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Abstract 

 

The use of exogenous enzyme and essential oil to enhance ruminal feed degradation and 

reduce methane production in vitro 

by 
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Faculty  : Natural and Agricultural Sciences 
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South Africa 

Degree  : MSc (Agric) Animal Science: Animal Nutrition 

 

Improving production efficiency and reducing the environmental impact of ruminant production systems 

would enhance the sustainability and global competitiveness of the livestock sector. Therefore, 

increasingly more emphasis is being put on climate warming threats and the intensification of livestock 

production systems in modern livestock practices. Greater awareness is placed on improving the 

utilization of conventional and non-conventional feedstuffs. In addition, the potential improvements that 

pure and mixtures of exogenous enzymes alone and in combination with essential oils (EOs) might have 

on rumen fermentation characteristics and reduction of enteric methane need to be studied in ruminants. 

In this regard identifying effective supplementation programmes for specific livestock rations is a step in 

the right direction. This study assessed several feed additives in order to produce the most promising ratio 

between methane emissions and degradable organic matter. The first experiment in this study aimed to 

determine the effect of treating three substrates with graded levels of cellulase PLUS (cellulase), xylanase 

PLUS (xylanase) and a mixture (1 : 1 wt wt-1 mixture of cellulase and xylanase) on in vitro gas production 

(ivGP). The substrates were pre-treated for 24 hours with these three exogenous fibrolytic enzymes (EFEs) 
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at five levels of application, namely 0, 0.5, 1, 1.5 and 2 ml g-1 DM, in order to identify the optimum level 

of application that improves ruminal degradation of these substrates. In the first experiment, the addition 

of EFEs showed a tendency towards significantly improved ivGP throughout the incubation period and 

across all three substrates (P < 0.05). The optimal dose was determined as 1.5 ml g-1 DM and this was used 

in the subsequent in vitro experiments. This experiment was followed by evaluating the influence of 

exogenous enzyme blends (fibrolytic and proteolytic) on ivGP, in vitro organic matter degradability 

(ivOMD) and in vitro methane production (ivCH4). A factorial treatment combination of fibrolytic enzymes, 

namely control; xylanase at 1.5 ml g-1 DM (xylanase); cellulase at 1.5 ml g-1 DM (cellulase); and a 1 : 1 

cellulase-xylanase mixture at 1.5 ml g-1 DM (mixture) and protease enzyme (0 and 0.5 ml g-1 DM substrate 

(protease)) were assessed using two substrates, that is, Eragrostis curvula and sunflower oilcake meal. 

The second experiment complemented the findings of the first experiment in that fibrolytic enzymes may 

generally increase ivGP. However, the addition of protease improved only ivGP of sunflower oilcake meal 

(P < 0.05). Fibrolytic enzymes improved ivOMD of sunflower oilcake meal, whilst the addition of protease 

improved the ivOMD of Eragrostis curvula (P < 0.05). The addition of fibrolytic enzymes increased ivCH4, 

but not throughout the incubation period (P < 0.05). The addition of protease reduced ivCH4 production 

of Eragrostis curvula at some incubation intervals (P < 0.05). In contrast, the addition of fibrolytic enzyme 

increased ivCH4 ivGP-1 and ivCH4 ivOMD-1 for Eragrostis curvula substrate (P < 0.05). The final experiment, 

namely the influence of various EOs in combination with fibrolytic enzymes on ivGP, ivCH4 and ivOMD 

after 48 h of incubation of Eragrostis curvula, was investigated. The treatments included control with no 

enzyme and no EOs (T1); a 1 : 1 cellulase-xylanase mixture at 1.5 ml g-1 DM (enzyme) (T2); and a 

combination of this enzyme treatment and the EOs (Next Enhance®) (a commercial product that has 43 : 

3.85 wt wt-1 of cinnamaldehyde and diallyldisulphide + diallyltrisulphide) (T3); cinnamon (T4); garlic (T5); 

and a blend of cinnamon and garlic oil (T6). These treatments were assessed in an ivGP study using 

Eragrostis curvula hay as a substrate. The third experiment also indicated that the addition of fibrolytic 

enzyme could increase ivGP and ivCH4 and to some extent showed a tendency to increase the ivOMD (P < 

0.05) of the Eragrostis curvula substrate. Among the EOs evaluated, garlic and a combination of CinnGar 

with enzyme reduced ivGP compared with the enzyme treatment alone (P < 0.05). Furthermore, all of the 

EOs in combination with the enzyme treatment showed a tendency to reduce enteric methane production 

during the early stages of the incubation period compared with the enzyme treatment alone (P < 0.08). 

