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SUMMARY 

 

Several studies in vitro and in vivo have pointed out the effectiveness of medium-chain fatty acids 

(MCFA) in suppressing ruminal methane production. Yet no study has elucidated the effect of 

MCFA type and concentration as well as its forms (single and combined) in different diets on 

methane production. The objective of this study was to determine the type, concentration and 

proper form of MCFA application, with regard to the negative impact on the process of 

fermentation in the rumen. 

 

A systematic and comprehensive in vitro (Hohenheim gas test, HGT) experiment was designed and 

conducted to determine how different types of MCFA at different level of concentrations, in 

different formats and mixed in different diet, affect rumen methane formation. To complement 

the results produced by previous studies, C8, C10, C12 and C14 were included in the experiment. 

Each MCFA was mixed into 3 different diets, with the forage (F): concentrate ratios of 25:75 (25F); 

50:50 (50F) and 75:25 (75F), to obtain MCFA concentrations of 1, 3, and 5% (w/w) in each diet. At 

5% concentration, the effect of single and combined forms of MCFA on methane formation was 

also compared and assessed. Total gas production, feed digestibility, ammonium production, 

short-chain fatty acids production and protozoa numbers were also observed to analyze side 

effects of MCFA supplementation on ruminal nutrient turnover. 

 

The first part of the study was conducted to assess the effects of different chain (carbon) lengths 

of MCFA as well as differences in the concentration level of each MCFA within different diets on 

ruminal methane production and other variables. Methane formation suppression was observed 

(P≤0.05) at treatments which included the combination between C10 and C12  in diet 50F. The 

MCFA concentration increments significantly decreased methane formation following a linear 

trend. 

 

The second part of the study focused on determining effects of MCFA forms on ruminal methane 

production. The effectiveness of single form of MCFA was compared with the combination form 

of two MCFA, in uniform concentration (5% w/w). Both MCFA forms suppressed methane 

production to a highest degree in combination with diet 50F, with C12 being the most effective, 

irrespective the arrangement of MCFA application (single vs. combined). MCFA inclusion into 

different diets lowered short-chain fatty acids production, and was accompanied by the decrease 

of acetate:propionate ratio and protozoa cells reduction. 
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ZUSAMMENFASSUNG 

 

Zahlreiche Studien haben bereits sowohl in vitro als auch in vivo die Wirksamkeit von 

mittelkettigen Fettsäuren (medium-chain fatty acids, MCFA) zur Unterdrückung der ruminalen 

Methanproduktion gezeigt. Bisher gibt es keine Studien, in denen der Einfluss des MCFA-Typs, der 

MCFA-Konzentration – einzeln oder in Kombination – und unterschiedlicher Rationen auf die 

Methanproduktion in einem systematischen Ansatz untersucht wurde. Das Ziel dieser Studie war 

es deshalb, auch im Hinblick auf mögliche negative Effekte der MCFA auf den Fermentations-

prozess im Pansen, den Typ, die Konzentration und die geeignete Form (einzeln, kombiniert) für 

die MCFA-Anwendung zu bestimmen. 

 

Ein systematischer und umfassender in vitro-Versuch (Methode Hohenheimer Futterwerttest) 

wurde durchgeführt, um zu bestimmen, wie unterschiedliche MCFA-Typen in unterschiedlichen 

Konzentrationen, unterschiedlichen Formen und in unterschiedlichen Rationen die Methan-

bildung im Pansen beeinflussen. Um die lückenhaften Befunde vorhergehender Studien zu 

ergänzen, wurden C8, C10, C12 und C14 in den Versuch einbezogen. Jede MCFA wurde in drei 

verschiedene Rationen mit Grobfutter (Forage, F):Konzentratfutter-Verhältnissen von 25:75 (25F), 

50:50 (50F) und 75:25 (75F) in Konzentrationen von 1, 3 und 5 % (w/w) eingemischt. Bei der 5 %-

Stufe wurde auch der Effekt einzelner und kombinerter MCFA auf die Methanbildung verglichen 

und bewertet. Ebenfalls ermittelt wurden die Gesamtgasbildung, die Verdaulichkeit der Ration, 

die Produktion an Ammonium und kurzkettigen Fettsäuren sowie die Anzahl an Protozoen, um 

weitere Effekte der MCFA-Supplementierung auf den ruminalen Nährstoffumsatz zu analysieren. 

 

Der erste Teil der Studie wurde durchgeführt, um die Effekte unterschiedlicher (Kohlenstoff-)Ket-

tenlängen der MCFA und Unterschiede in der Konzentration jeder MCFA in den unterschiedlichen 

Rationen auf die ruminale Methanproduktion und andere Variablen zu beurteilen. Eine deutliche 

Abnahme (P≤0,05) der Methanbildung wurde nur mit der Ration 50F in Behandlungen, die eine 

Kombination von C10 und C12 enthielten, beobachtet. 

 

Der zweite Teil der Studie fokussierte auf die Wirksamkeit einzelner MCFA verglichen mit der 

Wirksamkeit der Kombination von jeweils zwei MCFAbei einem Gehalt 5 % in der Ration. Erneut 

war die Reduktion am deutlichsten bei der Ration 50F, und immer dann wenn C12 verwendet 

wurde, einzeln oder in Kombination mit anderen MCFA. Die Einbeziehung von MCFA in 

verschiedene Rationen erniedrigte die Produktion kurzkettiger Fettsäuren und dies war von einem 

engeren Verhältniss von Acetat zu Propionat und der Abnahme der Protozoenzahl begleitet.  
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CHAPTER  1. GENERAL INTRODUCTION 

 

Methane 

 

1. Chemistry 

 

Methane (CH4 ; marsh gas or methyl hydrate) is the simplest and most abundant hydrocarbon in the 

earth’s atmosphere. It is a colourless gas with a molecular weight of 16.0425 g/mol. Being 

permanently gaseous, methane cannot be liquefied by pressure alone. It is very stable and only 

begins to decompose into elements at 785°C (Crabtree, 1995; Houweling, 2000). Methane is a readily 

combustible gas (33.3 kJ/L at 20°C and 760 mm Hg pressure; Roderick et al. 1992),and being  the 

simplest alkane ,it has bond angles of 109.5°. Presence of CH4 in the air in concentrations ranging 

between 5 and 15% is reported to be explosive (Yusuf et al. 2012). 

 

Table 1.1 Physical properties of methane 

Property Value 

Melting point  

Boiling point  

Density at boiling point 

Critical temperature 

Critical pressure 

First and second ionization potential 

Viscosity (gas, 35°C) 

∆H° 

-182.6°C 

-161.6°C 

0.4240 

-82°C 

45.8 atm 

13.16 eV and 19.42 eV 

1.12 x 10-4 g cm-1 s-1 

-17.899 kcal/mol 

Structure 

C – H bond length  

H – H distance 

 

1.1068 Å 

1.8118 Å 

Source: Crabtree (1995). 

 

Methane absorbs and emits long wave radiation at wavelengths λ = 3.31 μm and 7.66 μm 

respectively. The energies of photons at these wavelengths correspond to energy differences 

between different vibrational states of the CH4 molecules (Houweling 2000). 
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2. Methane and Climate Change 

 

Greenhouse gases (GHG) play an important role in regulating atmospheric temperature. An increase 

of the GHG concentrations in the atmosphere significantly increases temperatures and contributes to 

global warming.  Greenhouse gases such as carbon dioxide (CO2), nitrogen dioxide (NO2), methane 

(CH4) and ozone (O3) contribute to climate change and global warming through their absorption of 

infrared radiation in the atmosphere. Methane is reported to contribute 22% of all the long-lived and 

mixed GHG, while NO2 contributes 6% (Hook et al. 2010; Mirzaei-Aghsaghali and Maheri-Sis 2011). 

 

A number of roles of methane in atmospheric chemistry and climate have been identified, including 

effects on tropospheric ozone, hydroxyl radicals and carbon monoxide concentrations. The 

atmospheric methane eventually reaches the stratosphere and reacts with free radicals to form CH3
+, 

which then participates in a number of complex reactions leading to production and destruction of 

ozone (Cicerone and Oremland 1988; Barber 2007). 

 

Johnson and Johnson (1995) demonstrated, using  measurements of methane trapped in polar ice, 

that its atmospheric concentrations remained relatively stable at approximately 750 ppb until nearly 

100 years ago when concentrations began to rise to the present level of approximately 1800 ppb. 

The more than 500 Tg (1 Tg = 1 million metric tons) of methane that enters the atmosphere annually 

exceeds its atmospheric and terrestrial oxidation. At this rate, methane is expected to contribute 

between 15 to 17% of the global warming over the next 50 years. In 1750 the concentration of CH4 in 

the atmosphere was 676 - 716 ppb, and rose to 1745 ppb in 1998 and 1800 ppb in 2008 (Yusuf et al. 

2012).Recently, global concentration of methane was estimated at 1774 ± 1.8 ppb with total increase 

of 11 ppb since 1998 (Hook et al. 2010). Mirzaei-Aghsaghali and Maheri-Sis (2011) noted that global 

surface temperatures are predicted to increase by up to 6°C during the 21st century.  

 

The global warming potential (GWP) of CH4 is 21- to 25-fold greater than that of CO2 (Boadi et al. 

2004; Hook et al. 2010).  Lashof and Ahuja (1990) reported that CH4 and NO2, grouped as trace gases, 

have the ability to absorb infra-red radiation more strongly than CO2, although they are present at 

concentrations that are two to six orders of magnitude lower than that of CO2. Methane and NO2 are 

responsible for 43% of the increase in radiative forcing from 1980 to 1990. 

 

Domesticated ruminants account for as much as 80 Tg/year of methane emission (Table 1.2), and 

among ruminants, beef cattle are the largest contributors (Table 1.3). Domestic ruminants are 

reported to be responsible for 25% of total anthropogenic CH4 emission (Machmueller et al. 2003). 
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Enteric fermentation in the large intestine of ruminants has been estimated to account for 13% of 

total enteric methane emissions (van Zijderveld 2011).  

 

Table 1.2 Estimates of source of atmospheric CH4 

Source 
CH4 emission 

(1012 g/year) 

Ruminants 80 

Termites 10 

Rice paddies 110 

Swamps and marshes 115 

Landfills 40 

Lake and oceans 15 

Other natural 30 

Coal mining 35 

Natural gas flaring 45 

Biomass burning 55 

  

Total 535 

Total biogenic 400 

Total anthropogenic 365 

Source: van Zijderveld (2011). 

 

Table 1.3 The global annual methane contribution estimation from domesticated animals  

Animal 
CH4 emission 

(Tg/year) 

Dairy cattle 18.9 

Beef cattle 55.9 

Sheep and goats 9.5 

Buffalo 6.2 - 8.1 

Camels 0.9 – 1.1 

Pigs (hindgut) 0.9 – 1.0 

Horses (hindgut) 1.7 

Source: Hook et al. (2010) 
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Table 1.4 Estimated annual enteric CH4 emissions from the main domesticated livestock  

 CH4 emission  

(kg CH4 animal -1 year -1) 

Assumed average body 

weight (BW, kg) 

CH4 emission  

(g kg BW-1 year -1) 

Ruminants 

Dairy cows 

Beef cattle 

Sheep 

Goats 

 

90 

65 

8 

8 

 

600 

400 

50 

50 

 

150 

163 

160 

160 

Non-ruminants 

Swine 

Poultry 

Horses 

 

1 

<0.1 

18 

 

80 

2 

600 

 

13 

- 

30 

Source: van Zijderveld (2011). 

