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ABSTRACT 

 Ruminal methanogenesis is a microbial fermentive process conducted by 

methanogens, releasing methane (CH4) gas through eruction, and resulting in a 

dietary energy loss to the host animals and a contribution to greenhouse gas 

emissions by the agricultural industry. However, the association amongst 

methanogenic ecology, host feed efficiency, and host enteric CH4 production is 

not clear. The overall objective of this research was to investigate the potential 

linkage among these sectors, and thus four studies were performed. Study 1 and 

Study 2 were conducted to investigate the correlation between cattleôs feed 

efficiency and methanogenic ecology under growing and finishing diets. The 

composition of the methanogenic community varied significantly between the two 

diets, and the associations between methanogenic phylotypes and hostôs feed 

efficiency differed between the two diets. When animals were fed growing diet, 

Methanobrevibacter sp. AbM4 and Methanosphaera stadtmanae were more 

prevalent in inefficient animals; while under a finishing diet, multiple unidentified 

species were more common in inefficient animals. In Study 3, the correlation 

between methanogenic ecology and host CH4 production were studied in dairy 

cows, and the dietary effect on such correlation was also analyzed. Phylotypes 

resembling methanogenic archaeon CH1270 and Mbb. gottschalkii strain HO 

tended to be related to hostôs CH4 production, but the total methanogen 

population was not related to the amount of CH4 yield. In Study 4, host effect on 

ruminal methanogenic community and its adaptation to dietary treatments was 

examined in beef heifers. The unique microbiota of each animal and the 

distinctive responses to the dietary treatments within individuals indicate that the 



 

 

animal-to animal variation may be the main cause leading to the inconsistency of 

host response to dietary or environmental changes. Therefore, individual variation 

should be taken into account when studying ruminal microbial ecology. In 

summary, this research revealed that biodiversity of methanognic community 

rather than then total methanogen density plays an important role in affecting host 

feed efficiency, determining hostôs enteric CH4 production, and adapting to 

different dietary conditions. Furthermore, host is an essential factor determining 

its symbiotic relationship with methanogens.  
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1.0 LITERATURE REVIEW
1
 

  1.1 Overview of Rumen Methanogenesis  

Ruminants have developed a microbial symbiosis to digest fibre in 

ingested feeds (Dehority, 1997). Along with the ruminal fermentation, hydrogen 

(H2) is produced as the result of the carbohydrate decomposition. The 

accumulation of H2 would interfere further microbial metabolism (Sharp et al., 

1998). Methanogenesis is one of the important means to remove H2 from the 

rumen, thus reducing the partial H2 pressure, maintaining the optimal microbial 

fermentation, and supporting the complete digestion of ingested fibre (Zinder, 

1993; Sharp et al., 1998). The end production of methanogenesis is the methane 

(CH4) gas. 

Enteric CH4 is the predominant greenhouse gas generated from ruminant 

livestock systems. CH4 is a gas that has 25 times global warming potential that of 

carbon dioxide (CO2). The atmospheric lifetime of CH4 is 12 years. Thus the 

accumulation of CH4 in the atmosphere is harmful to the global environment 

(Intergovernmental Panel on Climate Change, 2001). Globally, more than 50% of 

the CH4 emissions are from agriculture sector, especially from the livestock 

industry (Environment Canada, 2011). Enteric CH4 takes up nearly 90% of the 

total CH4 production of ruminants (Murray et al., 1976). The annual CH4 release 

from ruminants is as much as 86 Tg, among which beef cattle are responsible for 

about 55.9 Tg with dairy cattle accounting for around 18.9 Tg (McMichael et al., 

                                                           
1
 A part of this section has been published. Zhou M., T.A. McAllister, and L.L. Guan. 2011. 

Molecular identification of rumen methanogens: Technologies, advances and prospects. Anim. 

Feed Sci.Tech. 166-167: 76-86.  
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2007). As the worldwide market requirement for meat and milk is growing, the 

annual emission of enteric CH4 is increasing. 

Besides of its influence on animal production, this process also has 

detrimental effects on the animals, although methanogenesis is favored by 

ruminal microbes. It is estimated that the energy loss derived from ruminal 

methanogenesis ranges from 2-12% (Johnson and Johnson, 1995). The total 

energy loss rate depends on the type of diet and animal. Furthermore, the CH4 

production and energy loss also vary significantly among individual animals even 

if they are raised under similar conditions.   

 

  1.2 Cattle Feed Efficiency and Methanogenesis 

    1.2.1 Definition and Measures of Cattle Feed Efficiency 

It is estimated that about 55 to 75% of the total cost of beef cattle 

production is related to feed (NRC, 2000; Arthur et al., 2001). Minimizing 

feeding cost and improving feed efficiency of cattle would increase the 

profitability of beef production (Herd et al., 2003). Cattle feed efficiency, 

describing the efficiency of cattle converting feeding material into animal weight 

gain, is an important indicator for cattle production (Lamb & Maddock, 2009). 

Cattle with higher feed efficiency are desirable within the beef industry. 

Traditional measures of cattle feed efficiency simply compare the ratio 

between feed consumption amount and growth, including grain:feed ratio (G:F) or 

its reverse form termed feed conversion ratio (FCR) and partial efficiency of 

growth (PEG) (Carstens and Tedeschi, 2006). Residual feed intake (RFI) is an 
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alternative proposed by Koch et al. (1963), measuring the difference between the 

actual feed intake and its expected feed requirement to maintain the same 

production. Cattle with low RFI consume less feed yet performed the same as 

others, and as such are considered to be more efficient. 

RFI is moderately heritable (Herd and Bishop, 2000; Arthur et al., 2001; 

Crews et al., 2003) and phenotypically independent (Lamb and Maddock, 2009). 

Thus it is more widely accepted as an appropriate and accurate index that 

indicates an animalôs feed efficiency.  

 

    1.2.2 Factors Affecting RFI 

Since RFI has been recently proposed as one measurement of efficiency 

that has been gradually accepted by the industry, the following sections will 

review this concept. Feed efficiency of cattle can be affected by multiple factors. 

As proposed by Herd et al. (2004), there are five major factors that contribute to 

the variation of RFI. 

1. Feed intake of the animals: increasing feed intake results in larger 

amount of energy required for digestion, and thereby increasing maintenance 

requirement. The feeding behavior of cattle has been ascribed to be an important 

factor contributing to RFI variance. Feeding pattern, feeding time, eating rate, and 

number of eating sessions directly affect an individualôs feed intake, and thus 

further affect RFI (Richardson, 2003; Robinson and Oddy, 2004; Dobos and 

Herd, 2008; Durunna et al., 2011b).  
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2. Digestion and energy source: differences in digestion processes and 

substrate availability may lead to variance in the efficiency of energy utilization. 

Richardson et al. (1996) found that the variance in dry matter intake (DMI) 

accounted for ~14% divergence in feed intake between high-RFI and low-RFI 

cattle. Variance of amino acid supply to the host is partly due to the variation in 

efficiency of ruminal microbial protein production (Kahn et al., 2000). Lower 

digestibility and energy supply would results in lower feed efficiency.  

3. Animal anabolism and catabolism: metabolic processes contributing to 

heat production are responsible for the differences in feed efficiency. For 

example, differences in carcass composition were correlated to RFI variance for 

beef steers, where progeny steers of low-RFI parents had less carcass fat and more 

carcass protein than those of high-RFI parents (Richardson et al., 2001). Kolath et 

al. (2006) found that mitochondrial respiration increased in beef steers with low 

RFI and electrons flux through the electron transport chain was hindered in high 

RFI steers. 

4. Animal activity: more activity of animal would lead to larger amount of 

heat production, hence decrease metabolic efficiency. Energy expenditure in the 

form of animal activity has been reported to have a phenotypic correlation of 0.32 

for RFI and counted for ~10% of the observed RFI variance in cattle (Richardson 

et al., 1999). Herd et al. (2004) calculated the energy cost of movements such as 

feeding, ruminating, and locomotion, and found approximately 5% increase in 

feed energy intake for low (high RFI) as compared to high efficient (low RFI) 

animals. 
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5. Thermoregulation: evaporative heat loss is the principal route of energy 

loss in the ruminants (Blaxter, 1962). Although no studies have examined the 

relationship between respiration rate and RFI in cattle, animals with slower 

respiration frequency would be expected to have lower RFI value (Herd and 

Arthur, 2008). 

Besides the above, more elements have been reported to be associated 

with feed efficiency in cattle. Sherman et al. (2008) reported 6 single-nucleotide 

polymorphisms (SNPs) which were correlated to RFI in feedlot cattle in Canada. 

Mujibi et al. (2010) reported that seasonality effects such as temperature, wind 

speed and humidity affected cattle feed intake and RFI. Durunna et al. (2011a) 

examined cattleôs feed efficiency under two different diets and found a low 

RFI-ranking correlation of the animals under grower versus finisher diet.  

 

    1.2.3 Methanogenesis and Cattleôs Feed Efficiency 

Generally, cattle displayed considerable variation in their metabolic 

energy use and partitioning and hence variance in feed efficiency. Dietary energy 

loss in the form of enteric CH4, feces, and urine is one of the major causes related 

to such variation (Basarab et al., 2003). Johnson and Johnson (1995) claimed that 

enteric CH4 emission is affected by the level of cattleôs feed intake. The release of 

CH4 represented a loss of dietary energy for dairy cattle, range-cattle, and feedlot 

cattle ranging from 5.5-9.0%, 6.0-7.5%, and 3.5-6.5%, respectively (Johnson and 

Ward, 1996). In addition to the type of host, the dietary energy loss also varies 

according to geographical locations, feed quality, feed intake, feed composition, 
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and feed processing (Johnson and Ward, 1996). Nkrumah et al. (2006) have 

compared the enteric CH4 production among three groups of cattle with low-RFI, 

medium-RFI, and high-RFI, respectively, and found that cattle with low-RFI 

produced much lower CH4 than high- or medium-RFI cattle. Hegarty et al. (2007) 

examined a larger group of cattle and further confirmed that cattle selected with 

lower RFI reduced their enteric CH4.  

 

  1.3 Rumen Methanogens 

    1.3.1 Characteristics of Methanogens 

Methanogens are distinguished from other microbes by their cell wall 

components and unique membrane lipids. Methanogen cell walls consist of 

pseudomurein and surface layer proteins and lack peptidoglycan, which is a 

common component of bacterial cell walls. Membrane lipids in methanogens link 

the alkyl chains to the glycerol by phytane or biphytane, rather than ester-linked 

fatty acyl glycerol derivatives. Methanogens also have distinctive 16S rRNA gene 

sequences compared to other microorganisms. Finally, methanogens possess 

specific cofactors and coenzymes such as F420, methanopterin and coenzyme M, 

enzymes that are involved in methanogenesis (Baker, 1999; De Rosa and 

Gambacorta, 1988; Jones et al., 1987; Kletzin, 2007; Woese et al., 1990). 

