals methanogenic output influenced by other factors beyond DMI 

and animal body weight, the RME concept poses an exciting new avenue for CH4 mitigation 

research. Discovering the genetic factors which contributes to host control over the prevailing 

conditions within the rumen resulting in a reduced rate of methanogenesis, will be a complex 

process. However, this area of research may be guided by the use of ruminal microbial 

biomarkers which reflect the conditions within the rumen. The potential synchronised 

interaction between Intestinibaculum, Olsenella and Selenomonas, on conditions within the 

rumen, as detailed in Chapter 7, will require the application of a metagenomic, and indeed 

metatranscriptomic, approach to further understand both the genes and metabolic pathways 

associated with inter animal divergence in ruminal methanogenesis. Equally, more in depth 

sequencing will be required to help uncover the ruminal function of members of the 

asaccharolytic genus Mogibacterium, whose abundance has been shown to be positively 

influenced by methanogenesis. 

Quince et al. (2018) highlighted the effects of two different metagenomic assembly methods 

on the accuracy of assembled genomes of microbes included within mock community 

standards. Therefore, prior to implementing a greater use of metagenomic methods for 

studying the rumen microbiome, there is a need to utilise a similar approach to that outlined 
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in Chapter 3, to optimise and validate the different bioinformatics approaches available for 

analysing deep sequencing of the rumen microbiome. The potential also exists for a greater 

diversity of rumen microbial DNA to be included in a new rumen standard for metagenomics, 

due to the increasing availability of rumen culture collections as a result international 

collaborative efforts such as the Hungate 500 collection (Seshadri et al., 2018) and others 

currently being undertaken by members of the Rumen Microbial Genomics (RMG) network. 

Even with a standardised approach for the analysis of rumen metagenomic data, costs 

associated with this sequencing approach will likely limit the use of it in large rumen microbial 

studies in the immediate future. Therefore, future research of the rumen microbiome would 

likely benefit from the continued use of metataxonomic methods as an initial screening of the 

microbial community, and therefore provide researchers with the opportunity to further select 

a smaller cohort of samples for deep sequencing analysis. Indeed, this the approach which is 

currently being undertaken by our laboratory, to further understand the relationship of RME 

ranking with the rumen microbiome.  

8.4 Overall conclusion  

In conclusion, this thesis broadly examined the relationship of the rumen microbiota with diet 

and enteric CH4 emissions in dairy and beef cattle. It also investigated the influence of 

reference database choice on the interpretation of rumen microbial amplicon sequencing 

analysis. It can be concluded that white clovers inclusion in the grazing sward is capable of 

altering the composition of the bacterial and archaeal community in dairy cows. An elevated 

fermentation of pectin associated with the consumption of WCPRG swards, is likely to 

increase the availability of methanol in the rumen to levels which are capable of supporting a 

greater abundance of Methanosphaera. However, as the white clover content in the WCPRG 

sward was below that which normally benefits herbage growth and animal performance, the 

impacts of grazing swards with a white clover content above 30% on DME and the rumen 

microbiota will need to be explored to determine the holistic impact this strategy will have on 

total farm gate emissions. Reducing the GHG emissions of pastoral based livestock production 

may also be achieved, without negatively impacting the rumen microbiota composition, via the 

supplementation of high fat and fibre concentrates solely formulated from industrial BPs, 

based on in vitro analysis. Evidence presented in this thesis warrants further in vivo validation 

of the potential of formulating concentrates from SHs, PKE and DDGS as a novel cost effective 

dietary supplement for pasture based livestock. In addition, more in depth rumen microbial 

analysis is needed to determine the anti-methanogenic mechanism associated with this 

combination of BPs. Although previously limited due to concerns of negatively impacting 

animal productivity, the RME concept offers the opportunity to breed low CH4 emitting 
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livestock, to the benefit of production systems unsuited to a daily CH4 abatement 

supplementation strategy. Residual CH4 emissions is the best predictor of an animals 

methanogenic output and has been shown to have no relationship with economically important 

traits but is negatively correlated with ruminal propionate %. Based on the relationship of the 

abundance of Intestinibaculum, Olsenella and Selenomonas with RME, DME and propionate 

%, it has been hypothesised low RME animals possess a rumen environment characterised 

by a high H2 concentration resulting in a diversion of metabolic H towards propionate 

production. However, metagenomics and metatranscriptomics analysis will be required to 

confirm this hypothesis and subsequently allow a better understanding of the bacterial genus 

Mogibacterium within the rumen and its response to conditions associated with a high rate of 

methanogenesis. Determining the mechanism with which the host controls prevailing 

conditions within the rumen will be central to increasing our understanding of methanogenesis 

and including RME as part of a national sustainability breeding strategy. In conclusion, data 

presented in this thesis emphasises the mitigation potential of novel dietary and animal 

breeding based strategies and provides a baseline assessment of the relationship of the 

rumen microbiota with diet and enteric CH4 emissions in cattle. This information will guide the 

future metagenomic and metatranscriptomic attempts to better understand the influence of the 

ruminant host on prevailing conditions within the rumen and methanogenesis. 