CinnGar in combination with enzyme reduced ivCH4 throughout the incubation period (P < 0.05). 

Furthermore, a clear tendency was noted for the reduction in ivCH4 and ivGP ivOMD-1 for the garlic and 

CinnGar treatments (P < 0.095). Based on the results of this study, in vivo evaluation of the mixture 
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enzyme treatment in combination with the CinnGar treatment is recommended to verify the repeatability 

of the results. Further studies on the use of these exogenous enzyme and EOs combinations under 

different conditions (rumen fluid donors, ruminal pH, substrate, dose levels, etc.) should also be 

conducted in order to attain a more informed recommendation on their efficacy. Following successful 

screenings, the best additives should be validated in in vivo trials. 

 



 

15 
 

General introduction 

 

The production of meat and milk products from ruminants for human consumption is increasingly seen as 

one of the main contributing factors to harmful greenhouse gases (De Vries and De Boer, 2010). On the 

other hand, the global population is projected to reach more than 9.7 billion people by 2050 (FAO, 2016a) 

with a concomitant 60% increase in demand for food and livestock products (Alexandratos and Bruinsma, 

2012). As a consequence of this rising demand, livestock production is expected to double by 2050 

(Garnett, 2009). This in turn requires more research on efficient utilization of feed resources in 

combination with mitigation strategies aimed at reducing the ever-increasing harmful greenhouse gases. 

Sustainable animal production, guided by increased efficiency of resource utilization and reduced 

environmental impact, is seen as the solution going forward. Two mechanisms of such a solution are to 

utilize feed ingredients better through improvement in digestibility and to create an improved digestive 

environment (Binder, 2016). More recent studies have indicated that without modern feed additives 

sustainable animal nutrition would not be possible (Alexandratos and Bruinsma, 2012; Garnett, 2009). 

Feed additives such as enzymes and essential oils (EOs) have the potential to lower the amount of 

resources (land, feed, water and energy) used in livestock production, thereby leading to the production 

of healthy nutritious food for a growing world population (De Vries and De Boer, 2010). Methane, along 

with carbon dioxide (CO2) and nitrous oxide, is an important greenhouse gas, which contributes to the 

global warming effect (Steinfeld et al., 2006). In livestock production, methane is produced in anaerobic 

conditions in the rumen by enteric methanogenic bacteria that use CO2 and hydrogen as their building 

blocks (Leng, 2008). Various factors influence the production of methane in the rumen. The effects of diet 

and substrate degradability on the mitigation of ruminal methane are some of the factors that could be 

altered (Singh et al., 2005; Smith et al., 2005). The production of methane is desirable from a fermentative 

standpoint. However, it requires a significant amount of feed energy to produce methane. Cattle spend 

between 2% and 12% of their gross energy in the synthesis of this greenhouse gas (Beauchemin et al., 

2009).  

 

The use of exogenous fibrolytic enzymes (EFEs) has shown positive effects in terms of modulation of 

rumen fermentation and improvement of fibre degradation (Beauchemin et al., 2003; Adesogan et al., 

2007; Krueger et al., 2008). Cellulase and xylanase in particular, which were introduced in ruminant diets, 

exhibited positive results in terms of enhanced dry matter (DM) intake (Beauchemin et al., 2000), 

increased digestibility (Krueger et al., 2008), increased live weight gain of beef cattle (Beauchemin et al., 
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1999), and increased milk production of dairy cows (Yang et al., 1999; Adesogan et al., 2007). Further 

improvement was achieved through the use of proteolytic enzymes in combination with fibrolytic 

enzymes (Gado et al., 2009), although the results need to be verified for substrates with different 

characteristics and enzymes from various sources. The intended benefit of proteolytic addition is that this 

enzyme would degrade the cell wall protein and thereby improve access of ruminal microbiota to more 

digestible substrates (Colombatto and Beauchemin, 2009). Elghandour et al. (2013) reported 

improvements in degradability and fermentation parameters in vitro with an enzyme cocktail containing 

endoglucanase, alpha-amylase, xylanase and protease. Gado et al. (2009) confirmed these findings after 

conducting in vivo studies using the same enzyme cocktail.  