 

Methanogens and Methanogenesis 

 

Methanogens and Methanogenesis 

 

The domain Archaea is home to many microbes that were previously misclassified as bacteria owing 

to their prokaryotic morphology. Archaea are clearly monophypetic and their status is underpinned 

by unique features such as a distinctive cell membrane containing isoprene side chains that are 

ether-linked to glycerol3. (Allers and Mevarech 2005). 

 

Methanoarchaea grow and synthesize their biomass from CO2, H2, N2 or NH4 and inorganic salts. The 

genome size of a Methanoarchaea is less than 40% of the size of the Escherichia coli genome. Within 

this small genome the complete autonomous and autotrophic information is encoded (Reeve et al. 

1997). 
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Figure 1. Archaeal taxonomy (Allers and Mevarech 2005). 

 

Methanoarchaea can be found in a wide range of salinities from fresh water to hyper saline water. 

Some species typically require at least 1 mmol L-1 Na+, while others grow at salt concentrations as 

high as 3 mol L-1. Most Methanoarchaea have pH optima near neutrality, with the exception of 

Methanobacterium subterraneum and Methanobolus taylorii which have capability to grow in an 

environment with pH as high as 9.0 (Barber 2007).  
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The symbiotic relationship between methanogens and protozoa may generate 37% of rumen CH4 

emissions (Finlay et al. 1994). Methanogens are hydrophobic and therefore stick to feed particles as 

well as onto the surface of protozoa. About 0.2 of the total ruminal methanogenic population are to 

be found on the surface of protozoa (Lovett et al. 2003; Boadi et al. 2004). 

 

The uniqueness of methanogens includes three unique coenzymes: methanofuran, 

tetrahydromethanopterin, deazaflavin F420, which are involved in electron transfer in place of 

ferredoxin; coenzyme M, involved in methyl group transfer; and Factor B, involved in enzymatic 

formation of CH4 from methyl coenzyme M. Furthermore, methanogens lack muramic acid in the cell 

wall and have isoprenoids ether-linked to glycerol or carbohydrates in their cell membrane, which 

makes them distinctly different from bacteria. Methanogens typically grow at slightly acidic to 

slightly alkaline pH (between 6 and 8) and survive only in environments with a redox potential below 

-300 mV (Garcia et al. 2000; Boadi et al. 2004). 

 

Methanogenesis or methane production occurs in a wide variety of anaerobic environments such as 

fresh water and marine sediments, anoxic waters, sludge digesters and the intestinal tract of animals, 

especially ruminants (Roderick et al. 1992). Biological methanogenesis is an important component of 

the carbon cycle in a variety of anaerobic habitats, such as marshes, lake muds, rice paddies, marine 

sediment, geothermal habitats and animal gastrointestinal tracts (Zinder 1992). 

 

There are four steps in the process of organic substrate degradation by Archaea and their symbionts 

in natural anaerobic habitats (Garcia et al. 2000): 

1. Hydrolysis of polymers by hydrolytic microorganisms. 

2. Acidogenesis from simple organic compounds by fermentative bacteria 

3. Acetogenesis from metabolites of fermentations by homoacetogenic or syntropic bacteria 

4. Methanogenesis by methagenic A rchaea 

 

Production of methane by methanogens requires a food chain of at least three interacting metabolic 

groups of obligatory anaerobic microbes (Figure 2). 
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Figure 2.  Microbial food chain in anaerobic environments (Barber 2007). 

 

In ruminants, methane is predominantly produced in the rumen (83 - 93%) and to a small extent in 

the large intestine (13% on average). Rumen CH4 is primarily emitted from the animal by eructation 

(Boadi et al. 2004; Hook et al. 2010; Bell and Eckard, 2012). It is a natural end-product of rumen 

fermentation that plays a fundamental role in the efficacy of feed digestion by rumen microbes. 

Methanogens utilize H2 to generate energy for growth by reducing CO2 into CH4 according to the 

following reaction equation (Boadi et al. 2004; Jouany 2008): 

 

CO2 + 4H2       CH4 + 2H2O    ∆GO’ = -135.6 kJ 

 

Formate can also be used as primary substrate for methane production: 

4HCOOH      3CO2 + CH4 + 2H2O 

 

Other substrates that are used by methanogens during the generation of CH4 include acetate 

(Methanosarcina and Methanosaeta), methanol, methylamines, dimethyl sulphide and some 

alcohols (Boadi et al. 2004). 

 

Through interspecies hydrogen transfer, fermentative bacteria (H2-producing bacteria) and 

methanogens (H2-consuming microbes), maintain the ruminal H2 concentration below 1 kPa. Thus re-

oxidation of NADH to NAD+ can occur and the fermentation process can continue (Jouany 2008). 
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Without the removal of hydrogen, re-oxidation of reduced co-factors (NADH, NADPH and FADH) 

would be inhibited by the accumulated hydrogen and the production of short-chain fatty acids (SCFA) 

would be inhibited. Soon after production, hydrogen is used by methanogenic Archaea to reduce CO2 

into CH4. In the absence of methanogens, organic matter cannot be degraded as effectively in the gut 

(Boadi et al. 2004; Martin et al. 2009; van Zijderveld 2011). 

 

Another stoichiometric equation proposed by Jouany (1995) describes precisely typical yield 

proportions of the end products of rumen fermentation (molar basis): 

 

50 glucose equivalents = 59 acetate (C2) + 23 propionate (C3) + 9 butyrate (C4) + 24 CH4 + 53 CO2 + 

230 ATP 

 

The equation above indicates the methane production is related to hydrogen-producing 

fermentative reactions and negatively related to hydrogen-using fermentative reaction. If the ratio of 

acetate to propionate is greater than 0.5, then hydrogen would be available to form methane. The 

excess of hydrogen, after that used by methanogens will lead to the formation of ethanol and 

lactate, which inhibits microbial growth, forage digestion and SCFA production (Bell and Eckard 

2012). During the production of acetate and butyrate from hexose fermentation, hydrogen is 

released, whereas propionate production results in the net uptake of hydrogen (van Zijderveld 2011): 

 

C6H12O6  +  2H2O        2C2H3O2 + 2CO2 + 4H2 + 2H+     (Acetate/C2) 

C6H12O6  + 2H2        2C3H5O2 + 2H+ + 2H2O      (Propionate/C3) 

C6H12O6       C4H7O2  + H+ + 2H2 + 2CO2      (Butyrate/C4) 
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Figure 3. Relationship between (C2 + C4)/C3 ratio and methane production (Moss et al. 2000). 

 

Among methanogens, only Methanobrevibacter ruminantium and Methanosarcina barkeri were 

found in the rumen at densities greater than 106/mL, and are thus assumed to play a major role in 

ruminal methanogenesis (Boadi et al. 2004). 

 

The interaction of methanogens with bacteria through interspecies H2 transfer in the fermentation 

process allows methanogens to gain energy for their own growth, preventing the accumulation of H2 

which benefits the growth of H2-producing bacteria allowing further degradation of fibrous feed 

material (Boadi et al. 2004). Methanogens, therefore, occupy the terminal position of anaerobic food 

chains (Roderick et al. 1992; Garcia et al. 2000). 

 

Fermentation and VFA production by the microbes in the intestinal tract of animals is accompanied 

by the production of methane. The molar percentage of SCFA produced during enteric fermentation 

influences the production of CH4. It is explained stoichiometrically as follow: 

 

CH4 = 0.45 acetate (C2) – 0.275 propionate (C3) + 0.40 butyrate (C4).  
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Acetate and butyrate production results in CH4 production, while propionate formation serves as a 

competitive pathway for H2 utilization in the rumen (Moss et al. 2000; Boadi et al. 2004; van 

Zijderveld 2011). 

 

Methane Mitigation 

 

Decreasing enteric CH4 emission from ruminants without altering animal production is desirable both 

as a strategy to reduce global greenhouse gas emissions and as a means of improving feed 

conversion efficiency (Martin et al. 2009). Existing dietary mitigation strategies include the addition 

of ionophores and fats, use of high-quality forages and increased use of grains, methanogen control 

through vaccination, the use of bacteriocins and probiotics (acetogens and live yeasts), as well as 

plant extracts (Boadi et al. 2004; Martin et al. 2009). 

 

Fatty Acids 

 

Fat supplementation is one of the most promising dietary strategies to mitigate CH4 production, 

although it also affects milk production and composition (Grainger and Bauchemin 2011). 

Supplementation of coconut oil, which is classified as a rumen-defaunating agent and  which is even 

more potent than linseed oil,  at a rate of 3.5 and 7% is reported to suppress CH4 production by 28 

and 73% respectively ( Machmueller et al. 1998). Machmüller et al. 1998 also recorded a decrease of 

ciliate protozoa population from 1.7 x 105/ml at the beginning of the experiment to 1.0 x 105/ml and 

0.3 x 105/ml, respectively, in response to the addition of 3.5 and 7% coconut oil concentrations. 

 

The application of crushed sunflower seed, flaxseed and canola seed in lactating dairy cow feeds 

decreased CH4 production and population of protozoa (Table 1.4). 

 

Table 1.5 Effect of fat source on ruminal fermentation 

Source: Beauchemin et al. (2009) 

 

Goel et al. (2009) investigated the inhibitory effects of capric acid on methane production in vitro. 

The application of 4 and 6% capric acid significantly suppressed methane production by 33 and 85%, 

Item Control Sunflower Flaxseed Canola 

Digestible dry matter intake (kg/d) 

Methane (g/animal ·d) 

Protozoa, (· 106/mL) 

26.6 

293 

8.28 

29.7 

264 

5.16 

24.2 

241 

6.35 

22.3 

265 

5.23 
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respectively. The addition of both dosages of capric acid, however, decreased total VFA production 

by23 %.  

 

Van Zijderveld et al. (2011) demonstrated that a mixture of capric (C10) and caprylic acid (C8) did not 

affect methane production in lactating dairy cows. In single in vitro incubations, capric as well as 

lauric (C12) and myristic acids (C14) have demonstrated a particular action against rumen protozoa 

(Matsumoto et al. 1991; Machmüller and Kreuzer 1999). In addition, a diet containing 10% coconut 

oil almost completely eliminated methanogens in a Rusitec setup (Machmüller and Kreuzer 1999). 

The application of coconut oil, cod liver oil and canola oil depressed CH4 production and 

methanogenic population regardless of basal diet (Dong et al. 1997). 

 

Dong et al (1997) concluded that though the reduction of methane production is not directly related 

to the number of double bonds, the depression of methane production increases with the degree of 

fatty acid unsaturation. The order of inhibitory effects of long chain fatty acids to the growth of pure 

culture of Methanobacterium ruminantium was: C18:1 > C14 > C12 > C16 > C18. Soliva et al. (2004) 

described the toxicity level being between C12 and C14; although C14 mainly inhibited the growth of 

methanogens and not as toxic to them as C12 is when supplemented at the same concentration. 

 

Medium-chain FA (MCFA; C8 - C16) has been shown to suppress CH4 production (Dohme et al. 2000). 

An application of MCFAs, namely lauric (C12) and myristic (C14) acids given as single FA decreased CH4 

production and the combined supplementation  of both demonstrated greater depressive  effects on 

CH4 production in ruminants (Dohme et al. 2001). Another study conducted by Soliva et al. (2004) 

described the substantial effect of the application of C12 alone. At the same dosage (30 mg MCFA per 

incubation unit) C12 alone reduced the emission of CH4 by 74% compared to the unsupplemented 

control, much more than C12:C14 ratios of 1:2 (57%) and 2:1 (27%).  A single application of C12 (32.5 

mg) interrupted the recovery of hydrogen in the rumen to as low as 61% while at the same dosage 

no effect was observed on ruminal pH, SCFA concentration and ciliate protozoa counts.  