 

8.4.1 Summary of main findings 

 Differences in the taxonomic classification of rumen microbial sequences persist 

amongst the main 16S rRNA reference databases, highlighting the need for the routine 

inclusion of reference standards within rumen microbial amplicon sequencing 

investigations. 

 Subtle changes to the botanical composition of the grazing of sward is capable of 

altering the structure of the rumen bacteria and archaeal communities. 

 Supplementing a high fat and fibre concentrate, formulated solely from industrial BPs, 

to a pastoral based diet, may serve as a low cost CH4 dietary abatement strategy based 

on an observed reduction to CH4 output in vitro.  

 RME is the optimal trait for assessing the methanogenic output of an animal as it is the 

only phenotype observed to be positively correlated with DME and independent of 

animal productivity.  

 An increased abundance of lactic acid producing bacteria may be a potential rumen 

microbial biomarker indicative of a low RME phenotype in beef cattle.   
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Figure 8.1 An overview of the rumen microbial community and fermentation profile of a low RME phenotype. Differences in the size of the shapes representing individual volatile 

fatty acids (VFAs) and rumen methanogens, are reflective of the dominant VFAs methanogen genera in low RME animals



172 
 

 

Chapter 9 

Appendix 

 

 

 



173 
 

Table 9.1 Individual database classification of bacterial (n=13) and archaeal (n=3) sequences included in reference standard (bootstrap=50). 

Sequence Database Kingdom Phylum Class Order Family Genus Species 

1 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 

 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiracea incertae sedis Eubacterium_ruminantium(AB008552) 

2 GTDB Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter_A Methanobrevibacter_A_millerae(RS_GCF_001477655.1) 

 RDP Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 SILVA Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 RefSeq + 
RDP 

Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_millerae(AY196673) 

3 GTDB Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_olleyae(RS_GCF_001563245.1) 

 RDP Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 SILVA Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 RefSeq + 
RDP 

Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_olleyae(AY615201) 

4 GTDB Bacteria Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus anaerobius 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus anaerobius 

 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus Peptostreptococcus_anaerobius(AY326462) 

5 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Pseudobutyrivibrio Pseudobutyrivibrio_ruminis(RS_GCF_900109715.1) 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio NA 

 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio Pseudobutyrivibrio_ruminis(X95893) 

6 GTDB Bacteria Actinobacteriota Actinobacteria Propionibacteriales Propionibacteriaceae NA NA 

 RDP Bacteria Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium NA 

 SILVA Bacteria Actinobacteria Actinobacteria Propionibacteriales Propionibacteriaceae Propionibacterium australiense 

 RefSeq + 
RDP 

Bacteria Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium Propionibacterium_australiense(AF225962) 

7 GTDB Bacteria Firmicutes_A Clostridia Oscillospirales Ruminococcaceae Ruminococcus_D Ruminococcus_D_albus(RS_GCF_000179635.2) 

 RDP Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus albus 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus_1 albus 
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 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus Ruminococcus_albus(L76598) 

8 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio fibrisolvens 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio_2 fibrisolvens 

 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio Butyrivibrio_fibrisolvens(U41172) 

9 GTDB Bacteria Firmicutes_C Negativicutes Veillonellales Megasphaeraceae Megasphaera Megasphaera_elsdenii(RS_GCF_001304715.1) 

 RDP Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 

 SILVA Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 

 RefSeq + 
RDP 

Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 

10 GTDB Archaea Thermoplasmatota Thermoplasmata_A Methanomassiliicoccales Methanomethylophilaceae Methanomethylophilus Methanomethylophilus_alvus(GB_GCA_000437835.1) 

 RDP Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomassiliicoccaceae Methanomassiliicoccus NA 

 SILVA Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomethylophilaceae Candidatus_Methanomethylophilus NA 

 RefSeq + 
RDP 

Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomassiliicoccaceae Methanomassiliicoccus Methanomassiliicoccus_luminyensis(HQ896499) 