Essential oils are organic compounds that are derived from plant secondary metabolism. Some EOs have 

antimicrobial activity. Calsamiglia et al. (2007) and Benchaar et al. (2007) conducted detailed reviews of 

EOs and their potential as additives to ruminant nutrition. Following the ban on the use of antibiotic 

growth promoters in Europe, renewed interest was ignited in EOs as rumen microbial modifiers. The 

majority of studies reported a positive effect in terms of an increase in the ratio of propionate to acetate, 

and a decrease in methane and ammonia nitrogen production, without decreasing the total production 

of volatile fatty acids (Busquet et al., 2005; Cardozo et al., 2005; Castillejos et al., 2006).  

Cinnamaldehyde is the primary active compound of cinnamon oil and has antimicrobial activity against 

gram-positive and -negative bacteria. Busquet et al. (2005) tested cinnamaldehyde in a continuous flow 

study and reported reduced acetate production and increased propionate and butyrate production. The 

fermentation profile of cinnamaldehyde is similar to that of known antimethanogenic compounds such as 

carbon monoxide (Hino and Russel, 1985), suggesting that cinnamaldehyde has antimethanogenic 

properties, but its consistency over a range of feeds needs to be confirmed with further studies. Garlic oil, 

which is also EOs, is a combination of plant molecules derived from steam distillation (Lawson, 1996). 

Garlic oil has broad spectrum activity against gram-positive and gram-negative bacteria (Reuter et al., 

1996). Busquet et al. (2006) showed that garlic oil reduces acetate and branched chain volatile fatty acids 

and increases propionate and butyrate. This fermentation profile is similar to that of antimethanogenic 

compounds such as carbon monoxide and amicloral that are applied to the rumen (Lamera et al., 2017).  

There is somewhat limited and contrasting information in the literature about these feed additives and 

their associated effects on methane production. Nutritional interventions that contribute to the 

improvement of the efficiency of nutrient utilization, reduction of energy losses, and mitigation of enteric 

methane production are generally regarded as favourable (Monteny and Chadwick, 2006; Beauchemin et 



 

17 
 

al., 2008). However, it is crucial to introduce economical and low-risk mitigation strategies in a responsible 

manner to ensure that these strategies are adopted by livestock producers and that the integrity of the 

food supply chain remains intact. This research has an overall objective of improving the efficiency of 

utilization of commonly used feed resources in South Africa through the use of relatively safer additives 

to improve livestock production under intensive and extensive systems of production while reducing the 

carbon footprint of such systems.  

 

Specific objectives  

 

1. To determine the optimal level of application of three exogenous fibrolytic enzyme that maximize 

the in vitro gas production of three feed ingredients that are commonly used in ruminant 

nutrition in South Africa  

2. To investigate the effect of adding exogenous protease in combination with exogenous fibrolytic 

enzyme on in vitro gas production, in vitro methane production and in vitro organic matter 

degradability of two substrates  

3. To determine the effect of adding essential oil in combination with exogenous fibrolytic enzyme 

on ruminal fermentation and methane production in Eragrostis curvula hay used as a substrate  
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Chapter 1 

Literature review 

 

1.1. Sustainable animal production 

 

Producing sufficient quantities of animal protein to feed an ever-expanding world population has become 

one of the primary objectives and concerns of our time. The challenge to produce enough animal protein 

is complicated, because it has to be done in such a manner as to sustain our planet. To achieve this goal, 

global production must curtail greenhouse gas emissions and deforestation. Therefore, we need to 

function within the critical confines of the planet’s biosphere. This requires continuous use of innovative 

and research-based solutions that reduce the amount of resources – land, water, energy and feed – 

necessary to produce the required animal products to feed the world population. In recent times, nations 

all over the world have increased their efforts towards combatting climate change. At the United Nations 

Conference on Climate Change hosted in Paris in 2015, the vast majority of nations agreed on concrete 

measures to be taken to mitigate global warming (Paris Agreement, 2016). A 2015 Nielsen survey found 

that consumers generally want to be more environmentally friendly and do their own research about the 

products they purchase (Insights, 2016).  

The United Nations estimates that global population will increase from 7.3 billion in 2015 to 9.7 billion by 

2050. This estimation was made by its medium-variant projection (United Nations, 2015). This figure is 

stated with some uncertainty as factors such as economic growth, educational progress, national health 

and family planning can alter population growth. Even minor differences in fertility rates can have a major 

impact on world population growth (United Nations, 2015). In addition, over the last couple of decades, 

per capita income in the majority of world nations has increased, which has resulted in shifts in 

consumption patterns towards the use of high-quality protein from domestic and game animals. 