 

Soliva et al. (2004) concluded that the decrease in methanogen counts depended primarily on the 

total amount of MCFA and less on the type of MCFA supplied. An addition of a mixture of 10 mg C12 

and 10 mg C14 will have similar depressing effect on methanogenic counts as 20 mg of C12 alone. 

 

The addition of excessive fat (more than 5 - 6% of the ration DM) depresses fibre degradation in the 

rumen and reduces acetate production and milk fat content (Boadi et al. 2004). The efficacy of C14 in 

diminishing CH4 formation was about the same as that of C12 after 22 days of supplementation to 
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sheep in vivo (Machmueller et al. 2003) and a 10day in vitro experiment using a concentrate-based 

diet (Dohme et al. 2001). The palatability of C12 is less when compared to C14 due its particular odour 

and soapy taste (Külling et al. 2001). 

 

Diet Influence on Methanogenesis 

 

The energy losses attributable to methane range from 2% to 7% of gross energy (GE), depending on 

animal category and dietary conditions. Losses are lowest with cereal-rich or highly digestible grass 

diets, and highest with high-fibre diets with low digestibility. Starch digestion in the rumen stimulates 

propionate production whereas fibre digestion increases acetate production (Jouany 2008). In 

another study, Mc Geough et al. (2010) demonstrated that methane output per kilogram of DMI is 

reduced when grain content in whole-crop wheat was increased. 

 

The correlation between methane emission per unit digested DM and plant fibre content is positive 

and significant. Therefore, replacing C4 plants with C3 plants is recommended in order to abate 

ruminants’ methane production (Ulyatt et al. 2002). The administration of diet composed primarily 

of concentrates has been demonstrated to increase levels of intake and reduce ruminal pH and as 

methanogens are acutely pH sensitive, this will reduce CH4 production (Yan et al. 2000; Lovett et al. 

2003; Mirzaei-Aghsaghali and Maheri-Sis. 2011).  

 

Increasing the level of concentrate in the diet leads to a reduction in CH4 emissions as a proportion of 

energy intake or expressed by unit of animal product (milk and meat). A decrease in methane 

production (from 6 and 7% to 2 and 3% of GE intake) was observed when the concentrate portion in 

the diet increased from 30 - 40% to 80 - 90%, respectively (Martin et al. 2009). Benchaar et al. (2001) 

conducted an experiment to find out the effect of concentrate proportion on CH4 production. The 

ratios of forage to concentrate investigated were 100:0, 80:20, 50:50 and 30:70 of a diet based on 

Lucerne hay supplemented with a concentrate mixture. Their results showed that an increase in 

dietary concentrate reduced ruminal passage rates of liquids and solids, increased ruminal starch 

degradation, decreased NDF, linearly depressed ruminal microbial efficiency, increased total SCFA 

and propionate production and declined CH4 production.  

 

Martin et al. (2009) explained that a shift of SCFA production from acetate to propionate occurs with 

development of starch-fermenting microbes, which result in a lower CH4 production as the decline of 

relative proportion of ruminal hydrogen happens. High-concentrate diets also decrease the ruminal 
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pH. The low ruminal pH might inhibit the growth and/or activity of methanogens and cellulolytic 

bacteria. 

 

Rumen fluid from cows fed a 90% concentrate diet had lower pH values (6.22 vs. 6.86), higher SCFA 

concentrations (85 vs. 68 mM) and lower acetate to propionate ratio (2.24 vs. 4.12) than rumen fluid 

from cows fed 100% forage. The CH4 production by ruminants tends to increase with maturity of 

forage and legume forages yield lower CH4 than grass forages. Friesian and Jersey dairy cows grazing 

a condensed tannin-containing legume (Hydesarum coronarum) emitted less CH4 per unit of DMI 

(19.5 g/kg) than cows grazing perennial ryegrass pastures (24.6 g/kg) (Boadi et al. 2004). 

 

A study by McCaughey et al. (1999) indicated that pasture quality improvement through addition of 

legumes (lucerne) to pasture mix may potentially reduce CH4 production by close to 10%. Cows 

produce lower CH4 when fed with lucerne-grass pastures (373.8 L/d) compared to cows on grass-only 

pastures (411.0 L/d). A similar result was obtained when results were expressed relative to body 

weight (0.74 vs. 0.81 L/kg body weight). Energy lost through eructation of cows grazing lucerne -grass 

pastures was also lower than that of cows grazing grass-only pastures (7.1 vs. 9.5% of GE intake). 

 

Garcia-Martinez et al. (2005), examining  different doses of fumaric acid in different rations, found 

that the application of fumaric acid resulted in a CH4 decrease when combined with high-forage diet 

(80% forage), compared to medium- (50%) and low- (20%) forage diets. Due to their use of different 

diets and experimental conditions, there is needed to further investigate the discrepancies in the 

effects of fumaric acid on CH4 production.  
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CHAPTER 2. The effect of chain length and concentration of medium-chain fatty acids, and of ration 

composition, on mitigating methane emission: in vitro study 
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Abstract 

 

A modified Hohenheim gas test (HGT) was employed to determine the effectiveness of four medium-

chain fatty acids (MCFA) in mitigating ruminal methane formation. The MCFA, namely C8:0, C10:0, C12:0 

and C14:0 were included into diets consisting of (dry matter (DM) basis) 25, 50 and 75% grass silage 

(forage, F), at three different concentrations: 1, 3 and 5% of DM (w/w). The measurements 

encompassed: methane formation, total gas production, DM digestibility, and ammonium 

production. Diets were incubated for 6, 10 and 24h. A reduced methane production was obvious  for 

50F diets which contained the combination of C10:0 and C12:0. Increasing MCFA concentration linearly 

lowered (P< 0.05) methane formation. Already at the lowest inclusion level, MCFA reduced (P<0.05) 

total gas volume and DM digestibility, as well as ammonium concentration. 

 

Key words: methane, medium-chain fatty acids, chain length, concentration, diet type 
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Introduction 

 

Methane is an unavoidable by-product of enteric fermentation. As a green-house gas, it contributes 

to the carbon footprint of ruminant-derived food production, with a great warming effect of 25 times 

that of CO2. It may account for 2 - 15% loss of the gross energy intake by ruminants  (Johnson and 

Johnson 1995; Flachowsky and Lebzien 2012; FAO 2010; Chong et al. 2014). 

 

Several studies have shown that fatty acids of different carbon chain lengths (Blaxter and Czerkawski 

1966) and form, i.e. as pure substance (Odongo et al. 2007) or as a part of natural products (Dohme 

et al. 1999; Mc Ginn et al. 2004; Beauchemin and McGinn 2006; Martin et al. 2008; Jalč et al. 2009), 

have inhibitory effects against methanogens, rumen bacteria, protozoa and may lower methane 

emission by ruminants (Henderson 1973; Matsumoto et al 2001). 

 

Medium-chain fatty acids (MCFA: C8:0 - C16:0) are among those fatty acids, which are reported to 

having the most extensive methane mitigating effects (Dohme et al. 2001; Machmüller 2002; 

Machmüller 2005; Panyakaew et al. 2013). Supplementation of lauric acid (C12:0) as free acid 

(Machmüller et al. 2002; Soliva et al. 2004; Božic et al 2009) or complexed with cyclodextrin (Ajisaka 

et al. 2002) and in combination with myristic acid (C14:0) significantly suppressed methane production 

and ciliate population (Soliva et al. 2004). Lauric acid has an inhibitory effect on Gram positive-rumen 

bacteria and, therefore, might have methane reducing potential if applied in high forage diets 

(Kobayashi 2010). 

 

By taking into consideration ration ingredients, Machmüller et al. (2003) confirmed that C14:0 is a 

potent methane inhibiting agent. Myristic acid suppressed methane concentration by 58% in a 

concentrate-based diet, while in a forage-based diet methane was only reduced by 22%, when 

compared to the unsupplemented diet. Oother investigations of effects of ration composition on 

methane inhibitory effects of MCFA were conducted by Dohme et al. (1999) and Krüling et al. (2001). 

 

However, the influence of a range of MCFA, included singly or in combinations, at varying 

concentrations in  diets ranging from low to high forage proportions, on ruminant methane emission 

has never been investigated. In this study, a systematic in vitro research was designed to evaluate 

and to compare effects of different MCFA chain-length (C8:0, C10:0, C12:0 and C14:0) in different diets 

(forage (grass silage) to concentrate: 75:25; 50:50 and 25:75), at 3 different MCFA concentrations (1, 

3 and 5%) on methane concentration, total gas production, DM digestibility and ammonium 
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production, as well as a part of screening of potential methane inhibitors which furthermore 

provides a comprehensive data for further in vivo testing.  

 

Material and methods 

 

Diet preparation 

 

Grass silage, maize grain and solvent-extracted soybean meal were finely ground (3- amd 1-mm sieve 

size) and used to formulate three mixed diets with ratios (dry matter (DM) basis) of silage (forage) to 

concentrate of 75:25 (75F), 50:50 (50F) and 25:75 (25F). Medium-chain fatty acids, namely C8:0 

(caprylic acid), C10:0 (capric acid), C12:0  and C14:0  (SAFC® Supply Solution; Sigma-Aldrich, St. Louis, MO, 

USA) were included at concentrations of 1, 3 and 5% of DM. 

 

Modified Hohenheim gas test (HGT) 

  

In vitro gas production was determined according to Menke and Steingass (1988). Rumen fluids were 

collected from two ruminally fistulated German Blackheaded Mutton sheep, fed a mixed diet of 600 

g grass hay and 600 g mixed concentrate per day. Feeds were offered in two equal meals at 07:00 

and 19:00 h. Rumen fluid was collected prior to the morning feeding and strained through two layers 

of cheesecloth into pre-warmed and insulated flask. All laboratory handling of rumen fluid was 

carried out under a continuous flow of CO2. Samples (200 ± 2 mg) were accurately weighed into a 

100 ml glass syringe. The syringe pistons were lubricated with vaseline and inserted into the syringe. 

Four replicates of each treatment were incubated in two HGT runs which were carried out on 

different dates. Three blanks containing 30 ml of medium only were included in each run together 

with triplicates of a standard hay and standard concentrate obtained from the Institute of Animal 

Nutrition, University of Hohenheim, Germany. The syringes were placed in a rotor inside the 

incubator (39 °C) with about one rotation per minute. The cumulative gas production as well as CH4 

was read at the following times: 6, 10 or 24h. At reading, each syringe was taken out from the 

incubator and the incubator’s door closed to avoid temperature decrease. 

 

Methane measurement 

 

Methane concentration relative to total gas volume (as %, v/v; range 0 to 40%)) was measured using 

an infrared analyzer (Advanced Gasmitter® Pronova Analysentechnik GmbH & Co. KG, Berlin, 
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Germany) at 6, 10 and 24 hours incubation time. Goel et al. (2008) and Jayanegara et al. (2009) 

applied the corresponding method for methane analysis in their experiments.  

 

Methane measurement can be started as follows once the calibration process has been completed. 

The syringe is taken out from HGT incubator; gas volume of the particular syringe is read and noted; 

the syringe is cooled down and stored on ice for approximately 20 minutes. A cooled syringe is 

withdrawn from the ice, connected with the inlet of the analyzer and the gas volume is noted again. 