Methanogens grow at redox potentials below -300 mV (Stewart and 

Bryant, 1988), and at an optimal pH range of 6ï8 (Jones et al., 1987). They are 

strictly anaerobic, obligate methane producers that derive most of their energies 
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through methanogenesis and provide oxidized reducing factors (e.g., NAD
+
) to 

other microbial metabolic pathways (Hungate et al., 1970; Wolin, 1979).  

Methanogens have been found in a wide variety of anaerobic habitats, 

including rumen, lower intestinal tract of mammals, gut of termites, sewage, 

anaerobic digesters, landfills, rice paddies, freshwater sediments, marine 

sediments, geothermal systems, and heartwood of trees (Liu and Whitman, 2008). 

 

    1.3.2 Phylogeny of Rumen Methanogens 

Methanogens belong to the domain Archaea, phylum Euryarchaeota 

(Balch et al. 1979), and are subdivided into five orders (Ferry and Kastead, 2007). 

Methanogens are abundant in the rumen. However, the fastidious nutritional 

requirement and sensitivity to oxygen make the in vitro cultivation of 

methanogens difficult . Thus, only a few species have been isolated and cultured 

(Table 1.1).  

Molecular methods have been further used to define the diversity of rumen 

methanogens. Based on the available global data set, the majority of ruminal 

methanogenic community is present in three genes-level groups: 

Methanobrevibacter, Methanomicrobium, and rumen cluster C (RCC) (Janssen 

and Kirs, 2008). Additionally, unculturable species belonging to 

Methanobacteriaceae and Methanosarcinaceae families also exist in the rumen at 

lower densities (Sundset et al., 2008). The composition of methanogenic 

community varies among studies. This can be attributed to the host, type of diet, 

environment, animal health, animal genotype, animal age, DNA extraction
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Table 1.1 Cultured methanogens from ruminants. 

Species Host 

Methanobacterium formicicum Bovine; ovine 

Methanobacterium bryantii Bovine 

Methanobrevibacter ruminantium Bovine; ovine; corvine 

Methanobrevibacter smithii Ovine 

Methanobrevibacter olleyae Bovine; ovine 

Methanobrevibacter millerae Bovine; ovine 

Methanomicrobium mobile bovine 

Methanosarcina barkeri Bovine, caprine 

Methanoculleus olentangyi Cervine 

Summarized from Jarvis et al., 2000; Joblin, 2005; Rea et al., 2007; Janssen and Kirs, 2008
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methods, and the chosen PCR primers (McSweeny et al., 2007). 

In addition, methanogens that have ecto- and endo-symbiosis with 

protozoa are also commonly discovered in the ruminal community (Finlay et al., 

1994). The same as the classification of the entire ruminal methanogenic 

communities, the protozoa-associated methanogens also fall into the three groups, 

the genera Methanobrevibacter, Methanomicrobium, and the RCC clade (Janssen 

and Kirs, 2008). However, the abundance of each group varied notably in 

different studies. Chagan et al. (1999) reported that phylotypes belonging to M. 

ruminantium are abundant from sheep; Methanomicrobium sp. dominated the 

community of sheep in the study of Regensbogenova et al. (2004b); Ohene-Adjei 

et al. (2007) found that members of RCC are predominant in the rumen of ovine. 

Since all the above experiments only studied selected protozoa, the results can be 

strongly biased. The limited information regarding to the protozoa-associated 

methanogen is not sufficient to verify the idea that protozoa-associated 

methanogens are distinct from free-living methanogens.  

 

    1.3.3 Substrate Range of Methanogenesis 

The organic substances in the ingested feed include cell wall polymers, 

starch and proteins, which methanogens are not able to digest. Instead, a group of 

other microorganisms, including bacteria, protozoa, and fungi, ferment these 

compounds and provide the actual substrates for methanogenesis, which provides 

thermodynamically favorable conditions for consistent ruminal microbial 

degradation (Zinder, 1993). Although methanogens are diverse, they can only 
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derive energy from a very limited range of substrates. The major substrates are 

restricted into three types: CO2, methyl-group containing compounds and acetate 

(Hedderich and Whitman, 2006).  

The first type of methanogenesis substrate is CO2. Most methanogens can 

reduce CO2 to CH4 with H2 as the electron donor. In some cases, methanogens 

can also use formate as the electron donor. In addition, secondary alcohols such as 

2-propanol, 2-butanol, cyclopentanol, and ethanol can be used by some species 

(Hedderich and Whitman, 2006). The second type of methanogenesis substrate is 

the methyl-group containing compounds, including methanol, monomethylamine, 

dimethylamine, trimethylamine, tetramethylammonium, methylsulfide, and 

methanethiol. Electrons used for reducing these substrates arise from the 

oxidation of another methyl group within these compounds (Hedderich and 

Whitman, 2006). The third type of methanogenesis substrate is acetate. Electrons 

for acetate reduction are derived from the oxidation of the carboxyl carbon on 

acetate (Hedderich and Whitman, 2006). As the passage rate of rumen contents is 

greater than the growth rate of acetate-utilizing methanogens, usage of acetate is 

very rare for ruminal methanogens (Wolin, 1979).  

Methanogens belong to different phylogenetic groups utilize different 

substrate for methanogenesis (Table 1.2). Among the methanogens identified in 

the rumen, species belonging to Methanobacterum mainly utilize the CO2/H2 

pathway in methanogenesis; whereas species of Methanosarcina utilize 

methylamines, methanol or acetate to produce methane (Patterson and Hespell, 
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Table 1.2 Summary of methanogenesis reactions and involved organisms. 

Methanogenesis substrate Reaction Organisms 

CO2  4 H2 + CO2 Ÿ CH4 + 2 H2O Most methanogens 

 

4 HCOOH Ÿ CH4 + 3 CO2 + 2 H2O Many hydrogenotrophic methanogens 

CO2 + 4 isopropanol Ÿ CH4 + 4 acetone + 2 H2O Some hydrogenotrophic methanogens 

4 CO+ 2 H2O Ÿ CH4 + 3 CO2 Methanothermobacter and Methanosarcina 

CH3- 4 CH3OH Ÿ3 CH4 + CO2 + 2 H2O Methanosarcina and other methylotrophic methanogens 

 

CH3OH + H2 Ÿ CH4 + H2O Methanomicrococcus blatticola and Methanosphaera 

2 (CH3)2-S + 2 H2O Ÿ 3 CH4 + CO2 + 2 H2S Some methylotrophic methanogens 

4 CH3-NH2 + 2 H2O Ÿ 3 CH4 + CO2 + 4 NH3 Some methylotrophic methanogens 

2 (CH3)2-NH + 2 H2O Ÿ 3 CH4 + CO2 + 2 NH3 Some methylotrophic methanogens 

4 (CH3)3-N + 6 H2O Ÿ 9 CH4 + 3 CO2 + 4 NH3 Some methylotrophic methanogens 

4 CH3NH3Cl + 2 H2O Ÿ 3 CH4 + CO2 + 4 NH4Cl Some methylotrophic methanogens 

CH3COOH CH3COOH Ÿ CH4 + CO2 Methanosarcina and Methanosaeta 

Adapted and modified from Liu and Whitman (2008).
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1979; Rowe et al., 1979). An exception is Methanosphaera stadtmanae, which is 

restricted to using methanol and H2 for methanogenesis because of its unique 

genome sequence that lacks the open reading frame to encode enzymes involed in 

other pathways (Fricke et al., 2006). 

 

    1.3.4 Biochemistry of Methanogenesis 

Depending on the type of substrates, three different pathways are involved 

in the conversion of these three substrates into the methane precursor, 

methyl-coenzyme M (CH3-S-CoM). These pathways are generally classified as 

CO2 reduction pathway, C1 compound conversion pathway, and acetate 

fermentation pathway (Hedderich and Whitman, 2006). 

In the CO2 reduction pathway, CO2 is firstly fixed to methanofuran (MFR), 

generating formyl-MFR as the first intermediate. Then the formyl group is 

transferred to tetrahydromethanopterin (H4MPT) and sequentially reduced to 

methenyl, methylenyl, and finally a methyl group. Afterwards, the methyl group 

is transferred to coenzyme M (HS-CoM) to form CH3-S-CoM (Figure 1.1 A). 

In C1 compound conversion pathway, the methyl group is transferred to 

HS-CoM by methyltransferase. The methyltransferase system for each substrate is 

unique, specific for methanol (Mta), monomethylamine (Mtm), dimethylamine 

(Mtb), trimethylamine (Mtt), tetramethylammonium (Mtq), and methylthiols (Mts) 

(Hedderich and Whitman, 2006). Each system is composed of two 

methyltransferase, MT1 and MT2. The methyl group is transferred to corrinoid 
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Figure 1.1 Methanogenesis pathways. (A) CO2 reduction. (B) Methyl-group conversion. (C) Acetate fermentation. Abbreviations: CHO-FMR, 

N-formylmethanofuran; CHO-H4MPT, N
5
-formyltetrahydromet hanopterin; CH=H 4MPT

+
, N

5
,N

10
-methenyl-tetrahydromethanopterin; CH 2=H4MPT, 

N
5
,N

10
-methylene-tetrahydromethanopterin; and CH3-H4MPT, N

5
-methyl-tetrahydromethanopterin; Fd red, ferredoxin (reduced form); Fdox, ferredoxin 

(oxidized form); F420H2, coenzyme F420 (reduced form); H4MPT, tetrahydromethanopterin; CoM -SH, coenzyme M; CoB-SH, coenzyme B; 

CoM-S-S-CoB, CoM CoB heterodisulfide; CoA-SH, coenzyme A.  Enzymes involved: 1. formyl-MFR dehydrogenase (Fmd); 2. formyl-MFR:H 4MPT 

formyltransferase (Ftr); 3. methenyl-H4MPT cyclohydrolase (Mch); 4. methylene-H4MPT dehydrogenase (Hmd); 5. methylene-H4MPT reductase 

(Mer); 6. methyl-H4MPT:HS-CoM methyltransferase (Mtr);  7. methyl-CoM reductase (Mcr); 8. heterodisulfide reductase (Hdr);9. energyconserving 

hydrogenase (Ech); 10. F420-reducing hydrogenases; 11. methyltransferase; 12. acetate kinase (AK) -phosphotransacetylase (PTA) system in 

Methanosarcina; AMP -forming acetyl-CoA synthetase in Methanosaeta; 13. CO dehydrogenase/acetyl-CoA synthase (CODH/ACS). Adapted and 

modified from Hedderich and Whitman (2006) and Liu and Whitman (2008). 
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cofactor by MT1. Afterwards, MT2 converts the intermediate to CH3-S-CoM 

(Figure 1.1 B). 