Therefore, the demand for animal protein such as meat, eggs, fish and milk has increased. In some more 

affluent nations, overconsumption of protein has resulted in imbalanced diets. Consumption of excessive 

amounts of red meat and processed meat may result in health risks such as obesity, diabetes, 

cardiovascular disease and even cancer (Worldwatch, 2016). The global middle class is projected to 

increase to an estimated 5 billion by 2030. This is a significant expansion from 1.8 billion in 2009, and most 

of this growth is projected to occur in Asia (Kharas, 2010). The Food and Agriculture Organization of the 
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United Nations studied the correlation between protein intake and increasing affluence. They found that 

per capita protein intake increases in a linear fashion when annual income ranges below 10 000 US dollars 

(United Nations, 2009). Furthermore, an ever-increasing proportion of the global population is moving 

from rural to urban areas. Urban growth exhibits positive consequences, as a higher proportion of the 

population have access to clean water, electricity, medical treatment and job opportunities. However, this 

increase is accompanied by greater strain on public institutions such as the electrical grid, infrastructure, 

health and education, as they attempt to meet the growing demand (Forbes, 2016). Urbanized 

populations tend to consume a greater range of dietary components compared with rural populations, 

which are defined by higher intake of meat, eggs, milk and fish (WHO, 2016). The Food and Agriculture 

Organization reported that in excess of 1 billion people suffered from chronic hunger in the 1990s. This 

figure declined to 793 million in 2015. Although these people consume enough energy to survive, harmful 

deficiencies of iodine, iron, vitamins and protein prevail (FAO, 2016). Hence, the goal should not be 

confined to producing adequate food for the ever-growing world population, but extended to provide a 

balanced diet with high-quality protein for everyone. 

  

1.2. Ruminal digestion and methane production 

 

Feed ingredients are digested in the rumen by symbiosis between the host animal and the microbes in 

the rumen (McDonald et al., 2011). Some microorganisms such as ciliated protozoans play a critical role 

in fibre fermentation by improving the attachment of other microorganisms to feed particles. They do this 

themselves by engulfing feed particles that enter the anaerobic rumen, while others do this by digesting 

rumen-degradable particles through secretions called fibrolytic enzymes (Krause et al., 2003). The rumen 

is a complicated environment consisting of various complementary and opposing relationships among 

microorganisms. Ruminal digestion is further complicated by the diversity of rumen microorganisms, 

which consist of a wide spectrum of bacteria, protozoa, fungi and methanogenic microorganisms (Kamra, 

2005; Cieslak et al., 2013). The presence of fibre-fermenting bacteria that produce hydrogen is related 

directly to methanogens because of hydrogen transfer between these microbes (Morgavi et al., 2010). 

The animal in return has the primary products of microbial fermentation available for utilization (Weimer, 

1998; Krause et al., 2003). These include volatile fatty acids, energy, microbial protein, CO2 and methane 

(Marzorati et al., 2017). The production of methane takes place through the exchange of metabolites 

between hydrogen-synthesizing microorganisms and hydrogen-utilizing microorganisms (Kobayashi, 
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2010). This continuous exchange of hydrogen enables constant fibre fermentation in the rumen (Sakurai 

et al., 2012).  

Methane production accounts for 7–17% of the loss of gross energy ingested, depending on the type of 

ingested material (Bayat et al., 2012; Hristov et al., 2013). However, a certain degree of methane 

production is required to maintain a healthy rumen environment as it restricts hydrogen build-up, which 

prevents the inhibition of dehydrogenase required in the oxidation of reduced co-factors (Martin et al., 

2009). Following the reduction of cofactors such as NADH, NADPH and FADA, methanogens can utilize the 

hydrogen and in turn reduce CO2, which results in the production of methane. The associated loss of 

energy from this process can be exacerbated when low-quality diets are fed that lack sufficient essential 

nutrients for healthy ruminal microbial growth (Charmley et al. 2016). 

 

1.3. Constraints to fermentation of fibrous feed utilization 

 

The outer layer of plant cell walls consists of pectin, cuticle and epicuticular waxes, which enable the plant 

to defend itself against dehydration and the invasion of phytopathogens. However, these protective layers 

of forages, grains and legumes may act as obstructions to feed utilization by the ruminal microbiota in the 

rumen (Selinger et al., 1996). These obstructions restrict microbial attachment to plant cell walls, thereby 

limiting ruminal fermentation. The infiltration of plant cell walls by the microbiota usually occurs through 

mechanical breakdown, namely chewing, cutting, grinding and pelleting, or at the stomata and lenticels. 