The gas from the syringe is gently injected into the device; injecting moisture or liquid must be 

avoided. Syringe is gently disconnected from the analyzer inlet; CH4 value (in %) is noted. The volume 

of the syringe after injection is also noted. The remaining gas inside the analyzer is sucked out using a 

syringe which is plugged to the analyzer outlet port. The CH 4 -free condition inside the analyzer is 

indicated by 0% value; the analyzer is then ready for the subsequent CH4 measurement.  

 

To increase the volume of measurement an additional dilution step is required for syringes which 

contains less than 40 ml gas by adjusting the piston position back to 40 ml syringe volume to let 

normal air join and mix with the gas inside the syringe. 

 

Chemical analysis 

 

The DM of feedstuffs and mixed diets were determined by freeze-drying (silage only) and subsequent 

oven-drying at 105 °C overnight. Dried feedstuffs were successively ground in mills with 1 mm 

screens. All feedstuffs and mixed diets were analysed for ash, crude protein and detergent fibre 

fractions. Starch content was determined by enzymatic hydrolysis of starch to glucose (Brandt et al. 

1987), employing the heat-stable α-amylase Termamyl 120 L (Novo Industrials, Bagsværd, Denmark). 

The N was determined using Dumas procedure and crude protein calculated as N × 6.25. The neutral 

detergent fibre (NDF) analysis was conducted according to Van Soest et al. (1991). Detergent fibre 

analyses were performed without the use of decalin. Sodium sulphite was omitted and triethylene 

glycol was used instead of 2-ethoxyethanol in the NDF procedure. The NDF values are expressed 

without residual ash and therefore designated NDFom. Ammonium was determined using the 

Kjeldahl method (without digestion step). Diet and feed composition data are presented in Table 1. 

 

Statistical analysis 

 

Data obtained from the experiments of three diet ratios were analyzed using the Generalized Linear 

Model (GLM) procedure in the SAS® software (9.2 versions) according to model as follow: 



Chapter 2. The effect of chain length and concentration of MCFA     

24 

 

 Yijklm = μ + Mi + Fj + Ck + Tl+ εijklm.  

where Y is value of observation, μ is population mean, M is treatment MCFA (i= 1, 2, 3, 4; 1 = C8:0, 2 = 

C10:0, 3 = C12:0, 4 = C14:0), F is forage:concentrate ratio (j = 1, 2, 3; 1 = 75:25, 2 = 50:50, 3 = 25:75), C is 

MCFA concentration (k = 1, 2, 3; 1 = 1%, 2 = 3%, 3 = 5%), T is incubation time (m = 1, 2, 3; 1 = 6 h, 2 = 

10 h, 3 = 24 h), and εijklm is the residual error. 

 

Orthogonal polynomial contrasts were used to investigate further the effect of MCFA chain length on 

CH4 production within the same diet  and MCFA concentration, as well as effect of different MCFA 

concentrations with in the same diet and incubation time. The overall least squares means were 

declared significant at P < 0.05 unless otherwise stated. 

 

Results 

 

Chain length  

 

The effect of MCFA chain length on CH4 concentration was investigated by comparing the MCFA 

effect with in the same diet, concentration and incubation time. 

 

No effect of MCFA chain length on CH4 production was observed for 25F and 75F diets. When 

included separately, an effect was only found at the highest MCFA inclusion level (5%), at 24h 

incubation, in diet 25F. The effect followed a linear and quadratic pattern, with C10:0 and C12:0 as the 

most effective agents in reducing CH4 production. Both MCFA (C10:0 and C12:0) reduced CH4 from 2.463 

mmol g-1 at control to 1.791 and 1.707 mmol g-1, respectively. 

 

The inclusion of MCFA into the 50F diet generated the most obvious CH4 reduction (Table 2). At 1% 

concentration, at 6 and 10 h incubation, a linear response to increasing MCFA chain length was 

observed. Lauric acid was the most potent agent in reducing CH4 production, at both incubation 

times. Furthermore, the addition of 3% MCFA lowered CH4 production at all three incubation times. 

The variation of chain length did not effect the CH4 production at 6 h incubation time differently, 

although it reduced the CH4 formation when compared to control (P = 0.02). At 10 h and 24 h 

incubations, the chain length of MCFA affected the CH4 production diversely, a linear reduction was 

observed at 10 h and a quadratic response at 24 h incubation. Capric acid (C10:0) obviously was the 

most effective MCFA in reducing CH4 formation. Methane production was also lowered at the 5% 

inclusion level of MCFA. Increasing chain-length affected CH4 production following a quadratic 

pattern at 6 h incubation, and both patterns (linear and quadratic) were seen at 10 h and 24 h 
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incubations. Methane production was reduced most at the inclusion of C8:0 at 6 h incubation and C12:0 

at 10 and 24h incubation time. 

 

MCFA concentration 

 

Methane production 

 

In the 25F diet, an effect of a gradual change of MCFA concentration on CH4 production was 

observed for C10:0 and C12:0, at 24 h incubation. The effect followed a linear trend, as the highest 

MCFA concentration (5%) contributed most to the reduction of CH4 formation. 

 

Furthermore, MCFA concentration reduced CH4 production in the 50F diet (Table 3). A linear trend of 

CH4 reduction was found for different concentrations of C10:0 and C12:0 at 10 h and 24 h incubation. 

Subsequently, the inclusion of the highest concentration (5%) of C12:0, suppressed CH4 formation to 

46% of the control at both incubation times (10 h and 24h). 

 

The inclusion of MCFA into the 75F diet apparently did not effect CH4 formation. 

 

Gas Production and Digestibility 

 

The MCFA inclusion in the different diets to some extent influenced total gas production. Relative to 

the control, total gas volume decreased in a range between 1 to 20%. With the 25F diet, the 

application of C12:0 at 5% concentration and at 24 h incubation time resulted in 20% reduction of total 

gas. Furthermore, C10:0 and C12:0 were the MCFA which profoundly affected gas production in the 75F 

diet. The application of both MCFA reduced, at 5% concentration and 24 h incubation time, otal gas 

production by 16 and 12%, compared to control (Table 4). 

 

The reduction of DM digestibility was only observed when MCFA were included in the 50F and 75F 

diets. Among MCFA, C10:0 and C12:0 were found significantly affecting DM digestibility at the 5% 

inclusion level. The digestibility decrease was 11 to 18%, relative to the control. 

 

 NH3-N 

  

The supplementation of different MCFA on diet ratio and different time of incubation did not effect 

the NH3-N production (P < 0.05). The exceptional case was at the combination of MCFA with the 50F 
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diet at 24 h incubation time. Three MCFA (C8:0, C10:0 and C14:0) reduced the NH3-N concentration in the 

range of 25 - 30% compared with the control (p < 0.05). Capric acid at 5% concentration most 

effectively lowered NH3-N concentrations. The NH3-N reduction of the different MCFA concentrations 

followed a linear pattern. 

 

Discussion 

 

Chain length effect 

 

One of the main objectives of this study was to investigate the effect of MCFA chain length on 

methane mitigation, in combination with variation of the forage to concentrate ratio of mixed diets 

and at different incubation times. Medium chain fatty acids have been reported to have inhibitory 

activity against Gram- positive bacteria, even at low concentrations. Methanogens are Archaea with 

a cell wall which resembles Gram-positive bacteria. Therefore, methanogens can be expected to have 

sensitivity against MCFA which eventually influence methane formation (Koster and Cramer 1986). A 

relationship between MCFA chain length and toxicity has been described by Matsumoto et al. (1991), 

who indicated that C10:0 and its derivates have a stronger toxicity than fatty acids having shorter and 

longer carbon chains. In another study, Dohme et al. (2008) have examined effects of seven 

saturated MCFA and long-chain FA (C8:0; C10:0; C12:0; C14:0; C16:0 and C18:0) and one unsaturated long-

chain FA (C18:2) on methane mitigation. Among MCFA, only C12:0 and C14:0 affected methane formation 

as did the long-chain C18:2.  

 

Zeitz et al. (2013) reported that C10:0 had a similar anti-methanogenic activity as C12:0, and was 

superior to C14:0 and C18:0. A longer  carbon chain corresponds to increasing melting temperature, 

namelly 31, 45, 58 and 69°C for C10:0, C12:0, C14:0 and C18:0. Melting point influences the distribution of 

FA in the medium and FA-methanogen cell contact probability (Zeitz et al. 2013). Our data supports 

the previous studies, with C12:0 appearing as the preferential methane inhibitor. 

 

Several factors have been suggested to affecting MCFA activity in the rumen. Already Harfoot et al. 

(1974) underlined that the methane inhibition by MCFA might be attenuated as they may attach to 

rumen microbes or feed particles. Furthermore, Galbraith et al. (1971) concluded that the non-

esterified FA has to be in solution and to remain sufficiently lipophilic to permit adsorption on the 

cell wall surface of the microbes. In our study, C14:0 was the least active CH4-mitigating agent, when 

compared to the other MCFA. This is not in line with previous results (Dohme et al. 2001; 

Machmüller et al. 2002; Machmüller et al. 2003), but confirms a study conducted by Soliva et al. 
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(2001) who reported that the addition of C14:0 had no methane suppressing effect, even when 

supplemented at high doses.  We assume that C14:0 may intimately be affiliated with feed particles, 

which would reduce its affinity and toxicity to rumen microbes, thus resulting in little CH4 lowering 

effect. Another explanation could be that cations (e.g., Ca2+) can chelate MCFA, resulting in insoluble 

and inactive complexes (Machmüller et al. 2003). The formation of Ca soaps is long known to alter 

the MCFA effect on rumen fermentation (Jenkins and Palmquist 1982). 

 

The current study revealed interactions between diet type and methane formation. Methane 

formation of the unsupplemented control of the diets exhibited a quadratic pattern, highest 

methane formation was found with of the 50F diet compared with 25F and 75F diets. The strongest 

effect of MCFA chain length on methane mitigation was observed when MCFA were included in the 

50F diet, which supports previous in vitro findings (Dong et al. 1997, Machmüller et al. 2001). 

 

Shifting diet type from forage dominated diet to concentrate dominated diet generally leads to 

lowered CH4 production per unit fermented substrate (Hungate 1966). Increasing dietary concentrate 

appears to be an effective feeding strategy in decreasing rumen methagonesis (Machmüller et al. 

2003). Furthermore, Lovett et al. (2003) found that reducing forage to concentrate ratio led to a 

methane reduction, following a quadratic pattern. However, when studying the relationship between 

diet compositions, intake level and methane production, Moe and Tyrrell (1980) revealed that the 

nature of the carbohydrate digested is less important at feed intake levels below 1.5 times 

maintenance. In another study Machmüller et al. (2003) provided 1.3 times maintenance energy 

requirements, which resulted in almost the same level of methane for different diets that was 

produced per unit apparently digested organic matter although the composition of the organic 

matter digested was different. Therefore, the methane lowering effect of increasing concentrate 

proportion can not be regarded as a comprehensive conclusion. Apart from the MCFA inclusion, the 

adjustment of forageinclusions, the adjustment of forage and concentrate ratios is an effective 

means to manipulate ruminal fermentation pathways and reducing enteric methane production 

(Lovett et al. 2003). The reducing effect of dietary oil on methane formation is greater on low forage 

diets, as the protozoan contribution to ruminal hydrogen level is greater in diets rich in starch (Lovett 

et al. 2003). 
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MCFA concentration effect  

 

Methane production 

 

The outcome of the current study confirms the finding of previous studies (Machmüller and Kreuzer 

1999; Machmüller 2006; Soliva et al. 2004), where increasing levels of MCFA, amplified MCFA 

methane inhibiting effect. In an in vivo experiment, Machmüller and Kreuzer (1999) used three 

different diets with increasing proportions of coconut oil (0, 3.5 and 7%). The supplementation of 

coconut oil at 3.5 and 7% suppressed methane production by 28 and 73%, respectively, relative to 

the unsupplemented diet.  