In the acetate fermentation pathway, acetate is firstly phosphorylated to 

acetyl-CoA, followed by aceticlastic reaction where the carboxyl carbon (C-1) is 

oxidized to CO2 and the methyl carbon (C-2) is reduced to CH3-S-CoM (Figure 

1.1 C). 

The final steps of the three methanogenesis pathways occur through a 

common series of reactions. Catalyzed by methyl-coenzyme M reductase (Mcr), 

CH3-S-CoM and coenzyme B (CoB-SH) are converted into to CH4 and 

heterodisulfide (CoM-S-S-CoB), coupled with ATP synthesis (Thauer, 1998). 

 

    1.3.5 Gene Regulation of Methanogenesis 

Genes involved in methanogenesis can be regulated by substrate 

availability. In the CO2 reduction pathway, H2 level determines the expression of 

several genes (Ferry and Kastead, 2007). For instance, under H2 excess, genes 

encoding H2-dependent methenyl-H4MPT reductase and isozyme II of 

methyl-CoM reductase (MRII) are transcribed in Methanothermobacterium 

thermautotrophicus (Morgan, et al., 1997); while in Methanothermobacter 

marburgensis, genes encoding F420H2-dependent methylene-H4MPT 

dehydrogenase are expressed (Afting et al., 2000). When H2 becomes limited, 

expression of formate dehydrogenase is up-regulated in Methanobacterium 

thermautotrophicum Z-245 (Nolling and Reeve, 1997) and Methanococcus 

maripaludis (Wood et al., 2003). In the C1 compound conversion pathway, 
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up-regulation of methanol-specific methyltransferases MT1 and MT2 was 

commonly observed in Methanosarcina species when methanol was provided to 

the cell culture, reflecting their preference for methanol over acetate for growth 

(Hovey et al., 2005; Li et al., 2005). The proposed mechanism of such regulation 

is that the synthesis of methyltranserases in acetate-grown cells facilitates their 

transition from acetate to methanol as a substrate (Ding et al., 2002). In the 

acetate fermentation pathway, the expression level of the Cdh complex (involved 

in transformation from CH3CO-S-CoA to CH3-H4MPT) operon is down-regulated 

54 folds in Methanosarcina acetivorans grown on methanol as compared to 

acetate (Apolinario et al., 2005). A similar response to the substrate alteration 

from methanol to acetate has also been found in Methanosarcina thermophila, in 

which the gene encoding ferredoxin (an electron receptor from the Cdh complex) 

is down-regulated (Clements and Ferry, 1992). 

Trace element availabili ty is another factor affecting gene expression in 

methanogens. The activities of the enzymes containing transition metals in their 

active site depend on the accessibility to the metal ions. One example is the 

isoenzymes of formylmethanofuran dehydrogenase (Fmd) in Methanobacterium 

thermoautotrophicum, in which the tungsten formylmethanofuran is consistently 

formed while molybdenum formylmethanofuran is only formed when 

molybdenum is available in the culture (Hochheimer et al., 1996). Nickel (Ni) is 

another essential trace element for methanogenesis. When Methanothermobacter 

marburgensis is cultivated under Ni-limited condition, a 6-fold and a 4-fold 

increase in activities of H2-forming N
5
,N

10
-methylene-H4MPT dehydrogenase 
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(Hmd) and coenzyme F420-dependent N
5
,N

10
-methylene-H4MPT dehydrogenase 

(Mtd) have been observed, respectively. When the cells are grown under 

Ni-sufficient condition, a 180-fold lower activity of coenzyme F420-reducing 

hydrogenase (Frh) has been reported (Hedderich and Whitman, 2006). 

To date, gene regulation has been studied primarily in pure cultures and 

these same responses have not been confirmed in the rumen ecosystem. Whether 

the rumen methanogens exhibit similar gene regulation patterns while integrated 

into the overall microbial ecosystem is unknown. 

 

    1.3.6 Factors Affecting Rumen Methanogens 

Differences in diets, such as the type of grain or fibre and dietary 

supplements, can alter the rumen methanogenic ecology. Jeyanathan et al. (2011) 

compared the methanogen communities of four cattle under three different diets 

(summer pasture, winter pasture, and silage) and found that different diets 

resulted in different PCR-DGGE patterns of the methanogens within the same 

animal. Yu et al. (2008) found that Msp. stadtmanae was stimulated while Mbb. 

sp. AbM4 was inhibited when sheep were supplemented with tallow (animal
 
fat). 

Guo et al. (2008) proposed that adding tea saponins may suppress protozoa and as 

such further depress methanogens. 

Rumen pH changes may also play a role in changing the methanogenic 

activities. Van Kessel and Russell (1996) studied the effects of pH on the ruminal 

methanogen population and proposed that a pH below 6.0 suppressed the 

methanogen activity, but did not kill them. Hook et al. (2011) investigated the 
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effect of low ruminal pH induced by subacute ruminal acidosis (SARA) and 

observed that methanogen populations declined with decreasing ruminal pH.  

As a large group of methanogens are protozoa-associated, changes in 

protozoa community such as defaunation may lead to changes in rumen 

methanogens. Mosoni et al. (2011) examined the methanogenic community in 

long-term defaunated sheep that produced less CH4 and proposed that although 

methane production was reduced, the density and diversity of methanogens 

remain unchanged.  

 

  1.4 Molecular Technologies Applied to Study Rumen Methanogens 

    1.4.1 PCR-Based Methods for Detection of Methanogens  

1.4.1.1 PCR Amplification 

For molecular identification, PCR amplification is the first essential step 

to enrich the DNA of microbial cells that are present in low numbers. Since 

methanogens possess unique 16S rRNA gene sequences, and produce CH4, both 

16S rRNA genes and genes coding enzymes that are unique to methanogens have 

been utilized to distinguish them from other microorganisms. Early experiments 

to obtain PCR amplicons of methanogen specific genes from different 

environments included amplification of the methyl-coenzyme M reductase (mcrI) 

gene of the family Methanosarcinaceae (Springer et al., 1995) and the 16S rRNA 

gene from methanogens isolated from blanket bog peat samples (Hales et al., 

1996). Presently, the 16S rRNA gene and methyl-coenzyme M reductase 
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Ŭ-subunit gene (mcrA) gene are the principal targets that are amplified and used 

to characterize methanogens from environmental samples. 

The 16S rRNA gene is conserved among prokaryotic microbial species 

such as bacteria and archaea; with sequence differences widely used for taxonomy 

identification. Many primers have been designed to specifically amplify the 16S 

rRNA gene of methanogens (Table 1.3). Although PCR amplification can provide 

abundant products, by-products such as primer dimers and non-specific amplicons 

can be generated leading to false positive results. The choice of primers can affect 

the extent to which the composition of the methanogenic population can be 

defined. As described by Skillman et al. (2006), two separate primer pairs 

identified different predominant phylotypes within the same sample with the 

primer pair 21f/958r amplifying mostly M. stadtmanae-like sequences, while the 

primer pair Arch f364/Arch r1386 amplified mainly Methanobrevibacter 

sequences. Furthermore, clone sequences close to Thermoplasma species (Wright 

et al., 2006) and Aciduliprofundum boonei (Sundset et al., 2009) have been 

identified using a universal archaeal primer, confirming that the rumen archaeal 

community may include species other than methanogens. Our recent study on 

sequencing 16S rDNA clone libraries using universal archaeal primer pair 

Met86F/Met915R identified a few sequences belonging to bacterial 16S rRNA 

gene (23 out of 972 clones, Zhou et al., 2009) including Lactobacillus acidophilus 

and Atopobium oviles. Future attempts to incorporate other methanogen specific 

genes (e.g., mcrA, methyl-coenzyme M reductase Ŭ-subunit gene which catalyzes 

the last step of methanogenesis; fwd, tungsten formylmethanofuran 
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Table 1.3 Universal/Archaea-speciýc 16S  rRNA gene primers. 

Primer Sequence (5' to 3') Methanobrevibacter Methanobacterium Methanosphaera Methanoculleus Methanomicrobium Methanosarcina Methanococcus Reference 

Ar1000f AGTCAGGCAACGAGCGAGA + + + + + - - Yanagita et al., 2000 

Ar 1500r GGTTACCTTGTTACGACTT + + + + + + - Yanagita et al., 2000 

1Af TCYGKTTGATCCYGSCRGAG + + + + + + + Whitford et al., 2001 

1100 Ar TGGGTCTCGCTCGTTG + + + + + + - Whitford et al., 2001 

Arch f364 CCTACGGGRBGCAGCAGG + + + + + + + Skillman et al., 2004 

Arch r1386 GCGGTGTGTGCAAGGAGC + + + + + + + Skillman et al., 2004 

D30f ATTCCGGTTGATCCTGC - - - + - - - Tajima et al., 2001 

D33r TCGCGCCTGCGCCCCGT - - - - - - - Tajima et al., 2001 

0025e f CTGGTTGATCCTGCCAG + + + + + + - Tajima et al., 2001 

1492r GGTTACCTTGTTACGACTT + + + + + + - Tajima et al., 2001 

Met 86f GCTCAGTAACACGTGG + + + + + + + Wright et al., 2004 

Met 1340r CGGTGTGTGCAAGGAG + + + + + + + Wright et al., 2004 

Arch f TTCCGGTTGATCCYGCCGGA - + + + + + + Shin et al., 2004 

Arch r YCCGGCGTTGAMTCCAATT + + + + + + + Shin et al., 2004 

A109f ACKGCTCAGTAACACGT + + + + + + + Whitehead and Cotta, 1999 

21f TTCCGGTTGATCCYGCCGGA - + + + + + + DeLong, 1992  

958r YCCGGCGTTGAMTCCAATT + + + + + + + DeLong, 1992 

Arch 69f TAAGCCATGCAAGTCGACG - - - - - - - Tokura et al., 1999 

146f GGSATAACCYCGGGAAACTCC - - - - - - - Marchesi et al., 2001 

1324r GCGAGTTACAGCCCWCRA + + + - - - + Marchesi et al., 2001 

519r GWATTACCGCGGCKGCTG + + + + + + + Embley et al., 1992 

380r TTTCGCGCCTGCTGC + + + + + + + Embley et al., 1992 

A2Fa TTCCGGTTGATCCYGCCRGA - + + + - + + Barns et al., 1994 

A348r CCCCRTAGGGCCYGG + + + + + + + Baker et al., 2003 

A329r TGTCTCAGGTTCCATCTCCG + + + - - + - Yu et al., 2008 

A24f TCYGKTTGATCCYGSCRGA + + + + + + + Baker et al., 2003 

ARC344f ACGGGGYGCAGCAGGCGCGA + + + + + + + Bano et al., 2004 

http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b33
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b33
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b30
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b30
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b27
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b27
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b27
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b27
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b32
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b32
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b20
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b20
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b29
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b4
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b28
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b12
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b12
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A357f CCCTACGGGGCGCAGCAG + + + + + + + Yu et al., 2008 