11 GTDB Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus_lutetiensis(RS_GCF_001477615.1) 

 RDP Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 

 SILVA Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 

 RefSeq + 
RDP 

Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus_infantarius(AF429762) 

12 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Lachnospira Lachnospira_pectinoschiza_A(RS_GCF_900103815.1) 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira NA 

 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira Lachnospira_multipara(FR733699) 

13 GTDB Bacteria Fibrobacterota Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter Fibrobacter_succinogenes(RS_GCF_000024665.1) 

 RDP Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter succinogenes 

 SILVA Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter succinogenes 

 RefSeq + 
RDP 

Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter Fibrobacter_succinogenes(AJ496032) 

14 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium_1 NA 

 RefSeq + 
RDP 

Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Clostridium XlVa Clostridium_aminophilum(L04165) 

15 GTDB Bacteria Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Selenomonas_A Selenomonas_A_ruminantium_E(RS_GCF_900100835.1) 
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 RDP Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas ruminantium 

 SILVA Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas_1 ruminantium 

 RefSeq + 
RDP 

Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas Selenomonas_ruminantium(M62702) 

16 GTDB Bacteria Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Prevotella NA 

 RDP Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella ruminicola 

 SILVA Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella_1 ruminicola 

 RefSeq + 
RDP 

Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella Prevotella_ruminicola(L16482) 
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Table 9.2 Individual database classification of bacterial (n=13) and archaeal (n=3) sequences included in reference standard (bootstrap=80). 

Sequence Database Kingdom Phylum Class Order Family Genus Species 

1 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 

 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiracea incertae sedis Eubacterium_ruminantium(AB008552) 

2 GTDB Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter_A Methanobrevibacter_A_millerae(RS_GCF_001477655.1) 

 RDP Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 SILVA Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 RefSeq + RDP Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_millerae(AY196673) 

3 GTDB Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_olleyae(RS_GCF_001563245.1) 

 RDP Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 SILVA Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 

 RefSeq + RDP Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_olleyae(AY615201) 

4 GTDB Bacteria Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus anaerobius 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus anaerobius 

 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus Peptostreptococcus_anaerobius(AY326462) 

5 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Pseudobutyrivibrio Pseudobutyrivibrio_ruminis(RS_GCF_900109715.1) 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio NA 

 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio Pseudobutyrivibrio_ruminis(X95893) 

6 GTDB Bacteria Actinobacteriota Actinobacteria Propionibacteriales Propionibacteriaceae Propionibacterium NA 

 RDP Bacteria Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium NA 

 SILVA Bacteria Actinobacteria Actinobacteria Propionibacteriales Propionibacteriaceae Propionibacterium australiense 

 RefSeq + RDP Bacteria Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium NA 

7 GTDB Bacteria Firmicutes_A Clostridia Oscillospirales Ruminococcaceae Ruminococcus_D Ruminococcus_D_albus(RS_GCF_000179635.2) 

 RDP Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus albus 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus_1 albus 
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 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus Ruminococcus_albus(L76598) 

8 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio fibrisolvens 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio_2 fibrisolvens 

 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio Butyrivibrio_fibrisolvens(U41172) 

9 GTDB Bacteria Firmicutes_C Negativicutes Veillonellales Megasphaeraceae Megasphaera Megasphaera_elsdenii(RS_GCF_001304715.1) 

 RDP Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 

 SILVA Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 

 RefSeq + RDP Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 

10 GTDB Archaea Thermoplasmatota Thermoplasmata_A Methanomassiliicoccales Methanomethylophilaceae Methanomethylophilus Methanomethylophilus_alvus(GB_GCA_000437835.1) 

 RDP Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomassiliicoccaceae Methanomassiliicoccus NA 

 SILVA Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomethylophilaceae Candidatus_Methanomethylophilus NA 

 RefSeq + RDP Archaea Euryarchaeota Thermoplasmata NA NA NA NA 

11 GTDB Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus_lutetiensis(RS_GCF_001477615.1) 

 RDP Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 

 SILVA Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 

 RefSeq + RDP Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus_infantarius(AF429762) 

12 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Lachnospira Lachnospira_pectinoschiza_A(RS_GCF_900103815.1) 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira NA 

 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira Lachnospira_multipara(FR733699) 

13 GTDB Bacteria Fibrobacterota Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter Fibrobacter_succinogenes(RS_GCF_000024665.1) 

 RDP Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter succinogenes 

 SILVA Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter succinogenes 

 RefSeq + RDP Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter Fibrobacter_succinogenes(AJ496032) 

14 GTDB Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 

 RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 

 SILVA Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium_1 NA 

 RefSeq + RDP Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Clostridium XlVa Clostridium_aminophilum(L04165) 