The extent of microbial establishment and the mechanisms of attachment differ among microbial species 

in the rumen (Varga and Kolver, 1997). The attachment is critical to effective fibrous feed fermentation 

and requires a well-balanced and adapted rumen microbial environment (McAllister et al., 1994; Min et 

al., 2014). The microbial population bind to the cell walls in various ways, including specialized binding 

proteins and receptors and physico-chemical forces such as Van der Waals forces (McAllister et al, 1994).  

Breakdown of plant cell walls in the rumen is due mostly to the presence of fibrolytic bacteria such as F. 

succinogenes, R. flavefaciens and R. albus, which secrete fibrolytic enzymes with specific activities 

(Weimer, 1996; Varga and Kolver 1997). During this process the excreted cellulolytic enzymes adhere to 

the substrate, preventing other microorganisms and their enzymes from having access to the site of 

hydrolysis. Therefore, rumen cellulolytic bacteria can utilize the products of cellulolytic hydrolysis first 

(McAllister et al., 1994). Less is known about the exact role of fungi and protozoa compared with bacteria. 



 

21 
 

Fungi infiltrate the cell wall of lignified tissue. Fungal enzymes possess a broad range of activities, making 

fungal cellulases and xylanases the most active fibrolytic enzymes (Selinger et al., 1996). Similarly, 

protozoa contain all of the primary enzyme activities and therefore have great capacity to digest plant cell 

walls (Selinger et al., 1996). McDonald et al. (2011) concluded that the ruminal microbial population works 

in a complementary manner in the digestion of fibrous components by secreting a broad range of enzymes 

with multiple activities. 

Various factors can lead to the restriction of fibrous feed degradation in the rumen. These include: 

 The physical and chemical arrangement of plant components that prevent microbial colonization 

(McAllister et al., 1994) 

 The balance among species of microorganisms in the rumen, the interactions between these 

species, the type of fibrolytic enzymes secreted and their relative concentrations as well as the 

manner of colonization of each species (Varga and Kolver, 1997) 

 Secreted microbial fibrolytic enzymes, which affect colonization and hydrolysis of other microbial 

species (McAllister et al., 1994) 

 Host animal and feed processing factors that determine the nutrient supplies in the rumen, such 

as mastication, salivation, grinding and pelleting (McDonald et al., 2002) 

 The particle size of the substrate, which determines the area available for initial microbial 

colonization (Gimeno et al., 2015; Kazemi-Bonchenari et al., 2017)  

 The degree of lignin, because it acts as a physical barrier to microbial colonization, leading to many 

substrates that can be digested only from the interior (Jung et al., 2012) 

 The pH of the rumen, which affects the rumen microbial environment (Plaizier et al., 2009)  

A depression of ruminal pH can be expected when feeding more grains and less roughage. The production 

of less sodium bicarbonate occurs because the need for mastication and rumination is lowered. This shift 

inevitably results in a reduction of ruminal pH, which can lead to a decline in cellulolytic microorganisms 

and ultimately fibre digestion. It is critical that the diet should contain sufficient fibre and the correct 

particle size to encourage rumination and combat low ruminal pH (Grant, 1997). Differences observed in 

the mastication actions of animals may affect rumination and contractions in the digestive tract, which 

can influence the utilization of fibrous substrates (Firkins et al., 1998). 
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1.4. Exogenous enzymes in ruminant nutrition 

 

Enzymes are proteins that catalyse chemical reactions in biological systems. Digestive enzymes are of 

particular importance to nutritionists as they play a critical role in the breakdown of nutrients in the 

gastrointestinal tract of animals (McDonald et al., 2011). In animal nutrition, enzymes may be further 

divided into two groups, namely endogenous (originating from the animal) and exogenous (originating 

from microorganisms). These enzymes increase the rate of degradation of feed substrates that can be 

absorbed by the animal itself or the microbial population within the animal (Krueger et al., 2008). 

Suitable exogenous enzymes can be added to feed substrates in an attempt to increase their nutritive 

value by improving the efficiency of digestion and absorption (Valdes et al., 2015). Various types of 

exogenous enzyme are available with different modes of actions, such as fibrolytic enzymes, proteolytic 

enzymes, amylolytic enzymes and phytases, which act on the fibre, protein, starch and unavailable 

phosphorous fraction of feedstuffs, respectively (Bedford and Partridge 2011). In this study the discussion 

focuses on fibrolytic and proteolytic enzymes.  

 

1.4.1. Exogenous fibrolytic enzymes in ruminant nutrition 

 

Investigation into the use of exogenous fibrolytic enzymes (EFEs) in ruminants began in the early 1950s. 

This was based on their potential to convert lignocellulose to glucose and other soluble sugars. 