A693r GGATTACARGATTTC + + + + - + - Yu et al., 2008 

ARC915r GTGCTCCCCCGCCAATTCCT + + + + + + + Pinar et al., 2001 

UNI-b-rev GACGGGCGGTGTGTRCAA + + + + + + + Kleikemper et al., 2005 

A1040f GAGAGGWGGTGCATGGCC + + + + + + + Baker et al., 2003 

A1204r TTMGGGGCATRCIKACCT + + + + + + + Baker et al., 2003 

Met448F GGTGCCAGCCGCCGC + + + + + + - Wright and Pimm, 2003 

Met1027F GTCAGGCAACGAGCGAGACC + + + + + + - Wright and Pimm, 2003 

Met448R GCGGCGGCTGGCACC + + + + + + - Wright and Pimm, 2003 

Met1027R GGTCTCGCTCGTTGCC + + + + + + - Wright and Pimm, 2003 

Met83F ACKGCTCAGTAACAC + + + + + + + Wright and Pimm, 2003 

Arch r934 GTGCTCCCCCGCCAATTC + + + + + + + Skillman et al., 2004 

Arch f331 GAGATGGAACCTGAGACAAG + + + - + - - Skillman et al., 2004 

Arch f2 TTCYGGTTGATCCYGCCRGA - + + + + + + Skillman et al., 2004 

MSr r859 TCGCTTCACGGCTTCCCTG - + - + - + - Skillman et al., 2004 

Mcc r WASTVGCAACATAGGGCACGG - - - - - - + Skillman et al., 2004 

fMbb1 CTCCGCAATGTGAGAAATCG + - + - - - - Skillman et al., 2004 

fMbium CGTTCGTAGCCGGCYTGA + + + - - - - Skillman et al., 2004 

ArcF915 AGGAATTGGCGGGGGAGCAC + + + + + + + van Hoek et al., 2000 

ArcR1326 TGTGTGCAAGGAGCAGGGAC + + + + + + + van Hoek et al., 2000 

1392R ACGGGCGGTGTGTRC + + + + + + + Amann et al., 1995 

M301F TACGGGTTGTGAGAGCAAGA + + + + - + - Tokura et al., 1999 

M915R TGCTCCCCCGCCAATTCCT + + + + + + + Tokura et al., 1999 

uniMet1-F CCGGAGATGGAACCTGAGAC + + + - + + - Zhou et al., 2009 

uniMet1-R CGGTCTTGCCCAGCTCTTATTC + + + - + + - Zhou et al., 2009 

All primers were chosen from previous rumen studies and submitted to the óprobe matchô option at Ribosomal Database Project (http://rdp.cme.msu.edu/) to 

check the matching taxonomic groups. Targeted groups were they phyla that have been reported in previous reports: the first three phyla were common species 

and the last four phyla were reported from rare cases. ó+ô represents matches found; ó-ô represents matches not found.

http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b21
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dehydrogenase gene, which catalyzes the conversion from CO2 to 

formyl-methanofuran; and ftr, formylmethanofuran: tetrahydromethanopterin 

formyltransferase gene, which catalyzes transformation from formylmethanofuran 

to methyl- tetrahydromethanopterin) instead of 16S rRNA gene may improve the 

specificity of the procedure for methanogens. 

An alternate to the 16S rRNA gene for phylogenic analysis, is the mcrA 

gene. It has been reported that biodiversities of methanogens displayed by these 

two genes were similar (Luton et al., 2002), thus validating application of mcrA 

gene as a PCR target to study the ecology of rumen methanogens. Tatsuoka et al. 

(2004) were the first to report a phylogenetic analysis of this gene from the bovine 

rumen, and suggested that there may be unidentified methanogens participating in 

ruminal methanogenesis. However, the available sequences of mcrA gene (Table 

1.4) are very limited in the database, and the primers designed based on these 

sequences may result in inefficient amplification. Since available primers may not 

be applicable to all samples, there is a requirement to design more primers to 

ensure adequate coverage and amplification of methanogens. 

 

1.4.1.2 Quantitative Real-Time PCR (qRT-PCR) 

 Although PCR ampliýcation is a rapid method to detect methanogens, it 

is not quantitative. In contrast, qRT-PCR is an approach developed to provide 

quantitative measurement of a target from the early phase of PCR ampliýcation. 

The detection threshold of qRT-PCR is termed the threshold cycle (Ct), which is 

the point where the ampliýcation curve surpasses the threshold line and enters an 
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Table 1.4 Universal/Archaea-specific mcrA gene primers. 

Primer Sequence (5' to 3') Reference 

ME1 GCMATGCARATHGGWATGTC Hales et al., 1996 

mcrA forward GGTGGTGTMGGATTCACACARTAYGCWACAGC Luton et al., 2002 

mcrA reverse TTCATTGCRTAGTTWGGRTAGTT Luton et al., 2002 

ME1 GCMATGCARATHGGWATGTC Hales et al., 1996 

ME2 TCATKGCRTAGTTDGGRTAGT Hales et al., 1996 

AOM39_F GCTGTGTAGCAGGAGAGTCA Hallam et al., 2003 

AOM40_R GATTATCAGGTCACGCTCAC Hallam et al., 2003 

qmcrA-F TTCGGTGGATCDCARAGRGC Denman et al., 2007 

qmcrA-R GBARGTCGWAWCCGTAGAATCC Denman et al., 2007 

MrtA_for AAACAATCAACCACGCACTC Scanlan et al., 2008 

MrtA_rev GTGAGCCCAATCGAAGGA Scanlan et al., 2008 

mlas GGTGGTGTMGGDTTCACMCARTA Steinberg and Regan, 2008 

mcrA-rev CGTTCATBGCGTAGTTVGGRTAGT Steinberg and Regan, 2008 

MLf  GGTGGTGTMGGATTCACACARTAYGCWACAGC Juottonen et al., 2006 

MLr  TTCATTGCRTAGTTWGGRTAGTT Juottonen et al., 2006 

http://www3.interscience.wiley.com/cgi-bin/fulltext/118581560/main.html,ftx_abs#b33
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exponential phase. As a result, qRT-PCR can measure the relative density of 

target molecules by comparing the Ct value with a reference, or measure the 

absolute quantity of the targeted fragments by reference to an external standard. 

This method has been utilized to quantify the abundance of the archaeal 

community (Ohene-Adjei et al., 2008; Hook et al., 2009; Zhou et al., 2009, 2010) 

and to compare specific members among cattle fed different diets, and with 

different feed efficiencies (Zhou et al., 2009). An applicable perspective of this 

technique will be determination of adaptive variations in ruminal methanogens in 

response to changes in diet composition. For example, our previous study 

compared copy numbers of the 16S rRNA genes of total methanogens in cattle 

fed two different diets (Zhou et al., 2010). Additionally, due to its high sensitivity, 

it has also been used to measure low numbers of archaea associated with digesta 

from the small intestine of dairy cows (Frey et al., 2009). 

Limitations of qRT-PCR include the high assay cost, low throughput and 

inability to detect two or more targets within a single sample when using 

intercalating dye based assays. A recently developed multi-plex qRT-PCR assay 

has shown some reliability to target multiple microbial targets simultaneously 

(Friedrich and Lenke, 2006). This assay may be utilized to measure two specific 

groups of methanogens within a sample, or to enumerate two or more functional 

genes involved in methanogenesis at the same time, but such an application has 

yet to be reported. Another limitation could be that the copy number of the target 

gene can differ among targeted methanogens. For example, the genome of M. 

smithii contains two copies of 16S rRNA gene, while that of M. stadtmanae 
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possesses four (Klappenbach et al., 2001). In order to estimate the absolute 

number of methanogens present in a sample, an adjustment factor that considers 

the copy number in the cells must be considered. A recent study conducted by 

Steinberg and Regan (2009) quantiýed total methanogens and different 

methanogen phylogenetic groups of environmental samples by targeting the mcrA 

gene. This provides an alternative target for rumen studies and may overcome the 

limitation of targeting the 16S rRNA gene. In addition, the primer design for 

qRT-PCR strongly relies on existing sequences in databases. Availability of more 

methanogen-related gene sequences may provide more candidate genes to target 

methanogens. 

  

    1.4.2 PCR-Based Molecular Typing of Rumen Methanogens 

 Molecular fingerprinting methods have been applied to study the ecology 

of rumen microbes (Nicholson et al., 2007). The most commonly used molecular 

typing techniques are PCR-denaturing gradient gel electrophoresis/temporal 

temperature gradient gel electrophoresis (PCR-DGGE/TTGE) and terminal 

restriction fragment length polymorphism (T-RFLP). 

 

1.4.2.1 PCR-Denaturing/Temperature Gradient Gel Electrophoresis 

(DGGE/TTGE) 

 PCR-DGGE/TTGE is a molecular typing method which allows rapid 

separation of equal sized amplicons with different sequences at different 

denaturant/temperature gradients (Tzeneva et al., 2008). The compositional 
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diversity of the methanogenic community can be visualized through this 

technique by comparing the various band patterns, where each band represents a 

microbial phylotype. PCR-DGGE/TTGE is a suitable method to profile 

methanogens (Nicholson et al., 2007), and it is capable of targeting members of 

this community even when they are present in low numbers. Many studies have 

used this method to compare the methanogenic communities among animals and 

to study alterations in the methanogenic community in the rumen. For example, 

Nicholson et al. (2007) utilized PCR-TTGE to examine rumen methanogens of 

cattle and sheep and reported that uncultured methanogens and 

Methanobrevibacter sp. may be the predominant species in ruminants. Yu et al. 

(2008) reported that fat supplements altered PCR-DGGE profiles of methanogens, 

increasing the presence of Msp. stadtmanae and decreasing that of Mbb. sp. 

AbM4. Zhou et al. (2010) observed a strong shift in the PCR-DGGE profiles of 

rumen methanogens from one that consisted primarily of Mbb. ruminantium in 

cattle fed a growing diet to a mixture of different species in cattle fed a finishing 

diet. Comparing samples with distinct profiles can be used to rapidly select 

unique bands that can be subjected to further analysis in order to characterize 

shifts in the methanogen population. Excision, cloning and sequencing the bands 

can be used to identify individual species. Theoretically, this level of 

differentiation can be achieved in bands that differ only in a single base pair. For 

example, in our previous study, a band representing Mbb. smithii SM9 was only 

in cattle fed a finishing diet and not in those fed a growing diet (Zhou et al., 

2010). Interpretation of PCR-DGGE/TTGE profiles becomes more difficult if 
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multiple bands represent the same species. Since most methanogens possess more 

than one copy of the 16S rRNA gene, it is impossible to distinguish whether the 

multiple bands arise from the same or different genomes. In addition, PCR-DGGE 

fails to provide quantitative information of each phylotype. 