 

Our study also to some extent affirmed previous findings (Machmüller 2006) that supplementation of 

MCFA profoundly inhibit methane formation at concentrate-dominated diets compare to the forage-

dominated diets. Forage-dominated diets are assumed to have larger feed particles to which MCFA 

can attach, hindering the association between MCFA and rumen microbes, which in turn weaken 

methane inhibitory effect of MCFA (Harfoot et al. 1974). 

 

Based on our observations, in addition to C12:0, C10:0 was found to have a profound inhibitory effect 

on methane formation. This is, to a certain extent, in contrast with findings of several studies 

conducted by Machmüller (2006) and Dohme et al. (2008), who reported C12:0 and C14:0 being the 

methane inhibitor MCFA. Relatively short incubation time is assumed to influence the C14:0 methane 

reduction efficacy in the current study. An effect of C14:0 supplementation in concentrate-based diet 

decreased methane production by 58%, after a feeding period of 22 d (Soliva et al. 2004). In addition, 

using concentrate-based diet, Dohme et al. (2001) found that C14:0 diminished methane formation to 

a similar extent as C12:0 did, after 10 d incubation time using a rumen simulationtechnique (RUSITEC). 

 

Gas production and digestibility 

 

The anaerobic environment in the rumen provokes little energy utilization by resident 

microorganisms during the catabolism of saturated FA (Nagaraja et al. 1997), although fats are 

actively hydrolyzed and FA saturated in the rumen (Hawke and Robertson 1964). Therefore 

substituting fat for carbohydrate in diets for ruminants decreases the amount of ATP available for 

microbial growth (Firkins 1996). Often the inclusion of fats inhibit ruminal microbial activities and 

fibre digestion (Brooks et al. 1954; Henderson 1973; Jenkins 1993).In the work presented here, a 
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severe decrease of both, gas production and DM digestibility were observed at the inclusion of C10:0 

and C12:0 in diet consisting of 50% grass silage (50F).  

 

NH3-N 

 

Hristov et al. 2004 mentioned that the supplementation of MCFA affect ruminal ammonia 

concentration. The ammonia concentration in the rumen is related mostly to total protozoa numbers 

and to protozoal and bacterial activities in the rumen. The supplementation of MCFA inhibited 

proteolysis and deamination, apart from decreasing protozoa and bacteria population activity. A 

similar finding reported by Machmüller et al. (2003) was that the supplementation of C14:0 profoundly 

affected the NH3-N concentration in forage- and concentrate-based diets, which conforms with our 

data. Particularly in the 50F diet NH3-N was influenced by the supplementation of MCFA, notably C8:0 

and C10:0.  

 

Conclusions 

 

The result of this comprehensive in vitro study pointed out that C10:0 and C12:0, at particular 

supplementation levels, and when included in a 50F diet had the most consistent effect on inhibiting 

ruminal methane formation. In accordance with previous studies which affirmed the efficacy of C10:0 

and C12:0 as prospective agents reducing rumen methanogens (Henderson 1973) and ciliate 

population (Matsumoto et al.1991). 
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5 

Table 2.1. Chemical analysis of mixed diets and diet ingredients         

Items Diet      Feed     

(g kg-1 DM unless stated) 25F 50F 75F  Grass silage Soybean meal Maize grain 

Dry matter ( g kg-1) 897 897 892  899 904 914 

Ash 66.1 79.2 83.3  106 80.9 21.6 

Crude protein 183 194 165  106 515 144 

Crude lipid 39.1 34.5 30.5  25.1 19.9 85.4 

NDFom 289 349 465  603 - - 

ADFom 170 208 267  372 75.8 3.3 

ADL 23.9 32 16  20.13 3.3 7.4 

Starch (enzymatic) 31.85 24.63 6.92   1.17 1.98 30.66 
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Table 2.2. CH4 formation (mmol g-1 digested DM) in diet 50F (50:50 forage to concentrate ratio) 

IT (h) MCFA conc. (%) Treatments SEM F Anova F Linear F Quadratic R2 CV 

    Control C8:0 C10:0 C12:0 C14:0             

6 3 0.438 0.313 0.353 0.383 0.343 0.021 0.049 0.015 0.592 0.472 31.162 

 5 0.438 0.285 0.37 0.383 0.435 0.028 0.193 0.319 0.075 0.317 22.371 

             

10 3 1.275 1.217 0.85 0.905 0.967 0.085 0.095 0.038 0.171 0.485 21.012 

 5 1.275 0.763 0.743 0.69 0.833 0.106 0.029 0.157 0.011 0.514 21.708 

             

24 3 3.088 1.97 1.813 2.355 2.29 0.22 0.009 0.011 0.007 0.623 23.12 

  5 3.088 2.25 1.887 1.863 2.475 0.225 0.006 0.027 0.001 0.617 17.727 

IT=incubation time, MCFA= medium-chain fatty acid, SEM=standard error of the means, CV=coefficient variation, P< 0.05, n=4 
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Table 2.3. Regression equations of MCFA chain length effect on CH4 concentration in diet 50F  

IT (h) MCFA conc. (%) Regression equations Intercept SE Intercept P x SE x P 

6 3 Y = 0.434 - 0.021 x  0.0253 < 0.0001 0.040379 0.04071 

 5 Y = 0.435 - 0.036 x  0.02468 < 0.0001 0.00785 0.0003 

       

10 3 Y = 1.286 - 0.034 x  0.118017 < 0.0001 0.0403 0.4071 

 5 Y = 1.278 - 0.110 x  0.09514 < 0.0001 0.03244 0.004 

       

24 3 Y = 3.082 - 0.264 x 0.24697 < 0.0001 0.08194 0.0053 

  5 Y = 3.112 - 0.237 x  0.2162 < 0.0001 0.07027 0.0039 

MCFA conc.= medium-chain fatty acid concentration, IT=incubation time, P< 0.05, n=4  
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Table 2.4. Effects of variation of MCFA concentration on selected variables 

Grass silage MCFA IT (h) MCFA concentration (%) SEM F Anova F Linear F Quadratic R2 CV 

      0 1 3 5             
CH4 formation (mmol/g digested feed)          
25 C10:0 24 2.46 2.83 2.13 1.79 0.223 0.002 0.002 0.035 0.691 12.934 

 C12:0 24 2.46 2.59 1.55 1.51 0.290 0.005 0.002 0.71 0.642 21.353 

50 C10:0 10 1.28 1.34 0.85 0.64 0.168 0.004 0.001 0.288 0.653 23.857 

  24 3.09 2.29 1.81 1.66 0.321 0.003 0.001 0.159 0.746 17.641 

 C12:0 10 1.28 0.62 0.72 0.69 0.152 0.012 0.012 0.031 0.615 29.267 

  24 3.09 2.43 2.08 1.66 0.301 0.013 0.002 0.636 0.68 18.807 

Gas production (ml/g DM)           
25 C8:0 6 189.4 169.2 184.9 180.5 4.34 0.009 0.498 0.041 0.61 3.842 

 C10:0 10 189.4 187.5 175.4 173.0 4.16 <.0001 <.0001 0.835 0.908 1.462 

 C12:0 24 281.7 276.4 267.2 226.0 12.63 0.0014 0.0003 0.0307 0.745 5.245 

75 C10:0 24 218.5 210.9 193.2 183.2 8.08 0.006 0.001 0.852 0.628 6.182 

 C12:0 24 218.5 193.7 199.2 193.2 5.95 0.012 0.011 0.072 0.584 5.154 

Digestibility (g/g DM)           
50 C8:0 24 79.0 74.0 72.0 73.0 1.55 0.001 0.001 0.012 0.744 2.471 

 C10:0 6 62.0 56.0 52.0 55.0 2.10 0.003 0.002 0.01 0.681 5.088 

  10 66.5 62.5 58.5 54.5 2.58 0 <.0001 0.855 0.789 4.421 

 C12:0 6 62.0 55.0 55.5 55.5 1.67 0.002 0.002 0.008 0.707 3.743 

  10 66.5 55.0 59.0 57.0 2.51 <.0001 0.001 0.001 0.828 3.782 
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Table 2.4. (continued) Effects of variation MCFA concentration on selected variables 

Grass silage MCFA IT (h) MCFA concentration (%) SEM F Anova F Linear F Quadratic R2 CV 

      0 1 3 5             

  24 79.0 70.5 68.0 68.5 2.56 <.0001 <.0001 <.0001 0.946 1.722 

75 C10:0 10 58.0 52.5 51.5 51.5 1.56 0.006 0.002 0.041 0.635 4.618 

  24 75.5 71.5 69.0 67.0 1.83 <.0001 <.0001 0.144 0.886 1.811 

 C12:0 10 58.0 50.5 49.5 53.5 1.91 0.0004 0.008 <.0001 0.738 4.054 

    24 75.5 67.5 66.5 66.0 2.23 0.0002 <.0001 0.0058 0.797 3.14 

MCFA conc.= medium-chain fatty acid concentration, IT=incubation time, SEM=standard error of the means, CV=coefficient variation, P<0.05, n=4 
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Table 2.5. Regression equations –MCFA concentration (x) effect on CH4 concentration (y; mmol g-1 digested DM)    

Diet (grass silage %) MCFA IT (h) Regression equation Intercept SE Intercept P x SE / x2 SE x P / x2 P 

25 C10:0 24 Y = 2.534 + 0.261 x 2.534 <0.0001 0.263 0.339 

Y = 5.534 + 0.261 x - 0.178 x2   0.084 0.055 

       

C12:0 24 Y = 2.572 - 0.267 x 0.242 <0.0001 0.389 0.505 

        

50 C10:0 10 Y = 1.317 - 0.034 x 0.125 <0.0001 0.201 0.867 

24 Y = 3.087 - 0.963 x 0.185 <0.0001 0.307 0.010 

       

C12:0 10 Y = 1.237 - 0.616 x 0.125 <0.0001 0.201 0.867 

Y = 1.237 - 0.616 x + 0.149 x2   0.064 0.309 

24 Y = 3.073 - 0.650 x 0.209 <0.0001 0.363 0.103 

MCFA= medium-chain fatty acid, IT=incubation time, P<0.05, n=4 
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CHAPTER 3. In vitro investigation of the methane abatement effect of medium-chain fatty acids, 

included individually or in dual-component mixtures into diets varying in forage to concentrate 

ratio 
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Abstract 

 

Medium-chain fatty acids (MCFA), namely C8:0, C10:0, C12:0, C14: were included individually or in dual 

component mixtures in diets consisting of 25, 50 and 75% forage (grass silage) at 5% (dry matter 

basis) MCFA concentration. The effects of MCFA on methane formation, short-chain fatty acid 

production, acetate:propionate ratio and protozoan numbers were measured at 6, 10 and 24 h of in 

vitro incubation using the Hohenheim gast test system. The diet with 50% forage responded most to 

dietary MCFA inclusion as regards suppressing lowering methane production and C12:0 was the most 

effective agent, irrespective of the form of application (i.e., individual or two component mixture). 