15 GTDB Bacteria Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Selenomonas_A Selenomonas_A_ruminantium_E(RS_GCF_900100835.1) 

 RDP Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas ruminantium 
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 SILVA Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas_1 ruminantium 

 RefSeq + RDP Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas Selenomonas_ruminantium(M62702) 

16 GTDB Bacteria Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Prevotella NA 

 RDP Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella ruminicola 

 SILVA Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella_1 ruminicola 

 RefSeq + RDP Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella Prevotella_ruminicola(L16482) 
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Table 9.3 Average relative abundance of bacterial (n=13) and archaeal (n=3) sequences included in reference standard using the GTDB database 
(bootstrap=80). 

Sequence Kingdom Phylum Class Order Family Genus Species Run 1 Run 2 Run 3 Mean 

1 Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 12.53% 13.02% 10.31% 11.95% 

2 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter_A Methanobrevibacter_A_millerae(RS_GCF_001477655.1) 10.91% 9.97% 13.83% 11.57% 

3 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_olleyae(RS_GCF_001563245.1) 8.05% 7.55% 9.63% 8.41% 

4 Bacteria Firmicutes_A Clostridia Peptostreptococcales Peptostreptococcaceae NA NA 7.85% 7.66% 6.88% 7.46% 

5 Bacteria Firmicutes_A Clostridia Oscillospirales Ruminococcaceae Ruminococcus_D Ruminococcus_D_albus(RS_GCF_000179635.2) 6.95% 7.37% 5.85% 6.72% 

6 Bacteria Actinobacteriota Actinobacteria Propionibacteriales Propionibacteriaceae Propionibacterium NA 6.69% 7.09% 6.81% 6.86% 

7 Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 6.31% 6.80% 5.58% 6.23% 

8 Archaea Thermoplasmatota Thermoplasmata_A Methanomassiliicoccales Methanomethylophilaceae Methanomethylophilus Methanomethylophilus_alvus(GB_GCA_000437835.1) 6.18% 5.00% 6.73% 5.97% 

9 Bacteria Firmicutes_C Negativicutes Veillonellales Megasphaeraceae Megasphaera Megasphaera_elsdenii(RS_GCF_001304715.1) 6.06% 6.06% 6.29% 6.14% 

10 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus_lutetiensis(RS_GCF_001477615.1) 5.72% 5.73% 5.36% 5.60% 

11 Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Pseudobutyrivibrio Pseudobutyrivibrio_ruminis(RS_GCF_900109715.1) 5.35% 7.53% 8.07% 6.98% 

12 Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae Lachnospira Lachnospira_pectinoschiza_A(RS_GCF_900103815.1) 5.04% 5.09% 4.13% 4.76% 

13 Bacteria Fibrobacterota Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter Fibrobacter_succinogenes(RS_GCF_000024665.1) 3.57% 3.28% 3.23% 3.36% 

14 Bacteria Firmicutes_A Clostridia Lachnospirales Lachnospiraceae NA NA 2.96% 2.93% 2.54% 2.81% 

15 Bacteria Firmicutes_C Negativicutes Selenomonadales Selenomonadaceae Selenomonas_A Selenomonas_A_ruminantium_E(RS_GCF_900100835.1) 2.93% 3.02% 2.17% 2.71% 

16 Bacteria Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Prevotella NA 2.03% 1.65% 2.18% 1.95% 

       Other 0.88% 0.25% 0.42% 0.52% 
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Table 9.4 Average relative abundance of bacterial (n=13) and archaeal (n=3) sequences included in reference standard using the SILVA database 
(bootstrap=80). 

Sequence Kingdom Phylum Class Order Family Genus Species Run 1 Run 2 Run 3 Mean 

1 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 12.53% 13.03% 10.31% 11.96% 

2 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 10.91% 9.97% 13.83% 11.57% 

3 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 8.05% 7.55% 9.64% 8.41% 

4 Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus anaerobius 7.85% 7.66% 6.88% 7.47% 

5 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus_1 albus 6.95% 7.37% 5.85% 6.72% 

6 Bacteria Actinobacteria Actinobacteria Propionibacteriales Propionibacteriaceae Propionibacterium australiense 6.69% 7.09% 6.81% 6.86% 

7 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio_2 fibrisolvens 6.31% 6.80% 5.58% 6.23% 

8 Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomethylophilaceae Candidatus_Methanomethylophilus NA 6.18% 5.00% 6.73% 5.97% 

9 Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 6.06% 6.06% 6.30% 6.14% 

10 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 5.72% 5.73% 5.36% 5.60% 

11 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio NA 5.35% 7.53% 8.08% 6.99% 