Lignocellulose is the most abundant and renewable source of energy on earth, but is slowly degradable. 

Following advances in fermentation technology and biotechnology, the industrial production of EFEs was 

initiated in the 1980s (Bhat, 2000). In animal nutrition, the use of feed enzymes showed the potential to 

enhance the efficiency with which animals utilize raw materials (Beauchemin et al., 2003). Ruminal 

digestion and absorption of plant cell walls are inefficient. According to Van Soest (1994), less than 65% 

of the potential nutritive value of plant cell walls is degraded in the rumen. Overcoming this inefficiency 

can lower feed costs and reduce the environmental pressure of ruminant-based production systems 

(Sheppy, 2001). 

 

Commercial enzymes, commonly referred to as cellulases or xylanases, rarely consist of pure enzyme 

products, and usually contain secondary enzyme activities such as amylases, proteases, esterases, and 
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pectinases (McAllister et al., 2001). This is advantageous as a wide spectrum of enzymes is required to 

degrade the structural carbohydrates in plant cell walls (Morgavi et al., 2000a). However, identifying pure 

enzymes that are responsible for any positive interaction with feed digestion becomes a challenge. 

Common practice is to include enzymes that are suitable for a range of feed types (Beauchemin et al., 

2003). This always leads to highly variable results when enzymes are included in ruminant formulations. 

Investigating the effects of pure enzyme products on specific feedstuffs can enable more precise 

formulation. The addition of exogenous enzymes to suitable and commonly used feedstuffs would 

ultimately result in more reliable performance. Fibrolytic enzymes could result in increased nutrient 

digestibility. These nutrients can then be utilized by the microbial population in the rumen, facilitating 

more rapid microbial growth and increasing microbial colonization of feed substrate particles (Alvarez et 

al., 2009). Giraldo et al. (2008) observed a shift in the fibre structure due to the enzymatic effects. This, 

together with increased feed colonization, constitutes the lag time before the start of microbial digestion 

(Yang et al., 1999; Elwakeel et al., 2007). There is a synergistic effect between certain EFEs and microbial 

enzymes produced in the rumen. Hence hydrolytic activity in the rumen can be increased (Morgavi et al., 

2000a).  

 

1.4.2. Exogenous proteolytic enzymes in ruminant nutrition 

 

Proteolytic enzymes are involved in the utilization of proteins and therefore have a direct contribution to 

the growth of an animal. Some studies have been conducted on the addition of proteolytic enzymes in 

combination with fibrolytic enzymes. The hypothesis is that proteolytic enzymes may degrade the cell wall 

protein, thereby improving the availability of more digestible nutrients to rumen microorganisms 

(Colombatto and Beauchemin 2009). Enzyme cocktails containing endoglucanase, xylanase, alpha-

amylase and protease have shown increased digestibility and ruminal fermentation during in vitro 

(Elghandour et al., 2013) and in vivo (Gado et al., 2009) evaluation studies. The addition of protease to 

whole-corn plants after harvest increased the proteolytic stages of the ensiling process, resulting in 

increased ruminal in vitro starch degradation (Young et al., 2012). The addition of exogenous enzyme to 

low-quality roughage may increase digestibility and reduce methane per organic matter digested 

(Beauchemin et al., 2008; Grainger and Beauchemin 2011), but the observed results varied substantially. 

An in vivo screening conducted by McGinn et al. (2004) did not reduce methane per organic matter 

digested. On the other hand, Giraldo et al. (2007) reported increased ivCH4 per organic matter digested 
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for grass hay treated with exogenous enzymes during the early stages of the incubation period. It is 

evident from the varying results that more research into the appropriate application of protease in various 

types of feedstuffs in ruminant diets needs to be conducted. 

 

1.5. Factors affecting enzyme efficacy in ruminants 

 

The effectiveness of exogenous enzymes is measured by their ability to improve the digestibility of feed 

and thereby unlock feed nutrients to an extent that they can be incorporated by the animal or via the 

animal’s microbial population. Thus exogenous enzymes should supplement the enzymatic activities that 

are limiting digestion (Morgavi et al., 2000b). Various factors contribute to the efficacy of exogenous 

enzymes.  

 

1.5.1. Enzyme–substrate preparation and interaction period prior to feeding 

 

High moisture content of the feed substrate can increase the hydrolysis of carbohydrates from complex 

polymers (Morgavi et al., 2000a; Nsereko et al., 2000; Wallace et al., 2001). The subsequent solubilization 

of acid detergent fibre (ADF) and neutral detergent fibre (NDF) can cause the rapid spread of 

microorganisms and reduce the lag time needed for microbial establishment (Morgavi et al., 2000b; 

Devillard et al., 2004). Therefore, applying liquid enzyme treatment to a dry substrate is recommended. 