The MCFA inclusion into different diets loweredshort-chain fatty acid production, and was 

accompanied by a lower acetate to propionate ratio reduction and less protozoa cells (P< 0.05). 

 

 

Key words: in vitro, methane, medium-chain fatty acids, forage, diet type 
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Introduction 

 

Annually, approximately 81 Tg of methane (CH4) are eructated by ruminants to the atmosphere as a 

result of enteric fermentation and additionally 7 Tg CH4 are emitted from manure of ruminants 

(Johnson 2002), a number which represents 25% of anthropogenic methane emission (Khalil 2000).  

  

A large number of studies concerning methane emission mitigation strategies have been 

implemented, amongst others the dietary administration of fatty acids (FA). Fatty acids have been 

intensively investigated and proven as one of the most potent agents in suppressing ruminal 

methane formation (Czerkawski et al. 1966; van Nevel et al. 1967; McAllister et al. 1996). Among FA, 

medium-chain (MCFA) have turn out to be the most effective inhibitors relative to abating ruminant 

methane production, without major adverse effects on digestion and utilisation of energy and 

protein (Machmüller and Kreuzer 1999; Machmüller et al. 1998; Dohme et al. 2001; Fievez et al. 

2010). 

 

Several experiments, both in vitro and in vivo, have been conducted to assess the MCFA 

effectiveness, including studies to determine the adequate dose and form of MCFA application 

(Soliva et al. 2004; Goel et al. 2009; Fievez et al. 2010; van Zijderveld et al. 2011). Furthermore, Soliva 

et al. (2004), using a rumen simulation technique with a mixed diet, investigated the effect of lauric 

(C12:0) and myristic acids (C14:0) given individually or in mixture and provided information that a 

simultaneous supply of C14:0 supported the C12:0 effect in decreasing methane formation and 

methanogenics counts.  

  

In addition to the use of dietary fats or FA, van Nevel and Demeyer (1966) reported that the 

substitution of structural by non-structural carbohydrates also serve as a factor which lower methane 

production in ruminants. Furthermore, Machmüller et al. (2001) reported that the efficacy of 

coconut oil in suppressing methane production was lower with an extensive-type diet compared with 

an intensive-type diet. 

  

The current study was designed and conducted to provide comprehensive and detailed data 

regarding the action of MCFA when used individually or in two component mixtures, in mitigating 

methane production, and how MCFA effect rumen protozoa counts and short-chain FA (SCFA) 

production, dependent on diet and incubation time. Medium-chain fatty acids were included at 5%in 

of dietary dry matter (DM) in three diets consisting of 75, 50 or 25% forage (75F; 50F, 25F), with the 

remainder of the rations being concentrates. Data were generated with an in vitro system, namely 
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Hohenheim gas test (HGT), at 3 different times of incubation: 6, 10 and 24 h. The variables measured 

were: methane production, SCFA production, acetate:propionate ratio and protozoa counts. 

 

Materials and methods 

 

Diet preparation 

  

Grass silage, maize grain and solvent-extracted soybean meal were finely ground (1-mm sieve size) 

and used to formulate three mixed diets with ratios (dry matter (DM) basis) of silage to concentrate 

of 75:25 (75F), 50:50 (50F) and 25:75 (25F). Medium-chain fatty acids, C8:0 (aprylic acid), C10:0 (capric 

acid), C12:0 (lauric acid) and C14:0 (myristic acid) (SAFC® Supply Solution; Sigma-Aldrich, St. Louis, MO, 

USA) were included in each diet at a concentration of 5% (DM basis). Two MCFA mixtures were 

obtained by blending 2.5% DM basisof each MCFA. The MCFA mixturesin the experiment were as 

follows: C8:0:C10:0; C8:0:C12:0; C8:0:C14:0; C10:0:C12:0; C10:0:C14:0; C12:0:C14:0. 

 

Modified Hohenheim gas test 

  

In vitro gas production was determined according to Menke and Steingass (1988). Rumen fluids were 

collected from two ruminally fistulated German Blackheaded Mutton sheep, fed a mixed diet of 600 

g grass hay and 600 g mixed concentrate per day. Feed were offered in two equal meals at 07:00 and 

19:00 h. Rumen fluid was collected prior to the morning feeding and strained through two layers of 

cheesecloth into pre-warmed and insulated flask. All laboratory handling of rumen fluid was carried 

out under a continuous flow of CO2. Samples (200 ± 2 mg) were accurately weighed into a 100 ml 

glass syringe. The syringe pistons were lubricated with vaseline and inserted into the syringe. Four 

replicates of each treatment were incubated in two HGT runs which were carried out on different 

dates. Three blanks containing 30 ml of medium only were included in each run together with 

triplicates of a standard hay and standard concentrate obtained from the Institute of Animal 

Nutrition, University of Hohenheim, Germany. The syringes were placed in a rotor inside the 

incubator (39°C) with about one rotation per minute. The cumulative gas production as well as CH4 

was read at the following times: 6, 10 or 24h.At reading, each syringe was taken out from the 

incubator and the incubator’s door closed to avoid temperature decrease. 
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Methane measurement 

  

Methane concentration relative to total total gas volume (as %, v/v; range 0 to 40%) was measured 

using an infrared analyzer (Advanced Gasmitter® Pronova Analysentechnik GmbH & Co. KG, Berlin, 

Germany) at 6, 10 and 24 hours incubation time. Goel et al. (2008) and Jayanegara et al. (2009) 

applied the corresponding method for methane analysis in their experiments. 

  

Methane measurement can be started as follows once the calibration processes has been completed. 

The syringe is taken out from HFT incubator; gas volume of the particular syringe is read and noted; 

the syringe is cooled down and stored on ice for approximately 20 minutes. A cooled syringe is 

withdrawn from the ice, connected with the inlet of the analyzer and the gas volume is noted again. 

The gas from the syringe is gently injected into the device; injecting moisture or liquid must be 

avoided. Syringe is gently disconnected from the analyzer inlet; CH4 value (in %) is noted. The volume 

of the syringe after injection is also noted. The remaining gas in side the analyzer is sucked out using 

a syringe which is plugged to the analyzer outlet port. The CH4-free condition inside the analyzer is 

indicated by 0% value; the analyzer is ready for the subsequent CH4 measurement.  

  

To increase the volume of measurement an additional dilution step is required for syringes which 

contain less than 40 ml gas by adjusting the piston position back to 40 ml syringe volume to let 

normal air join and mix with the gas inside the syringe. 

 

 Chemical analysis 

  

The DM of feedstuffs and mixed diets were determined by freeze-drying (silage only) and subsequent 

oven-drying at 105 °C overnight. Dried feedstuffs were successively ground in mills with 3- and 1-mm 

screens. All feedstuffs and mixed diets were analysed for ash, crude protein and detergent fibre 

fractions. Starch content was determined by enzymatic hydrolysis of starch to glucose (Brandt et al. 

1987), employing the heat-stable α-amylase Termamyl 120 L (Novo Industrials, Bagsværd, Denmark). 

The N was determined using Dumas procedure and crude protein calculated as N × 6.25. The neutral 

detergent fibre (NDF) analysis was conducted according to van Soest et al. (1991). Detergent fibre 

analyses were performed without the use of decalin. Sodium sulphite was omitted and triethylene 

glycol was used instead of 2-ethoxyethanol in the NDF procedure. The NDF values are expressed 

without residual ash and therefore designated NDFom. Ammonium was determined using the 

Kjeldahl method (without digestion step). 
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Protozoa enumeration 

  

A Fuchs-Rosenthal counting chamber was used to count protozoan cells. Samples were preserved 

with 4% (v/v) formaldehyde. A 100 μl sample was inoculated into the Fuchs-Rosenthal chamber 

under the cover glass through side rift of the chamber. The protozoa were counted in 80 small 

rectangular prisms at 100x magnification. Total count was conducted in respectively, 80 small 

rectangular squares of Fuchs-Rosenthal chamber. The subsample on the other side/rafter of the 

chamber was counted in the same way. The cell calculation use the formula as follow: 

Number of cells/ml = (n1 + n2) x (2 x 103 x d)-1 

With: 

n1 = number of cells counted in upper rafter 

n2 = number of cells counted in lower rafter 

d = dilution factor 

Source: Couteau (1996). 

 

Organic acid analysis 

  

Organic acids encompassing acetic, propionic, iso-butyric, n-butyric, iso-valeric, n-valeric acids, and 

lactic and internal standard below were conducted using gas chromatography (GC; Auto System with 

Auto sampler, PE Nelson 600) method using column Optima FFAP 0,25µm, 25m x 0,32mm ID, 

Macherey & Nagel. 

  

The frozen samples inside 2-ml Eppendorf tubes were thawed and shaken, followed by 15 min 

centrifugation at 18000 g. The filtrate was separated from the suspension, pipetted into a new 

Eppendorf tube, and mixed with 100 μl formic acid. After another centrifugation at 18000 g, filtrate 

was transferred into GC glass vial.  

 

Statistical analysis 

  

The general linear models (GLM) procdure (SAS software version 9.2, 2002-2008, SAS Institute Inc., 

Cary, NC, USA) was used to analyse according to model as follow: 

 Yijklm = μ + Mi + Fj + Ck + Tl+ εijklm.  

where Y is value of observation, μ is population mean, M is treatment MCFA (i= 1, 2, 3, 4; 1 = C8:0, 2 = 

C10:0, 3 = C12:0, 4 = C14:0), F is forage:concentrate ratio (j = 1, 2, 3; 1 = 75:25, 2 = 50:50, 3 = 25:75), C is 
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MCFA forms (k =  1 and 2; 1 = single, 2 = mixture), T is incubation time (m = 1, 2, 3; 1 = 6 h, 2 = 10 h, 3 = 

24 h), and εijklm is the residual error. 

  

Orthogonal contrasts test was used as follows: MCFA against control (C0N) and individual versus two 

mixture (CX) application of MCFA (CX). The overall least squares means were declared significant at P 

< 0.05 unless otherwise stated. 

 

Results 

 

Based on previous studies by Dohme et al. (2001) and Machmüller and Kreuzer (2005), MCFA in our 

experiment were supplemented at 5% of diet DM, to examine and compare the effectiveness of 

MCFA supplied individually single or in two component mixtures. The methane production relative to 

fermented feed DM, total SCFA production, the ration of acetate to propionate and protozoan 

counts were observed and recorded. 

 

Methane production 

  

The supplementation of MCFA in the 75F diet did not affect methane formation. Methane 

production was suppressed for two component MCFA mixtures with diet 50F at all incubation times, 

and diet 25F at 10 and 24 h incubation times. 

  

Methane production was suppressed by MCFA in diet 50F at all incubation times, except C14:0 at 6 

and 10 h (Table 2). The most evident MCFA inhibition in diet 50F was observed at 24 h, with C12:0 

used alone as the most potent methane inhibitor. Two of the MCFA, C8:0 at 6h, and C12:0, at 24h 

incubation time, either included individually or in mixtures with other MCFA into the diets, lowered 

methane production.. Capric acid (C8:0) in single form had greater inhibitory activity than when mixed 

with other MCFA, while C12:0 combined with C10:0 suppressed methane production more than when 

supplied individually or or in combination with other MCFA (C8:0 or C14:0). 