12 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira NA 5.04% 5.09% 4.13% 4.76% 

13 Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter succinogenes 3.57% 3.28% 3.23% 3.36% 

14 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium_1 NA 2.96% 2.93% 2.54% 2.81% 

15 Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas_1 ruminantium 2.93% 3.02% 2.17% 2.71% 

16 Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella_1 ruminicola 2.03% 1.66% 2.18% 1.95% 

       Other 0.87% 0.23% 0.38% 0.49% 
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Table 9.5 Average relative abundance of bacterial (n=13) and archaeal (n=3) sequences included in reference standard using the RDP database 
(bootstrap=80). 

Sequence Kingdom Phylum Class Order Family Genus Species Run 1 Run 2 Run 3 Mean 

1 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 12.53% 13.02% 10.31% 11.96% 

2 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 10.91% 9.97% 13.83% 11.57% 

3 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter NA 8.05% 7.55% 9.63% 8.41% 

4 Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus anaerobius 7.85% 7.66% 6.88% 7.47% 

5 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus albus 6.95% 7.37% 5.85% 6.72% 

6 Bacteria Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium NA 6.69% 7.09% 6.81% 6.86% 

7 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio fibrisolvens 6.31% 6.80% 5.58% 6.23% 

8 Archaea Euryarchaeota Thermoplasmata Methanomassiliicoccales Methanomassiliicoccaceae Methanomassiliicoccus NA 6.18% 5.00% 6.73% 5.97% 

9 Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 6.06% 6.06% 6.29% 6.14% 

10 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus NA 5.72% 5.73% 5.36% 5.60% 

11 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio NA 5.35% 7.53% 8.07% 6.98% 

12 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira NA 5.04% 5.09% 4.13% 4.76% 

13 Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter succinogenes 3.57% 3.28% 3.23% 3.36% 

14 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae NA NA 2.96% 2.93% 2.54% 2.81% 

15 Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas ruminantium 2.93% 3.02% 2.17% 2.71% 

16 Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella ruminicola 2.03% 1.65% 2.18% 1.95% 

       Other 0.87% 0.25% 0.41% 0.50% 
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Table 9.6 Average relative abundance of bacterial (n=13) and archaeal (n=3) sequences included in reference standard using the Refseq + RDP 
database (bootstrap=80). 

Sequence Kingdom Phylum Class Order Family Genus Species Run 1 Run 2 Run 3 Mean 

1 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiracea incertae 

sedis 
Eubacterium_ruminantium(AB008552) 12.53% 13.02% 10.31% 11.96% 

2 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_millerae(AY196673) 10.91% 9.97% 13.83% 11.57% 

3 Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter_olleyae(AY615201) 8.05% 7.55% 9.63% 8.41% 

4 Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus Peptostreptococcus_anaerobius(AY326462) 7.85% 7.66% 6.88% 7.46% 

5 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus Ruminococcus_albus(L76598) 6.95% 7.37% 5.85% 6.72% 

6 Bacteria Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium NA 6.69% 7.09% 6.81% 6.86% 

7 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Butyrivibrio Butyrivibrio_fibrisolvens(U41172) 6.31% 6.80% 5.58% 6.23% 

8 Archaea Euryarchaeota Thermoplasmata NA NA NA NA 6.18% 5.00% 6.73% 5.97% 

9 Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Megasphaera NA 6.06% 6.06% 6.29% 6.14% 

10 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus_infantarius(AF429762) 5.72% 5.73% 5.36% 5.60% 

11 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Pseudobutyrivibrio Pseudobutyrivibrio_ruminis(X95893) 5.35% 7.53% 8.07% 6.98% 

12 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira Lachnospira_multipara(FR733699) 5.04% 5.09% 4.13% 4.76% 

13 Bacteria Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter Fibrobacter_succinogenes(AJ496032) 3.57% 3.28% 3.23% 3.36% 

14 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Clostridium XlVa Clostridium_aminophilum(L04165) 2.96% 2.93% 2.54% 2.81% 

15 Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Selenomonas Selenomonas_ruminantium(M62702) 2.93% 3.02% 2.17% 2.71% 

16 Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella Prevotella_ruminicola(L16482) 2.03% 1.65% 2.18% 1.95% 

       Other 0.87% 0.25% 0.41% 0.51% 
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Figure 9.1 Rarefaction plot showing observed species from all samples before A) and after B) rarefication. 

Samples were rarefied to the lowest read depth of 26,366 reads. 
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