Furthermore, applying a pre-incubation time of enzymes and substrate together enables absorption and 

binding of the enzyme to the substrate. Enzymes that had interaction with the substrate prior to 

consumption appear to have higher efficacy in vivo. This is probably due to its higher resistance to 

proteolytic inactivation in the rumen resulting from a protective enzyme-substrate complex that has 

formed (Fontes et al., 1995; Kung et al., 2000). Colombatto et al. (2007) recommended an enzyme-

substrate interaction time of 12–36 hours before consumption. In addition, increasing the proportion of 

substrate to which the enzyme is added improves its viability in the rumen. It was found that adding 

enzymes to the macro raw materials that make up 45% of the ration was more effective compared with 

including them in the premix, which comprised 0.2% of the diet (Bowman et al., 2002).  
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1.5.2. Enzyme dose rate 

 

The optimal dose rate is of utmost importance if exogenous enzymes are to alter digestion efficiently (Eun 

et al., 2007; Jalilvand et al., 2008). The optimal dose rate is influenced by the type of feed and its chemical 

composition (Pinos-Rodriquez et al., 2002; White et al., 1993), DM content and pH (Colombatto et al., 

2007). It is critical to establish the optimal dose of enzymes for the substrate in question to attain the 

highest efficacy. 

 

1.5.3. Identification of primary enzymatic activities 

 

Enzymes that are utilized in the livestock sector were often developed for other purposes, because 

primary enzymatic activities might differ from those needed to improve ruminal fermentation. It is 

therefore a critical step to establish the primary enzymatic activities when evaluating potential enzyme 

supplements in ruminants (Eun and Beauchemin, 2007). Because of the vast array of enzymes that are 

available to the livestock industry, it is crucial to match the substrate with the best-suited enzyme 

treatment (Hristov et al., 1998; Beauchemin et al., 2003).  

 

1.5.4. Substrate composition 

 

The effects of exogenous enzyme supplementation are substrate specific because the efficacy of enzymes 

that improve nutrient degradation relies on their activities, which in turn is related to the chemical 

composition of the substrate (Pinos-Rodriguez et al., 2002).  
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1.6. Enteric methane mitigation strategies 

 

Various factors contribute to enteric methane production, namely the availability and composition of 

ingested feed (Beauchemin et al., 2008), the ratio of acetate to propionate in the rumen (McAllister et al., 

1996), the types of carbohydrates after fermentation (Santoso et al., 2003), NDF and ADF concentrations 

(Hindrichsen et al., 2003), and the characteristics of the forage that is consumed (Arthington and Brown, 

2005). One or more of these scenarios must hold true to see a reduction in possible enteric methane 

production: 

 Decreased ruminal hydrogen production without impeding digestibility 

 Increased hydrogen usage in metabolic pathways producing metabolites other than methane, for 

example butyrate production 

 Inhibitory effects on methanogenic microorganisms without negatively affecting the rumen 

environment 

Alterations to the ration by lowering the proportion of fibre in exchange for concentrate should reduce 

methane production per unit DM consumed (Lovett et al., 2003). In a study conducted by Agle et al (2010), 

a dairy cow ration with 50% concentrate produced 44% higher methane compared with a diet with 70% 

concentrate. Ruminants consuming feed with a higher proportion of grains or starch generally emitted 

lower methane. However, because of the cost implications and the lack of concentrates, multiple livestock 

production systems cannot use concentrates as a methane mitigation strategy. Many researchers have 

concluded that increasing the quality of forage fermentation could result in the reduction of enteric 

methane emissions (Moss, 2000; Boland et al., 2009; McGeough et al., 2010). Some of the strategies that 

show promise in ruminants consuming high roughage diets are described in the subsequent sections.  

 

1.7. Essential oils in ruminant nutrition 

 

The need to optimize energy and protein utilization in the rumen has been discussed extensively (Nagaraja 

et al., 1997; Busquet et al., 2006; Cardozo et al., 2006). Alteration of the microbial population is a viable 

option to achieve this goal. The supplementation of antibiotic ionophores has been successful in this 

regard, but their use in the livestock industry faces serious social acceptance issues. Therefore, the use of 
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natural product alternatives to optimize the microbial population has been investigated (McIntosh et al., 

2003). Some EOs have been shown to have antimicrobial activities that can reduce peptidolysis, 

methanogenesis and deamination in the rumen (Nagaraja et al., 1997; Cardozo et al., 2006). Increasing 

public concern over global warming and greater emphasis on rumen-derived methanogenesis has 

directed considerable research efforts towards suppressing ruminal protozoa because of their close 

association with methanogens (Williams and Coleman, 1992). 