  

The inclusion of MCFA into diet 25F decreased methane formation by up to 26% (mixture of 

C12:0/C14:0). Methane suppression was observed at all incubation times, except at 6 h. When C10:0 and 

C12:0 were supplied individually, they were more effective in reducing methane production than when 

combined with other MCFA. 
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Short-chain fatty acids 

  

The inclusion of C12:0, single or combination with other MCFA, into different diets reduced total 

ruminal SCFA production (Table 4). Exceptions occurred at the supplementation of C12:0 in diet 75F at 

10 h incubation time (no effects) and in diet 25F at 24 h incubation time (increased SCFA production). 

Capric acid (C8:0) and C14:0 had the same SCFA suppression pattern. Both MCFA reduced SFCA 

production at 6 h incubation time with diets 25F and 75F, at 10 h with diets 25F and 50F and at 24 h 

with diet 75F. Furthermore, the supplementation of C10:0, reduced total SCFA production, when 

combined with diet 50F at 10 h incubation time and 75F (24 h). Both MCFA application forms (single 

and mixture) generated the same effect on SCFA production (P<0.05). 

  

At 6 h incubation time, MCFA supplementation in diet 75F resulted in lower acetate to propionate 

ratio (Table 5). At the subsequent incubation times (10 h), a pronounced reduction of the acetate to 

propionate ratio was observed in diet 50F. At 24 h incubation C10:0 and C12:0 in single and two 

component mixture, reduced acetate to propionate ratio when combined with diet 25F, whilst C8:0 

and C14:0 in both forms reduced the proportion in combination with diet 50F. 

 

Protozoa population 

  

The addition of the different MCFA irrespective of mode of application, i.e. individual or two 

component mixture, suppressed protozoan population in all diets (Table 3). The only two exceptions 

were C8:0 with diet 75F at 10 h and with diet 25F at 24 h incubation, where the protozoan population 

suppression was negligible. 

 

Discussion 

 

Methane production 

 

In this study, the methane suppressing effect of MCFA in both application forms, single and mixture, 

was most obviously observed in diet 50F. This is in line with results from previous studies. The 

application of MCFA in an intensive basal diet (with low structural carbohydrate) has been reported 

to have greater impact on methane reduction, as compared to an extensive type containing high 

structural carbohydrate (Dohme et al. 2001; Goel et al. 2009). Shifting diet type from forage-

dominated to concentrate-dominated diet will lead to decreased CH4 production per unit fermented 

substrate (Hungate 1966). Apart from the MCFA inclusion, the forage and concentrate ratio 
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adjustment is an effective means to manipulate ruminal fermentation pathways and reducing enteric 

methane production (Lovett et al. 2003). 

  

Among the MCFA included in this study, C12:0 and C14:0 are the most prominent agents inhibiting CH4 

production. Our data is in agreement with previous results (Soliva et al. 2004), which showed a 

decrease of H2 during application of both MCFAs. Hydrogen could have been utilized for the 

reduction of sulfate to sulfides, as well as hydrogen-consuming processes within the rumen and 

propionate formation. However, in the present study comparison of C12:0 used individually and mixed 

with C14:0 showed an almost analogue CH4 inhibiting effect. In contrast, Soliva et al. (2004) found that 

the mixture of C12:0 and C14:0 magnified the CH4 suppression rather than C12:0 alone. In the rumen, the 

formation of acetic and butyric acids is accompanied by the production of H2, whereas formation of 

propionic acid involves a net uptake of H2. The different rate of H2 availability in the rumen influences 

the formation CH4 by methanogens (Whitelaw et al. 1984).  

  

The present study is in agreement with previous findings which the individual application of C12:0 had 

a stronger methane inhibitory effect than a mixture of C12:0 and C14:0, except when C14:0 and C12:0 were 

used in a 2:1 ratio (Soliva et al. 2004). 

 

Short-chain fatty acids 

   

A decrease in total SCFA production with different diets supplemented with MCFA, at different 

incubation times, supports results generated from previous experiments (Dohme et al. 2004; Goel et 

al. 2009; Castro-Montoya et al. 2012). Complementing findings from Dohme et al. (2007), who 

described the C12:0 and C14:0 inhibitory effect on total SCFA production, our investigation revealed 

pronounced effects of C8:0 and C10:0 in single and combined forms. The reduction of SFCA production 

might be due the to the decline of protozoan population (see Table 5) after MCFA supplementation, 

as rumen ciliates are responsible for the production of about 30 to 46% of total SCFA production 

(Cieślak et al. 2013). However, Jouany (1994) described that rumen fermentation shifted towards 

more propionate, as protozoan population declines.  

 

Protozoa Population 

  

The results of this study are agree with findings of Dohme et al. (2001), who foud that MCFA 

supplementation suppressed protozoan population. However, McGinn et al. (2004) stated that the 

addition of fat to ruminant diets decrease CH4 losses by decreasing ruminally fermentable substrate, 



Chapter 3. MCFA fed individually or in two component mixtures     

50 

 

providing an alternative of H2 sink in the rumen and protozoan cell inhibition. Furthermore the 

reduction of protozoan count after the application of coconut oil at 5% was comparable, irrespective 

the dietary firage to concentrate ratio (Cieślak et al. 2006). 

 

Conclusion  

  

Supplementation of MCFA in the diet 50F containing equal proprotions of forage and concentrate 

generated an obvious suppression of methane production, irrespective of MCFA form of dietary 

inclusion (single or combined). When combined with diet 50F, C12:0 reduced methane production 

most, compared to other MCFA. Short-chain fatty acid production was pronouncely affected by the 

application of C8:0 and C12:0. The ratio of acetate to propionate was affected by MCFA 

supplementation such that it varied over time and between the diets. Protozoan population was 

suppressed by supplementation of both forms of MCFA in combination with all diet types. 
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Table 3.1. Chemical analysis of mixed diets and diet ingredients         

Analysis Diet      Feed     

(g kg-1 DM) 25F 50F 75F  Grass silage Soybean meal Maize grain 

Dry matter (g kg-1) 897 897 892  899 904 914 

Ash 66.1 79.2 83.3  106 80.9 21.6 

Crude protein 183 194 165  106 515 144 

Crude lipid 39.1 34.5 30.5  25.1 19.9 85.4 

NDFom 289 349 465  603 - - 

ADFom 170 208 267  372 75.8 3.3 

ADL 23.9 32 16  20.13 3.3 7.4 

Starch (enzymatic) 31.85 24.63 6.92   1.17 1.98 30.66 
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Table 3.2. Methane mitigation effect of MCFA (mmol ml-1)             

Incubation time (h) 6      10      24     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

CON 0.38 0.44 0.21  1.28 1.28 0.40  2.46 3.09 1.41 

MCFA            

 C8:0 0.40 0.29 0.20  1.07 0.76 0.46  2.09 2.25 1.57 

 C8:0/C10:0 0.45 0.35 0.22  1.01 0.93 0.55  2.13 2.21 1.51 

 C8:0/C12:0 0.46 0.32 0.20  0.98 0.84 0.34  1.92 2.18 1.38 

 C8:0/C14:0 0.52 0.39 0.19  1.01 1.12 0.36  2.21 2.08 1.34 

 SEM 0.025 0.026 0.001  0.054 0.095 0.038  0.088 0.184 0.043 

 P-value CON vs. MCFA 0.031 <0.0001 0.755  0.005 0.037 0.641  0.014 0.006 0.769 

 P-value Single  vs. mixture 0.376 0.004 0.712  0.376 0.298 0.443  0.953 0.746 0.335 

             

 C10:0 0.48 0.38 0.23  1.06 0.74 0.36  1.79 1.89 1.32 

 C8:0/C10:0 0.45 0.35 0.22  1.01 0.93 0.55  2.13 2.21 1.51 

 C10:0/C12:0 0.54 0.34 0.25  1.01 0.63 0.41  2.46 2.24 1.64 

 C10:0/C14:0 0.45 0.42 0.22  1.00 1.01 0.46  2.36 2.63 1.50 

 SEM 0.026 0.019 0.007  0.053 0.113 0.033  0.128 0.206 0.054 

 P-value CON vs. MCFA 0.030 0.020 0.356  0.010 0.004 0.433  0.112 0.015 0.485 

 P-value Single  vs. mixture 0.984 0.929 0.971  0.560 0.427 0.051  0.008 0.198 0.081 
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Table 3.2. (continued). Methane mitigation effect of MCFA (mmol.ml-1)             

Incubation time (h) 6      10      24     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

 C12:0 0.47 0.38 0.21  1.07 0.69 0.45  1.71 1.66 1.44 

 C8:0/C12:0 0.46 0.32 0.20  0.98 0.84 0.36  1.92 2.18 1.41 

 C10:0/C12:0 0.54 0.34 0.25  1.01 0.76 0.41  2.46 2.24 1.65 

 C12:0/C14:0 0.56 0.39 0.22  0.95 0.88 0.48  2.45 2.37 1.42 

 SEM 0.032 0.021 0.009  0.509 0.103 0.021  0.161 0.23 0.046 

 P-value CON vs. MCFA 0.007 0.004 0.143  0.008 0.002 0.688  0.132 <.0001 0.504 

 P-value Single  vs. mixture 0.370 0.166 0.334  0.344 0.336 0.400  0.030 0.033 0.613 

             

 C14:0 0.47 0.44 0.24  1.11 0.83 0.53  2.15 2.48 1.65 

 C8:0/C14:0 0.52 0.39 0.19  1.01 1.12 0.36  2.21 2.08 1.34 

 C10:0/C14:0 0.45 0.42 0.22  1.00 1.03 0.46  2.36 2.63 1.47 

 C12:0/C14:0 0.56 0.39 0.22  0.95 0.88 0.48  2.45 2.37 1.42 

 SEM 0.031 0.011 0.008  0.059 0.082 0.03  0.063 0.65 0.052 

 P-value CON vs. MCFA 0.015 0.231 0.256  0.022 0.059 0.256  0.294 0.007 0.6205 

  P-value Single  vs. mixture 0.351 0.161 0.002   0.275 0.277 0.002   0.259 0.586 0.0992 

CON = control; SEM= standard error of the mean; n=4; P<0.05 
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Table 3.3. Rumen protozoa suppression effect of MCFA (x105.ml-1) 

Incubation time 6h      10h      24h     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

CON 1.30 0.48 0.65  0.93 0.70 0.23  0.63 0.45 0.35 

MCFA            

 C8:0 0.68 0.28 0.38  0.55 0.45 0.18  0.35 0.30 0.30 

 C8:0/C10:0 0.68 0.30 0.40  0.45 0.33 0.13  0.50 0.30 0.20 

 C8:0/C12:0 0.58 0.30 0.28  0.35 0.38 0.10  0.55 0.23 0.20 

 C8:0/C14:0 0.78 0.28 0.28  0.40 0.50 0.15  0.60 0.15 0.20 

 SEM 0.137 0.038 0.068  0.104 0.064 0.022  0.049 0.049 0.032 

 P-value CON vs. MCFA <.0001 0.002 <0.0001  <0.0001 0.002 0.053  0.052 0.007 <0.0001 

 P-value Single  vs. mixture 1.000 0.754 0.108  0.023 0.525 0.278  0.005 0.287 <0.0001 

             

 C10:0 0.55 0.28 0.23  0.23 0.28 0.10  0.25 0.28 0.10 

 C8:0/C10:0 0.68 0.30 0.40  0.45 0.33 0.13  0.50 0.30 0.20 

 C10:0/C12:0 0.78 0.18 0.23  0.38 0.30 0.10  0.20 0.40 0.18 

 C10:0/C14:0 0.95 0.45 0.23  0.48 0.23 0.10  0.35 0.23 0.10 

 SEM 0.13 0.056 0.082  0.117 0.085 0.025  0.08 0.04 0.046 

 P-value CON vs. MCFA <.0001 0.015 <.0001  <0.0001 <0.0001 0.007  0.0002 0.0289 <0.0001 