 

1.4.2.2 Terminal Restriction Fragment Length Polymorphism (T-RFLP) 

T-RFLP is an alternative DNA based microbial profiling method which 

uses restriction digestion enzymes to generate fingerprinting information of 

targeted PCR fragments from environmental samples. It has been used to 

characterize microbial communities in environments such as termite guts, 

enriched sludge from bioreactors, activated sludge from aeration tanks, and 

aquifer sand (Liu et al., 1997). It has also been used to define microbial 

community dynamics in the gastrointestinal tracts of pigs (Leser et al., 2000), 

mice (Kibe et al., 2004), and humans (Jernberg et al., 2005), and it has been 

utilized to assess microbial diversity in the rumen and small intestine samples of 

dairy cattle (Frey et al., 2009). Adaptation of microbial communities to selective 

pressures can be assessed by analyzing cluster patterns. As with other PCR-based 

technologies, T-RFLP may underestimate the true microbial diversity as only 

limited bands are resolved with each gel, and some products may co-migrate to 

the same position (Fierer and Jackson, 2006). Following T-RFLP, sequencing of 

clone libraries is often required to better describe overall microbial populations. 

An expansion of this technology will be incorporation of a statistical analysis such 

as Bray-Curtis coefficient to compare similarity among the examined patterns and 
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non-metric multi-dimensional scaling to describe observed patterns (Rees et al., 

2004). 

As discussed by authors of various studies comparing these two 

technologies, both PCR-DGGE/TTGE and T-RFLP allow monitoring of many 

samples simultaneously (Muyzer et al., 1993; Moeseneder et al., 1999) and are 

capable of defining biodiversity indices among samples (Simpson et al., 1999). 

The difference between these technologies is that PCR-DGGE/TTGE separates 

bands by melting behavior, whereas T-RFLP separates fragments by size 

(Moeseneder et al., 1999). An increasing number of sequences have been obtained 

and found not to be affiliated with any known methanogen species, thus it is 

likely that rumen methanogen community is more complex than currently 

proposed. As discussed by Podar et al. (2007), minor components within the 

microbial community may also play important ecological roles in the rumen, 

suggesting that a greater effort is required to characterize those methanogens that 

represent only a small fraction of the methanogen community. 

 

1.4.2.3 DNA Clone Library Analysis for Methanogenic Communities 

 DNA clone library analysis can be used to obtain a pool of homologues 

to analyze the diversity and phylogenic relationships among microbial community 

members. This method is usually applied to commonly expressed genes in 

targeted samples, such as 16S rRNA gene and mcrA gene for methanogens (Table 

1.5). Currently, 16S rRNA gene library analysis is the most widely used method 

to determine the identity of each constituent within a microbial ecosystem. The 
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Table 1.5 Summary of molecular technologies applied for rumen microbial 

studies. 

Methods Common targets Advantages Limitations 

PCR particular genes enrichment of molecular 

abundance for further 

analysis 

amplification errors; no 

quantitative 

measurement  

qRT-PCR particular genes enumeration of targeting 

genes; identification of 

minor microbial consortia 

requirement of external 

standard 

FISH particular genes in vivo observation of 

distribution; relative 

abundance estimation 

requirement of fresh 

samples; disturbance by 

F420 autofluorescence of 

methanogens 

Gene clone 

libraries 

particular genes investigation of the 

microbial composition 

bias owing to primer 

selection; negligence of 

minor proportions  

PCR-DGGE/T

TGE 

particular genes observation of microbial 

composition and pattern 

shift 

no quantitative 

measurement; askew 

estimation caused by 

targeting fragments 

T-RFLP particular genes detection of microbial 

composition 

no quantitative 

measurement; 

underestimation of 

biodiversity 

Whole genome 

sequencing 

total DNA of a 

single species 

insights into all genes; 

prediction and explanation 

of phenotypic traits 

limitation of available 

methanogen isolates and 

cultures 

Metagenomics total DNA of the 

entire sample 

identification of genes from 

all organisms including the 

undiscovered ones; 

prediction of unknown 

metabolism 

high cost; intensive 

efforts for data 

organization and 

interpretation 



29 

 

cloned partial or full length16S rRNA genes can be sequenced and compared with 

a reference data set as a means of identifying the microorganisms that the 

sequences are associated with. Using this method, rumen archaeal communities 

have been analyzed (Tokura et al., 1999; Tajima et al., 2001; Regensbogenova et 

al., 2004a; Shin et al., 2004; Wright et al., 2004, 2006, 2007, 2008; Skillman et 

al., 2006; Ohene-Adjei et al., 2007) with the majority of rumen methanogens 

being classified into three genus-level groups (Methanobrevibacter spp. 

Methanomicrobium spp., and RCC clade), as summarized by Janssen and Kirs 

(2008). This technique is more rapid than culturing, and it can identify many more 

methanogens through sequences associated with the 16S rRNA gene available in 

the database. However, species with extremely low numbers may be overlooked 

by this approach as only a limited number of clones are usually selected for 

sequence analysis. Therefore, bioinformatic tools such as Mothur program 

(Schloss et al., 2009) are required to determine whether the number of sequences 

obtained is sufficient to cover the community and to represent the diversity of the 

target population. Moreover, the 16S rRNA gene is not involved in 

methanogenesis pathways and not directly associated with the biochemistry of 

CH4 production. It is only until recently that Popova et al. (2011) conducted a 

study measuring methanogen activities of rumen samples. Despite limitations, 

clone library analysis is a rapid and efficient technology to characterize rumen 

methanogens. 

With development of an understanding of the methanogenesis pathway, 

more methanogen specific genes have been identified, providing alternatives for 
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gene library construction and phylogenetic analysis of methanogens. As 

mentioned above, the mcrA gene has been widely applied as an alternate to the 

16S rRNA gene for phylogenic analysis. Denman et al. (2007) have utilized mcrA 

gene as a marker to identify effects of the anti-methanogenic compound 

bromochloromethane on ruminal methanogens. The cloned mcrA gene libraries 

revealed that, in the absence of this analogue, most detected phylotypes were 

Methanobrevibacter spp., whereas with the bromochloromethane 

Methanobrevibacter spp. were scarce and representatives from Methanococcales, 

Methanomicrobiales and Methanosarcinales predominated, a result that was 

confirmed with 16S rRNA gene clone libraries (Denman et al., 2007). The 

limitation of this technique is its target range. According to Fricke et al. (2006), 

Msp. stadtmanae, a common member of ruminal methanogen community, 

possesses the methyl-coenzyme M reductase II subunit A (mrtA) gene, which 

codes for a function similar to that of the mcrA gene. In Denmanôs study (2007), 

utilization of mcrA gene primers also amplified four mrtA genes in Msp. 

stadtmanae. The similarity between mrtA gene of Msp. stadtmanae and mcrA 

gene of Mbb. ruminantium and Mbb. smithii was ~75%, and the encoding amino 

acid sequences had ~80% identity. As Msp. stadtmanae does not possess mcrA 

gene, alignment results suggest that mrtA gene is a homolog of the mcrA gene in 

Methanobrevibacter spp. Since Msp. stadtmanae has restricted nutritional 

requirement for growth (Denman et al., 2007), and may be associated with feed 

efficiency of the host (Zhou et al., 2009), the relative prevalence of these genes 

may be important in identifying the proportions of these species in the rumen. 
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Since the mcrA gene or its homolog mrtA is part of the methanogenesis 

pathway, studies focusing on it may provide insights into the diversity and 

function of the methanogenic community (Popova et al., 2011). Future 

applications to link expression of this gene to methanogen diversity and density 

may provide insight into relationships between the composition of the 

methanogen community and enteric CH4 emissions. 

 

    1.4.3 DNA Directed Studies of Methanogenic Populations 

1.4.3.1 Fluorescence in situ Hybridization (FISH) 

 FISH is a procedure where fluorescent probes are used to hybridize with 

specific genes enabling the distribution of targeted population within a microbial 

community to be investigated. It is estimated that by combining three 

fluorochromes, up to 7 distinct groups of organisms can be identified at one time 

(Amann et al., 1996). The phylogenic identity, morphology, number and spatial 

arrangements of microorganisms can be reflected by observing the fluorescence 

emissions from the probes (Amann et al., 1995). By using this approach, the 

targeted methanogen can be visually identified in vivo at defined sampling times. 

Sharp et al. (1998) utilized probes to target different components within the 

rumen microbial community and compared the archaeal abundance among 

protozoal fraction, rumen fluid and within a continuously fed in vitro isolated 

rumen culture. Soliva et al. (2003) utilized FISH to study effects of a mixture of 

lauric and myristic acid on rumen methanogens, and successfully identified 

methanogens of the order Methanococcaceae, which were previously not reported 
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in PCR-based analysis. The most updated application of FISH in the study of 

rumen microbial communities by Kong et al. (2010) has quantified different 

groups of bacteria (e.g., Bacteriodetes, Firmicutes, and Proteobacteria) as well as 

methanogens, and found that the abundance of methanogens was stable when 

cows were fed a diet with or without flaxseed. 

There are some limitations to FISH as instant analysis is required after 

sample fixation and probes may lack the sensitivity or specificity to hybridize 

with target cells. Furthermore, methanogens contain autofluorescent F420 and plant 

residues may also be fluorescent and, as a result dyes, involved in FISH analyses 

must be carefully selected to avoid interference from non-target sources (Amann 

et al., 1990). Some other deficiencies of this technique in studying rumen 

methanogens include the requirement of mechanical disturbance of the cell wall 

to enable probes to interact with intracellular DNA (Bottari et al., 2006) and the 

inability of probes to differentiate between live and dead microbial cells. 

Improved probe design and use of highly sensitive fluorescent detectors should 

overcome some of these limitations in the future. 

 

    1.4.4 Next-Generation Sequencing 

 While the dominant Sanger method has been used for over 30 years, new 

high throughput sequencing technologies are causing a fundamental shift in 

molecular biology. These new methods are referred to as next generation 

sequencing (NGS), including systems such as Roche/454, Illumina/Solexa, 

Applied Biosystems/SOLiD, Helicos BioSciences, and Ion Torrent. These 
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methods enable rapid characterization of targeted sequences and cost much less 

than traditional Sanger sequencing (Metzker, 2009). NGS has the potential to 

provide new insight into the entire metagenome of the rumen environment, 

including genes that are present within this microbial community at very low 

levels. 

 

1.4.4.1 Whole Genome Sequencing (WGS) 

De novo assemblies of microbial genomes have been accomplished with 

NGS technologies. Currently, 6 genome sequences belonging to four species are 

available for the family Methanobacteriaceae. Among them, Mbb. ruminantium is 

usually found to be the predominant species in the rumen, whereas Mbb. smithii 

and Msp. stadtmanae are common but less abundant. The genome sizes of these 

three species are 2.9, 1.8, and 1.7 Mb, respectively, with all species having a GC 

content of ~30% (Fricke et al., 2006; Samuel et al., 2007; Leahy et al., 2010). 

Mbb. ruminantium is the first methanogen from the rumen to have a completely 

assembled genome sequence. The Mbb. ruminantium genome appears to contain 

more diversity of genes encoding surface adhesion-like proteins than either Mbb. 

smithii or Msp. stadtmanae. The surface adhesion-like proteins of Mbb. 

ruminantium contain a cell anchoring domain. The successful discovery of these 

proteins has provided candidate targets on the cell surface for vaccine 

development (Leahy et al., 2010). The unique cell wall architecture of 

methanogens also makes it less likely that vaccines developed against cell surface 

proteins will exhibit cross reactivity to other members of the rumen microflora. 
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A more thorough understanding of the complete genome of methanogens 

could also pave the road to novel CH4 mitigation technologies such as gene 

silencing. With this approach, artificial small RNA could be synthesized to 

interfere with expression of genes involved in methanogenesis. As more 

methanogen genomes are sequenced, genes encoding these proteins could serve as 

specific indicators of the types of methanogen within the rumen ecosystem. 

 

1.4.4.2 High Throughput Microbial Diversity Detection 

This technique has been recently widely applied to study microbial 

diversity in the gastrointestinal tract at a phylogenetic level by targeting the SSU 

of rRNA gene (Andersson et al., 2008; Dethlefsen et al., 2008). The procedure 

enables rapid screening of the gut microbiota, and thus provides a preliminary 

picture of the microbial ecology of the target sample. It is also utilized to generate 

statistically relevant links between microbial ecology and gastrointestinal tract 

disorders (Zoetendal et al., 2008). As the methodology and statistical approaches 

to this procedure are refined, it could also be applied to study of rumen 

methanogens. However, the technique cannot interpret the underlying 

mechanisms responsible for how the microbial community influences host 

responses, highlighting the need to continue to explore the rumen ecosystem from 

a functional perspective. 
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1.4.4.3 Function-Driven Metagenomics 

 This technology is commonly utilized to reveal the genetic potential of 

an environmental microbial community by screening out novel enzymes or 

probable activities from sequencing the total microbial genomes within this 

environment. By analyzing the data, it is possible to predict encoded proteins and 

metabolic pathways of the entire microbial community, as well as provide insight 

into microbial host interactions. Metagenomic analysis is particularly powerful as 

it provides information of the metabolic activities of all members of the microbial 

community, including those that were previously unculturable. Examples of this 

approach include observation of structural differences between amylase- and 

cyclodextrinase-like enzymes among different bacteria such as Bacillus spp. and 

Lactobacillus spp. (Ferrer et al., 2007), discovery of a novel laccase that contains 

distinct laccase motifs from the genus Bacteroides (Beloqui et al., 2006), isolation 

of novel hydrolases sequences from rumen microbes in dairy cows (Ferrer et al., 

2005), and analysis of virulence associated and antibiotic resistance genes of 

microbial populations in cattle feces (Durso et al., 2011). 

Next generation sequencing is a robust technology that generates an 

abundance of data that is not obtainable with other approaches, but the small 

fragment reads (mostly ~100ï150 nt, up to 400 nt) requires sophisticated 

approaches to genome analysis. Data processing and handling involved in gene 

prediction have been described by Kunin et al. (2008). The schematic workflow 

of the data processing at Joint Genome Institute (JGI) is in Figure 1.2. Briefly, 

marker genes such as 16S rRNA gene are selected to prescreen the microbial 
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Figure 1.2 Workflow of metagenomic analysis of bacterial and archaeal 

communities at the JGI. Adapted from Zhou et al. (2011). 



37 

 

composition of collected samples. Then shotgun clone libraries are prepared using 

different average fragment sizes. The vector sequences are removed from the 

reads and the trimmed sequences are subjected to assemble and generate contigs 

that are formed into scaffolds. The follow up genome closure and verification are 

dependent on sample type. Gene prediction is then conducted to identify protein 

and RNA sequences that may be encoded from the assembled sequences. Genes 

are annotated by either homology searches or context interpretation. After gene 

prediction and annotation, a projection of the composition of the post-sequencing 

community is generated and assessed for biases that may have arisen in 

prescreening. Redundant sequences, sequence chimeras, and misassembled 

contigs are removed and, upon final verification, the complete sequence is made 

publicly available. Although data processing is precisely designed, it is still 

impossible to sequence every single sample collected from a large scale animal 

study. As the rumen ecosystem is dynamic, the sampling time and sampling 

location may influence the nature of the community observed. Prescreening 

animals and determining the proper samples for metagenomic analysis is a key 

part of the procedure. Despite large time and labor requirements, metagenomics is 

a powerful tool for prediction of the function and role of presently undefined 

members within the rumen microbial community. 

 

    1.4.5 Future Application of Molecular Techniques 

 The knowledge of methanogens is still limited compared to those of 

other ruminal microbes. Most studies have been conducted using rumen fluid- or 
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solids-associated methanogens with work on rumen epithelium or protozoa 

associated methanogens being limited. Tokura et al. (1999) examined 

methanogens associated with rumen ciliates using oligonucleotideprobe 

hybridization, and found that Mbb. smithii was the major species associated with 

protozoa, but did not determine if they were ecto- or endo-symbionts. Shin et al. 

(2004) examined methanogens from the bovine rumen epithelium and found that 

most of the epithelium associated methanogens belonged to Methanomicrobium. 

mobile, whereas Pei et al. (2010) have reported a more diverse archaeal 

community on the rumen epithelium of Jinnan cattle in China. However, these 

studies have not indicated whether these methanogens were directly attached to 

the epithelium or associated with other microbes within epithelial biofilms. FISH 

analysis may be helpful in studying the spatial association of methanogens with 

protozoa and the rumen epithelium. Metagenomics may also provide insights into 

methanogen protozoa interactions and the function of those attached to epithelial 

tissue. Furthermore, using other óomicsô technologies, such as 

metatranscriptomics, metaproteomics and metabolomics, could provide an 

integrated understanding of the role and function of methanogens within the 

rumen microbial community. 

 

  1.5 Summary 

 Strategies targeted at enhancing ruminant performance and controlling 

and minimizing agricultural GHG emissions by altering ruminal methanogenesis 

rely heavily on the understanding of the ecology and metabolism of ruminal 
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methanogens. Although many trials and experiments have been conducted, the 

ecology of rumen methanogens, their response to environmental changes, their 

activities, their interaction with other microorganisms, and their impact on host 

CH4 production are not well understood up till now.  

 We hypothesize that the ruminal methanogenic ecology determines host 

CH4 production and thereafter affects host feed efficiency and performance. The 

long-term goals are to understand the relationship amongst ruminal methanogens, 

the rest ruminal microbiota, and ruminant biology, to explore how different 

factors regulate this association, and to redirect the ruminal microbial community 

to produce less GHG and enhance host meat and milk production. The current 

project is a pilot study to achieve the long-term goal. One of the main objectives 

of the current study is to investigate the linkage between the ruminal 

methanogenic ecology and cattle feed efficiency traits and CH4 emission, aiming 

to verify such linkage under different conditions. This study also aims to 

understand the mechanism how methanogenic ecology affects cattleôs methane 

production. Results from these studies will contribute to improvement of animal 

production and control of enteric CH4 emission. 
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2.0 ASSESSMENT OF THE MICROBIAL ECOLOGY OF RUMINAL 

METHANOGENS IN CATTLE WITH DIFFERENT FEED 

EFFICIENCIES 2 

 

  2.1 Introduction 

Microbial fermentation and ruminal nutrient absorption are key steps in 

the energy metabolism of cattle. The microbiota in the rumen is highly 

associated with diet, age, antibiotic use, and health of host animals (Stewart et 

al., 1997). Different types of symbiotic anaerobic microorganisms, including 

bacteria, archaea, ciliated protozoa, and fungi, inhabit the rumen (Kamra, 2005), 

interact with each other, and play important roles in affecting the hostôs 

performance. The microbial-host relationships are highly complex and varied, 

ranging from mutually beneficial cooperation to competition (Hungate, 1984). 

Among ruminal microbes, bacteria ferment the feed into short-chain (C1 to C5) 

fatty acids, amino acids, H2, and CO2, etc. (Mackie et al., 2000). To maintain the 

low hydrogen level in this habitat, hydrogen-utilizing microbes, such as 

methanogens, utilize H2 and carbon substrates, mainly CO2, acetate, or methanol, 

to generate methane gas and hence to reduce hydrogen pressure in the rumen 

(Hedderich and Whitman, 2006). However, this process causes a significant 

(2-12%) loss of dietary energy in the form of methane emission (Johnson and 

Johnson, 1995), which contributes to 13 to 19% of global greenhouse gas 

                                                           
2
 A version of this section has been published. Zhou M., E. Hernandez-Sanabria, and L.L. Guan. 

2009. Assessment of the microbial ecology of ruminal methanogens in cattle with different feed 

efficiencies. Appl. Environ. Micro. 75: 6524-6533. 
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(Lassey et al., 1997), and is one of the significant agricultural ñcausative sectorsò 

contributing to global warming (Joblin, 1996). Therefore, the energy loss and the 

consequent methane emission are both a nutritional and environmental concern 

to the livestock industry. 

Archaeal methanogens are obligate anaerobes (Woese et al., 1990), and 

species of the order Methanobacteriales are the most common methanogens 

found in the rumen (Jarvis et al., 2000). Recent studies using culture-independent 

methods to investigate the methanogenic communities in the rumen, and have 

identified 21 different strains belonging to 13 species in sheep (Wright et al., 

2004, 2006, 2008; Yu et al., 2008) and 13 different strains related to 8 species in 

cattle (Whitford et al., 2001; Nicholson et al., 2007; Wright et al., 2007). In 

addition, the identification of novel uncultured methanogens in the rumen 

(Tajima et al., 2001; Wright et al., 2004; Nicholson et al., 2007) suggests that the 

understanding of methanogenic ecology is limited. Cattle with higher feed 

efficiencies are reported to produce 20 to 30% less methane (Nkrumah et al., 

2006; Hegarty et al., 2007). However, the linkage between rumen methanogenic 

composition and the hostôs feed efficiency and methane production has not 

been studied and reported. 

As one of the indicators of feed efficiency in cattle, residual feed intake 

(RFI) measures the difference between an animalôs actual feed intake and the 

expected feed requirements for growth (Archer et al., 1999; Basarab et al., 2003). 

Cattle with low RFI (L-RFI) are designated ñefficient,ò while animals with high 

RFI (H-RFI) are designated ñinefficient.ò A recent study reporting a correlation 
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between bacterial profiles and cattle RFI has suggested the probable linkage 

between rumen microbial ecology and feed efficiency in cattle (Guan et al., 2008). 