 P-value Single  vs. mixture 0.0175 0.618 0.167  0.0005 0.903 0.786  0.142 0.611 0.010 
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Table 3.3. (continued) Rumen protozoa suppression effect of MCFA (x105.ml-1) 

Incubation time 6h      10h      24h     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

 C12:0 0.38 0.20 0.10  0.13 0.28 0.13  0.10 0.40 0.15 

 C8:0/C12:0 0.58 0.30 0.28  0.35 0.38 0.10  0.55 0.23 0.20 

 C10:0/C12:0 0.38 0.18 0.23  0.38 0.30 0.10  0.20 0.40 0.18 

 C12:0/C14:0 0.75 0.27 0.30  0.70 0.23 0.10  0.28 0.23 0.18 

 SEM 0.153 0.053 0.091  0.141 0.085 0.025  0.102 0.047 0.035 

 P-value CON vs. MCFA <.0001 0.0002 <.0001  <0.0001 <0.0001 0.003  <0.0001 0.024 0.0001 

 P-value Single  vs. mixture <.0001 0.360 0.001  <0.0001 0.903 0.367  0.010 0.058 0.356 

             

 C14:0 1.03 0.20 0.23  0.50 0.35 0.15  0.45 0.58 0.20 

 C8:0/C14:0 0.78 0.28 0.28  0.40 0.50 0.15  0.60 0.15 0.20 

 C10:0/C14:0 0.95 0.45 0.23  0.48 0.23 0.10  0.35 0.23 0.10 

 C12:0/C14:0 0.75 0.27 0.30  0.70 0.25 0.10  0.28 0.23 0.18 

 SEM 0.099 0.055 0.079  0.96 0.088 0.024  0.068 0.08 0.04 

 P-value CON vs. MCFA <0.0001 0.034 <.0001  <0001 <0.0001 0.023  0.006 0.101 <0.0001 

  P-value Single  vs. mixture <0.0001 0.118 0.316   0.723 0.730 0.426   0.536 0.001 0.1695 

CON = control; SEM= standard error of the mean; n=4; P<0.05 
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Table 3.4. Effect of MCFA supplementation on ruminal SCFA production (mmol.l-1) 

Incubation time 6h      10h      24h     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

CON 50.00 43.61 53.10  53.22 55.00 59.00  57.80 75.82 53.29 

MCFA            

 C8:0 44.10 36.11 41.59  49.21 41.91 57.72  62.63 62.22 48.33 

 C8:0/C10:0 45.23 35.82 48.14  49.84 42.56 54.65  60.43 63.91 49.78 

 C8:0/C12:0 45.06 32.34 42.28  49.11 42.20 52.46  61.02 63.82 49.48 

 C8:0/C14:0 45.69 41.11 45.18  49.45 47.52 55.52  61.69 69.64 48.77 

 SEM 1.029 2.016 2.107  0.774 2.512 1.150  0.815 2.458 0.878 

 P-value CON vs. MCFA 0.003 0.081 0.005  0.034 0.005 0.455  0.120 0.052 0.011 

 P-value Single  vs. mixture 0.397 0.939 0.097  0.880 0.556 0.987  0.473 0.701 0.399 

             

 C10:0 50.33 42.27 47.57  50.02 44.84 56.57  59.83 62.22 48.6 

 C8:0/C10:0 45.23 35.82 48.14  49.84 42.56 54.65  60.59 63.91 49.78 

 C10:0/C12:0 44.83 37.89 45.41  48.93 43.15 53.26  59.41 60.10 50.01 

 C10:0/C14:0 47.74 37.37 47.25  45.58 44.72 54.48  59.79 34.56 48.10 

 SEM 1.151 1.503 1.284  0.821 2.280 1.003  0.462 6.765 0.906 

 P-value CON vs. MCFA 0.255 0.148 0.121  0.054 0.005 0.075  0.429 0.052 0.044 

 P-value Single  vs. mixture 0.091 0.163 0.841  0.664 0.703 0.744  0.970 0.909 0.736 
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Table 3.4. (continued). Effect of MCFA supplementation on ruminal SCFA production (mmol.l-1) 

Incubation time 6h      10h      24h     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

 C12:0 43.91 38.95 49.47  48.49 41.48 52.95  59.38 58.99 49.05 

 C8:0/C12:0 45.06 32.34 42.28  49.11 42.20 52.46  60.24 63.82 49.48 

 C10:0/C12:0 44.83 37.89 44.67  48.93 43.15 53.26  59.41 60.12 50.01 

 C12:0/C14:0 44.76 38.10 43.97  49.68 43.28 55.10  58.85 60.21 48.23 

 SEM 1.090 1.793 1.854  0.855 2.492 1.198  0.401 3.115 0.870 

 P-value CON vs. MCFA 0.001 0.033 0.025  0.028 0.001 0.430  0.496 0.033 0.017 

 P-value Single  vs. mixture 0.418 0.358 0.570  0.674 0.752 0.928  0.961 0.670 0.878 

             

 C14:0 43.33 43.28 44.95  46.62 43.26 55.68  58.42 60.56 47.37 

 C8:0/C14:0 45.69 47.53 45.18  49.45 47.52 55.52  62.73 64.94 48.77 

 C10:0/C14:0 47.47 44.73 47.25  48.58 44.72 54.48  59.79 64.56 48.01 

 C12:0/C14:0 44.76 43.30 43.97  49.68 43.28 55.10  58.85 60.21 48.23 

 SEM 1.169 0.805 1.640  1.703 2.202 0.789  0.866 2.826 1.063 

 P-value CON vs. MCFA 0.006 0.250 0.035  0.039 0.009 0.603  0.293 0.060 0.006 

  P-value Single  vs. mixture 0.089 0.087 0.858   0.320 0.596 0.931   0.333 0.626 0.439 

CON = control; SEM= standard error of the mean; n=4; P<0.05 
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Table 3.5. Effect of MCFA supplementation on acetate:propionate ratio 

Incubation time 6h      10h      24h     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

CON 3.75 3.81 5.39  3.50 4.03 4.10  3.03 4.77 3.50 

MCFA            

 C8:0 3.28 3.63 4.77  3.38 2.88 3.88  2.87 3.68 3.52 

 C8:0/C10:0 3.27 3.60 4.00  3.35 2.93 3.79  2.90 3.76 3.41 

 C8:0/C12:0 3.31 3.55 4.75  3.34 2.95 4.08  2.90 3.98 3.37 

 C8:0/C14:0 3.31 3.76 4.90  3.41 2.91 4.14  2.87 3.84 3.54 

 SEM 0.092 0.049 0.223  0.029 0.223 0.069  0.03 0.197 0.033 

 P-value CON vs. MCFA 0.406 0.968 0.006  0.573 0.006 0.477  0.285 0.040 0.722 

 P-value Single  vs. mixture 0.540 0.110 0.270  0.860 0.881 0.515  0.407 0.632 0.543 

             

 C10:0 3.26 4.29 4.60  3.46 3.60 4.09  2.97 4.29 3.55 

 C8:0/C10:0 3.27 3.63 4.00  3.35 2.93 3.79  2.90 3.76 3.41 

 C10:0/C12:0 3.41 3.50 4.34  3.22 3.02 3.96  2.67 4.02 3.26 

 C10:0/C14:0 3.11 3.59 4.29  3.26 2.65 3.98  2.89 3.49 3.30 

 SEM 0.108 0.144 0.237  0.054 0.25 0.056  0.061 0.221 0.056 

 P-value CON vs. MCFA 0.329 0.703 0.007  0.199 0.023 0.522  0.045 0.070 0.333 

 P-value Single  vs. mixture 0.110 0.047 0.158  0.068 0.088 0.484  0.073 0.233 0.117 
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Table 3.5. (continued). Effect of MCFA supplementation on acetate:propionate ratio 

Incubation time 6h      10h      24h     

Diet 25F 50F 75F  25F 50F 75F  25F 50F 75F 

 C12:0 3.27 3.33 4.27  3.03 2.80 4.04  2.70 3.92 3.13 

 C8:0/C12:0 3.31 3.55 4.75  3.43 2.95 4.08  2.90 3.98 3.37 

 C10:0/C12:0 3.41 3.50 4.34  3.22 3.02 3.96  2.67 4.02 3.26 

 C12:0/C14:0 3.27 3.58 4.35  3.28 2.84 3.99  2.95 3.80 3.37 

 SEM 0.091 0.077 0.210  0.083 0.229 0.026  0.071 0.172 0.062 

 P-value CON vs. MCFA 0.330 0.056 0.007  0.057 0.005 0.650  0.021 0.077 0.132 

 P-value Single  vs. mixture 0.553 0.051 0.387  0.054 0.505 0.882  0.138 0.981 0.162 

             

 C14:0 3.27 3.57 4.27  3.31 2.79 3.86  2.88 3.69 3.36 

 C8:0/C14:0 3.21 3.76 4.90  3.45 3.21 4.14  2.99 3.84 3.54 

 C10:0/C14:0 3.11 3.59 4.29  3.26 2.65 3.98  2.89 3.49 3.30 

 C12:0/C14:0 3.27 3.58 4.35  3.28 2.84 3.99  2.95 3.80 3.37 

 SEM 0.111 0.051 0.221  0.048 0.249 0.049  0.029 0.221 0.045 

 P-value CON vs. MCFA 0.268 0.709 0.002  0.013 0.005 0.546  0.182 0.027 0.339 

  P-value Single  vs. mixture 0.327 0.170 0.354   0.827 0.769 0.345   0.411 0.964 0.663 

CON = control; SEM= standard error of the mean; n=4; P<0.05
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CHAPTER 4. GENERAL CONCLUSIONS 

 

The current study focused on identifying the appropriate combination between the type, 

concentration and application format of MCFA and diet (silage:concentrate proportions) in 

suppressing methane production, while avoiding negative effects on the application of MCFA on 

fermentation in the rumen. The outcomes from current study can be concluded as follows: 

1. In order to gain significant effect of MCFA application on reduction of methane formation, 

selection of optimum silage: concentrate ratio is very crucial. Effect of the addition of MCFA 

on methane production inhibition in silage- dominated diet was very minor or even 

negligible. However, the use of concentrate feed in excessive amounts may be un favorable, 

technically and economically, when it is associated with an effort to suppress the production 

of methane. 

2. Methane production decreases with the increasing concentration of MCFA applications. 

Nevertheless the impact of excessive use of MCFA also needs to be considered, especially in 

relation to rumen fermentation process. MCFA, particularly C12 and C14, have specific 

inhibitory effect on methanogens, cellulolytic and amylolytic bacteria. Adding >5 to 6% of 

MCFA in the ration could depress fiber degradation in the rumen (Dong et al. 1997, Soliva et 

al. 2003). Furthermore, repellent odour as well as taste of such fatty acids could limit feed 

intake of animal (Bauer et al. 2006). 

3. The configuration of MCFA application did not affect the effectiveness of MCFA on methane 

mitigation, as long as the MCFA was applied at an appropriate dose and in combination with 

an appropriate diet. 

4. Further in vivo investigation to more specifically define the optimum combination between 

the type and concentration (within range of current study) of MCFA with specific feed needs 

to be conducted, followed by testing in vivo. 
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