Therefore, we hypothesized that the structures and populations of methanogens 

may be also associated with RFI and methane gas production by the host. In this 

study, the compositions of methanogens in the rumens of cattle with different 

RFIs were compared by sequence analysis of the partial 16S rRNA genes (800 

bp) generated from two constructed libraries, using pooled DNA from efficient 

(L-RFI) and inefficient (H-RFI) animals. The population of selected species in 

each steer was evaluated using quantitative real-time PCR (qRT-PCR) analysis, 

and the correlation between methanogenic structure/population and cattle RFI 

was investigated. 

 

  2.2 Materials and Methods 

    2.2.1 Animal Experiment and Rumen Sample Collection 

 Fifty-eight 10-month-old steers (Hereford crossed with Aberdeen Angus) 

were raised following the guidelines of the Canadian Council on Animal care 

(1993) in a feedlot at the Kinsella Research Station, University of Alberta, using a 

finishing diet described by Nkrumah et al. (2006). The animal protocol was 

approved by the Animal Care and Use Committee (Moore-2006-55), University 

of Alberta. Feed intake data were collected using the GrowSafe automated 

feeding system (GrowSafe Systems, Ltd., Airdrie, Alberta,  Canada), a total 

mixed finishing composed of approximately 74% oats, 20% hay, and 6% feedlot 

supplement (32% crude protein beef supplement containing Rumensin [400 
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mg/kg of body weight] and 1.5% canola oil) (Basarab et al., 2003). The feed 

efficiencies of steers were ranked as inefficient (H-RFI [RFI of > 0.5]) or efficient 

(L-RFI [RFI of < -0.5]) on the basis of calculated RFI values as described by 

Nkrumah et al. (2006). In this study, the RFI values for the examined steers (n = 

58) were ranked as L-RFI (-0.68 ± 0.04 kg/day) and H-RFI (0.65 ± 0.05 kg/day) 

groups (P < 0.0001). Rumen sampling was performed within 1 week after RFI 

evaluation. Ruminal fluid was collected within 3 h after feeding by inducing 

flexible plastic tubing into the rumen and using the suction created with a 50-ml 

syringe to remove the fluid from the tubing. For each animal, 50 to 100 ml of 

rumen fluid was collected twice and transferred into a separate sterilized 

container, immediately frozen with liquid nitrogen, and stored at 80°C until 

processing. 

 

    2.2.2 DNA Extraction 

Total DNA was extracted from 58 rumen fluid samples by using the 

methods outlined by Guan et al. (2008). In brief, 0.5 ml of frozen rumen fluid was 

thawed on ice and washed with 4.5 ml of TN150 (10 mM Tris-HCl [pH 8.0], 150 

mM NaCl) buffer, followed by 30 s of vortexing and 5 min of centrifugation at 

200 × g at 4°C. Then, 1 ml of supernatant was transferred to a new 

microcentrifuge tube containing 0.3 g autoclaved zirconium-silica beads (0.1-mm 

diameter), and the cells were lysed by physical disruption in a model 8 BioSpec 

mini-bead beater at 4,800 rpm for 3 min. The supernatant of each sample was 

collected, DNA extraction was then performed with phenol-chloroform-isoamyl 
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alcohol (25:24:1) extractions, and the DNA was precipitated with cold ethanol 

and dissolved in 20 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]). 

The concentration and quality of DNA were measured at A260 and A280 by using 

an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). 

 

    2.2.3 Construction of 16S rRNA Gene Libraries 

 Individual total DNA extracted from rumen fluid was diluted to a 

concentration of 50 ng/ɛl and was pooled by mixing 2 ɛl of each DNA sample 

from efficient animals (n = 29) (library 1) and inefficient animals (n = 29) (library 

2) for library construction. The partial archaeal 16S rRNA gene (~800 bp) was 

amplified with the universal primer pair Met 86f/Met 915r (Table 2.1), using the 

following program: an initial denaturation for 5 min at 94°C; 30 cycles at 94°C 

for 30 s, 57°C for 30 s, and 68°C for 1 min; and a final elongation for 7 min at 

68ÁC. The PCR solution (50 ɛl) contained 1 ɛl of 20 pmol of each primer, 1 ɛl of 

10 mM deoxynucleoside triphosphate, 2.5 U of Taq polymerase (Invitrogen, 

Carlsbad, CA), 1 Ĭ PCR buffer, 1 ɛl of 50 mM MgCl2, and 1 ɛl of pooled DNA 

template. Amplified PCR products were then cloned into the TOP10 vector 

(TOPO TA cloning kit; Invitrogen). Colonies with insertion were then selected on 

X-Gal (Sigma, St. Louis, MO) medium, and the plasmid DNA was extracted 

using a Millipore plasmid extraction kit (Millipore, Billerica, MA). 
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Table 2.1 Primers used in this study to target methanogen 16S rRNA genes. 

Primer
a
 Sequence (5ôto 3ô) Reference 

Met 86f  GCTCAGTAACACGTGG Wright and Pimm, 2003 

Met 915r GTGCTCCCCCGCCAATTCCT  Watanabe et al., 2004 

21F  TTCCGGTTGATCCYGCCGGA Shin et al., 2004 

1389-1406R ACGGGCGGTGTGTGCAAG  Loy et al., 2002 

Met 1340r CGGTGTGTGCAAGGAG  Woese et al., 1990 
a
 ñfò designates the forward primer and ñrò the reverse primer. 
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    2.2.4 Sequencing and Phylogenetic Analysis 

 From libraries 1 and 2, 624 and 672 clones, respectively, were randomly 

selected and subjected to sequence analysis with an ABI 3730 sequencing system, 

using an ABI PRISM BigDye Terminator version 3.1 cycle sequencing kit 

(Applied Biosystems, Foster City, CA). The sequence reaction was performed 

with 10 ɛl of solution containing 0.5 ɛl of BigDye, 3.2 pmol of M13 Forward 

(CGCCAGGGTTTTCCCAGTCACGAC) or M13 Reverse 

(TTCACACAGGAAACAGCTATGAC) primer, 2.0 ɛl of 5 Ĭ sequencing buffer, 

and 20 ng of plasmid DNA as the template. All sequences were subjected to 

BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches to determine the closest 

known taxon and were aligned using the ClustalW program 

(http://www.ebi.ac.uk/Tools/clustalw2/). The phylogenetic analysis was 

performed using the neighbor-joining method with the PHYLIP package (version 

3.67, http://evolution.genetics.washington.edu/phylip.html). Bootstrap numbers 

obtained from 1,000 replicates were assigned beside the nodes to verify the 

clustering of the sequences. 

 

    2.2.5 Clone Library Analysis 

 The obtained libraries were then analyzed using the Mothur program 

(Mothur v1.3.0, http://www.mothur.org/wiki/Main_Page) by comparing 

operational taxonomic units (OTUs) on the basis of 97% similarity between 

sequences. Distance matrices were calculated by using the DNADIST program 

within the PHYLIP software package. Rarefaction analysis of library structure 
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was conducted based on the principle in the DOTUR program (Schloss et al., 

2005). Diversity indices, such as the Shannon index, the Simpson index, and the 

Chao1 index, were used to measure the diversity of each library. Differences 

between the libraries were analyzed by comparing the levels of coverage of the 

samples, the similarities of community membership (Ochiai index), and the 

community structures (Bray-Curtis index) based on the principle in the 

Ú-LIBSHUFF program (Schloss et al., 2004). Community diversity was compared 

in a phylogenetic context, using the UniFrac significance test and the P test within 

UniFrac (Lozupone et al., 2006). 

 

    2.2.6 qRT-PCR Analysis 

 The populations of selected species were determined by calculating the 

copy numbers of 16S rRNA genes. Three pairs of primers (Table 2.2) were used 

to detect Methanobrevibacter sp. strain AbM4, Methanosphaera stadtmanae, and 

total methanogens in each rumen sample. Species-specific and universal primers 

were designed based on the alignment of the identified targeted species sequences 

and all sequences, respectively, in two libraries, and the conserved region was 

targeted by using the software package Primer Express 3.0 (Applied Biosystems, 

Foster City, CA). qRT-PCR was performed with SYBR green chemistry (Fast 

SYBR green master mix; Applied Biosystems), using the StepOnePlus real-time 

PCR system (Applied Biosystems) with a fast cycle, a melting curve section, and 

the following program: 95°C for 10 min, followed by 40 cycles at 95°C for 3 s 

and 60°C for 30 s. For melting curve detection, the temperature was increased 
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Table 2.2 Primers used in this study for methanogen 16S rRNA gene 

qRT-PCR analysis. 

Organism(s) 

targeted  
Primer

a
 Sequence (5ô to 3ô) 

Product 

size (bp) 

Mbb. sp. strain 

AbM4 

AbM4-F 

AbM4-R 

TTTAATAAGTCTCTGGTGAAATC 

AGATTCGTTCTAGTTAGACGC 

~160 

Msp. stadtmanae Stad-F  

Stad-R 

CTTAACTATAAGAATTGCTGGAG 

TTCGTTACTCACCGTCAAGATC 

~150 

Total methanogens uniMet1-F 

uniMet1-R 

CCGGAGATGGAACCTGAGAC 

CGGTCTTGCCCAGCTCTTATTC 

~160 

a
 ñFò designates the forward primer and ñRò the reverse primer. All sequences 

were determined in this study. 
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0.3°C every 20 s from 60°C to 95°C. The standard curves were constructed by 

using species-specific primers based on a serial dilution of plasmid DNA from 

clones identified as Methanobrevibacter sp. strain AbM4 and Methanosphaera 

stadtmanae. The copy numbers of each standard curve were calculated based on 

the formula (NL × A × 10
-9

) / (660 × n), where NL is the Avogadro constant (6.02 

× 10
23

 molecules per mol), A is the molecular weight of the molecule in standard, 

and n is the length of the amplicon (bp). The copy numbers of 16S rRNA genes of 

targeted methanogens per ml rumen fluid were calculated using the formula (MQ 

× C × VD) / (S × V), where MQ is the quantitative mean of the copy number, C is 

the DNA concentration of each sample, VD is the dilution volume of extracted 

DNA, S is the DNA amount (ng) subjected to analysis, and V is the rumen fluid 

volume subjected to DNA extraction. PCR efficiency (E) was calculated using the 

equation E × (10-
1/slope -1

) × 100, and the data generated from reactions with more 

than 90% efficiency were used for further analysis. 

 

    2.2.7 Statistical Analysis 

 Copy numbers and proportions of specific methanogen species were 

obtained from each individual, and the mean value was used for statistical 

analysis. Studentôs t test was used to verify the difference in each targeted species 

of methanogen between L-RFI and H-RFI animals. A simple covariance mixed 

model was used to correlate methanogen population with volatile fatty acid 

production and RFI by using the SAS system (version 9.1; SAS Institute, Cary, 

NC). Significance was defined at P values of < 0.05. 
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    2.2.8 Nucleotide Sequence Accession Numbers 

 The nucleotide sequences generated from this work have been deposited 

in GenBank under accession numbers FJ579097 to FJ580045. 

 

  2.3 Results 

    2.3.1 Comparison of Sequences Generated from 16S Clone Libraries 

 To identify methanogen profiles in the rumen, different combinations of 

reported universal methanogenic primers were used to amplify full or partial 16S 

rRNA gene products for library construction. But the attempt to generate a full 

16S rRNA fragment with the combination of 21F (Shin et al., 2004) and 

1389-1406R (Loy et al., 2002) as described by Ohene-Adjei et al. (2007) was not 

successful, although these primers successfully targeted total methanogens in the 

ovine rumen. The usages of Met 86f/Met 1340r as outlined by Wright and Pimm 

(2003) and the primer combination 21F/Met 1340r were not able to generate the 

PCR products from all animals. Only the primer pair Met 86f/Met 915r targeting a 

partial 16S rRNA gene product (~800 bp) was found to generate amplicons from 

all 58 rumen samples. Therefore, this primer pair was used to amplify the pooled 

rumen DNA for library construction. 

 In total, 482 and 490 sequences were obtained from library 1 (pooled 

L-RFI animals) and library 2 (pooled H-RFI animals), respectively. From the 

rumens of L-RFI animals (library 1), 478 out of 482 sequences were identified to 
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be methanogens, while 471 out of 490 sequences were identified to be 

methanogens from the rumen of H-RFI animals (library 2). The sequences 

identified to be nonmethanogens, 4 sequences from library 1 and 19 sequences 

from library 2, were found to belong to 13 bacterial phylotypes. Since up to 16 bp 

of the primer sequences matched with the same region of bacteria, it is not 

surprising that the universal methanogen primers could also amplify some groups 

of bacteria. These sequences were not included for methanogenic community 

analysis. 

The taxonomy of each methanogen library was characterized first by 

determining the OTUs on the basis of 97% sequence similarity. In total, 31 unique 

OTUs were identified, with 22 OTUs from library 1 and 27 from library 2 (Table 

2.3). Eighteen OTUs were found in both libraries (58.06% of total OTUs), while 

four and nine OTUs were found to be library 1- and library 2- specific, 

respectively (Figure 2.1). When the structures and diversities of the two libraries 

were compared, higher values for Shannon index, diversity, and richness were 

observed in library 2, revealing that the methanogenic community of library 2, 

consisting of H-RFI animals, was more diverse than that of library 1, consisting of 

L-RFI animals. The differences in OTUs between the libraries at 100% similarity 

in a phylogenetic context were significant, with P values of < 0.01 by both the P 

test (for transfer of lineages between libraries) and the UniFrac test (for 

evolutionary history shared between two libraries) in the UniFrac program (data 

not shown). 
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Table 2.3 Comparison of structure diversities of sequenced clones in library 1 and library 2
a
. 

Sample 

Source 

No. of 

sequences 
No.of OTUs 

Shannon 

index 
Diversity

b
 Richness

c
 

Coverage 

(%)
d
 

Similarity of 

community 

membership
 e
 

Similarity in 

community 

structure
 f
 

Library 1 478 22 0.9 (0.8-1.1) 0.42 23 (20-41) 100 

0.7385 0.773 

Library 2 471 27 1.5 (1.4-1.7) 0.84 32 (25-68) 96.2 

a
 Estimates of Shannon index, diversity, and richness are all based on 3% differences in nucleic acid sequence alignments. Values in parentheses 

are 95% confidence intervals as calculated by Mothur.  

b
 Sample-size-independent estimate of diversity based on negative natural log transformation of Simpson's index values as calculated in Mothur.  

c
 Chao1 values, a nonparametric estimate of species richness.  

d
 Coverage values for distance = 0.01, as calculated by Mothur. 

e 
Ochiai index describing the similarity between two communities. 

f 
Bray-Curtis index describing the similarity between the structure of two communities. 
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Figure 2.1 Diagram of OTUs identified by the Mothur program at the 97% similarity level 

within and between libraries 1 (L-RFI animals) and 2 (H-RFI animals). Representative 

OTUs are presented by the clone identification numbers, with GenBank accession numbers 

in parentheses. 
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    2.3.2 Taxonomy Characterization of Methanogenic Ecology in the Rumen 

 To evaluate the identified difference in community structure between the 

two libraries, the taxonomies of all the OTUs were further investigated by a 

BLAST search based on an approach described by Ben-Dov et al. (2006). The 

following criteria were used to determine the taxonomy of each OTU: a Ó 97% 

match between the clone sequence and the GenBank data was considered to 

represent strains within the species level, and 93 to 96% identity represented 

different species at the genus level. All the OTUs obtained in this study resembled 

seven strains within five known species: Mbb. ruminantium, Mbb. thaueri, Mbb. 

smithii, Mbb. wolinii, and Msp. stadtmanae. 

 Four hundred and twelve and 322 sequences in library 1 (L-RFI animals) 

and library 2 (H-RFI animals), respectively, were identical to Mbb. ruminantium 

NT7 (AJ009959), which was predominant in both groups of animals, but with 

different distributions: 89.2% of the total clones from the library 1 and 73.0% of 

the total clones from library 2 (Figure 2.2). The distributions of other species also 

varied between L-RFI and H-RFI animals. For example, for L-RFI animals, five 

sequences resembled Mbb. sp. strain AbM4 and eight sequences resembled Msp. 

stadtmanae, accounting for 1.0% and 1.7% of the total sequences, respectively 

(Figure 2.2). For H-RFI cattle, 53 sequences resembled Mbb. sp. strain AbM4 and 

27 sequences resembled Msp. stadtmanae, representing 10.8% and 5.7% of the 

total sequences, respectively (Figure 2.2). Mbb. wolinii-like Mbb. sp. strain AbM4 

sequences have not previously  
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Figure 2.2 Distribu tion of methanogenic species on the basis of their sequences, classified as 

methanogens from library 1 (L-RFI animals) and library 2 (H-RFI animals). NT7, Mbb. 

ruminantium NT7; 30Y, Mbb. sp. strain 30Y; AbM4, Mbb. sp. strain AbM4; SM9, M. smithii 

SM9; PS, Mbb. smithii PS; CW, Mbb. thaueri CW; FM1, Mbb. sp. strain FM1; CSIRO1.33, 

Methanobacteriales archaeon CSIRO1.33 clone. The y axis shows that the percentages of 

>70% for more than 70% of the sequences were Mbb. ruminantium NT7 sequences in both 

libraries.  
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been reported to occur in the bovine rumen. In addition, the distributions of 

different strains varied between the two groups of animals (data not shown). 

Furthermore, variation of methanogens at the genotype level in the two 

libraries was observed. For example, numerous genotypes in the sequences 

identified as Mbb. ruminantium NT7 were observed to have high levels of 

diversity of single-nucleotide polymorphisms (SNPs). For instance, for the 

sequences with 99% identity with the Mbb. ruminantium NT7 strain, 197 

sequences in library 1 and 163 sequences in library 2 belonged to 264 genotypes. 

Figure 3 shows the alignment of six sequences with 99% identity with Mbb. 

ruminantium NT7 strain with SNPs observed in six representative locations 

(Figure 2.3). When the association between the genotypes and cattle RFI was 

analyzed, some genotypes were detected only in L-RFI animals, while some were 

identified only in H-RFI animals. For example, clones KR-L06-H10, 

KR-L08-E10, and KR-L06-C11 were identified only in library 1 (L-RFI animals), 

and clones KR-H06-H03 and KR-H11- B04 were identified only in library 2 

(H-RFI animals). Some genotypes, for example, clones KR-H11-H06 (FJ579567) 

and KR-H11-D04 (FJ579552), were identified in both groups of animals. 

Eight putative methanogens were identified at the genus level on the basis 

of sequences with 93 to 96% identity with the closest species. These OTUs may 

represent unidentified ruminal methanogens. Among them, the sequences similar 

to Mbb. ruminantium NT7-like and Msp. stadtmanae-like OTUs were detected in 

both L-RFI and H-RFI animals, while Mbb. smithii SM9-like, Mbb. smithii 

PS-like, and Mbb. sp. strain FM1-like OTUs were detected only in L-RFI 
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Figure 2.3 (A) Genotype analysis of all sequences with 99% identity with the Mbb. ruminantium NT7 strain. The bars indicate the number of sequences 

of each genotype in the 16S rRNA library generated from L-RFI and H-RFI animals. The arrows point out the genotypes that existed in both L-RFI 

and H-RFI animals. (B) Example of SNPs shown in the sequences belonging to this category. The position with a square represents the nucleotide 

position with SNPs. The base with a square indicates the particular SNPs of each sequence. 
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animals. Mbb. sp. strain 30Y-like, Mbb. wolinii-like, and Methanobacteriales-like 

OTUs were detected only in H-RFI animals (Figure 2.2). 

Phylogenetic analysis of the sequenced 16S rRNA libraries was performed 

based on the representative OTU sequences generated from the Mothur program 

and the typical methanogen species. As shown in Figure 2.4, the major sequences 

clustered with their closest classification (the clone identification numbers are 

shown). Almost all major branches contained sequences from both L-RFI and 

H-RFI animals, with only one exception, KRH01-A09. The methanogens detected 

in L-RFI animals and H-RFI animals did not differ greatly at the species level. 

However, some sequences with low levels of identity with the known species did 

not cluster with the closest species, as shown in the tree. For example, OTU 

KR-L10-F11, with Mbb. ruminantium NT7 as the closest known species, was 

grouped with Mbb. smithii instead of Mbb. ruminantium. This confirmed our 

classification in which the genus-like sequences with Ó 97% identities may 

represent new species within the genus Methanobrevibacter. 

 

    2.3.3 Comparison of Methanogen Populations between L-RFI and H-RFI 

Animals 

 The populations of total methanogens, Mbb. sp. strain AbM4, and Msp. 

stadtmanae were selected for qRT-PCR analysis to investigate these populations 

in 58 animals and the correlations with RFI. The mean total  
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Figure 2.4 Phylogenetic analysis of methanogen partial 16S rRNA sequences obtained in this 

study. Representative sequences were generated by the Mothur program at a 3% difference 

level. GenBank sequences are identified by accession number. Bootstrap values (>50%) from 

1,000 replications are indicated on the tree. 1, Methanococcales; 2, Methanosarcinales; 3, 

Methanomicrobiales; 4, Methanobacteriales; , representative OTUs appearing in both 

librar ies; , representative OTUs appearing only in library 1 (L-RFI animals); , 

representative OTUs appearing only in library 2 (H-RFI animals). 
















































































































































































































































