 

Essential oils (EOs) are blends of volatile aromatic secondary metabolites that are extracted from plants 

by steam distillation (Greathead, 2003). In addition to various health effects (Harborne and Williams, 

2000; Reddy et al., 2003), EOs have antimicrobial activity against gram-positive and gram-negative 

bacteria, protozoa and fungi (McIntosh et al., 2003; Burt, 2004). The antimicrobial activity of EOs is 

probably related to their disruption of microbial cell membranes, leading to impaired electron transport, 

ion gradients and translocation (Griffin et al., 1999). The investigation of EOs in livestock production 

commenced in the 1960s (Borchers, 1965; Oh et al., 1967; Nagy and Tengerdy, 1968). Most of the research 

efforts into EOs were abandoned because of the use of antibiotics in animal feed in the 1970s. However, 

following the ban on antimicrobial growth promoters in Europe, renewed efforts have been conducted in 

the study of EOs as rumen fermentation modifiers. Numerous studies have been published since then. 

The positive results obtained in these studies included an increase in propionate production and 

reductions in acetate, methane and ammonia nitrogen production. Pure culture studies revealed that EOs 

affected mostly ruminal hyperammonemia-producing bacteria (Peptostreptococcus anaerobius, 

Clostridium aminophilum, Clostridium sticklandii) and fungi (McIntosh et al., 2003). Consequently, the rate 

of deamination of amino acids was significantly reduced in this study. Other in vitro studies using batch or 

continuous cultures reported variable effects of EOs on deamination of amino acids (Newbold et al., 2004; 

Busquet et al., 2006; Castillejos et al., 2006). When a combination of cinnamaldehyde (0.6 g day-1) and 

eugenol (0.3 g day-1) was fed in vivo (Cardozo et al., 2006), acetate and ammonia-nitrogen concentrations 

decreased and propionate concentration increased, which led to an accumulation of peptides and amino 

acids in ruminal fluid. Even though the author did not measure methane production in this study, the 

change in the volatile fatty acid profile is consistent with decreased methane production. However, if 

methanogenesis is inhibited by EOs, and the electrons are not used in the formation of methane or if 

these electrons are not efficiently relocated into other sinks, the re-oxidation of cofactors and interspecies 

hydrogen transfer could be impaired (Nagaraja et al., 1997). Deamination discharges one pair of reducing 
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equivalents per mole of ammonia released. The decrease in the redox potential caused by the inhibition 

of methanogenesis could then inhibit deamination (Russell and Martin, 1984).  

 

1.7.1. Cinnamaldehyde in ruminant nutrition 

 

Cinnamaldehyde is a phenylpropanoid with a broad range of antimicrobial actions against gram-positive 

and -negative bacteria (Calsamiglia et al., 2007). Cinnamaldehyde is the primary active compound of 

cinnamon oil (Cinnamomum cassia) (Calsamiglia et al., 2007). After conducting a continuous culture 

experiment, Cardozo et al. (2004) found that cinnamon oil altered the nitrogen metabolism of the ruminal 

microbial population by impeding peptidolysis. Cinnamon and cinnamaldehyde reduced total volatile fatty 

acid and ammonia-nitrogen concentrations, and cinnamaldehyde showed stronger effects when 

compared with cinnamon oil (Busquet et al., 2006). These studies indicate that the additional component 

in cinnamon oil may interact with cinnamaldehyde, and that pure cinnamaldehyde delivers more 

favourable effects on ruminal fermentation. Busquet et al. (2005) reported lower molar concentration of 

acetate and increased molar concentration of propionate and butyrate following the addition of 

cinnamaldehyde. This is a fermentation profile that is comparable with those seen in the application of 

other antimethanogenic compounds, indicating that the mode of action of cinnamaldehyde may inhibit 

methanogenesis (Hino and Russel, 1985; Yang et al, 2010), although this needs to be confirmed by further 

research.  

 

1.7.2. Garlic oil in ruminant nutrition 

 

Garlic oil consists of a mixture of molecules that are formed within the plant or after oil extraction and 

processing (Lawson, 1996). Garlic oil is known for its antiparasitic, anti-oxidant, insecticidal, anti-

inflammatory, hypoglycaemic and anti-cancer properties, but its antimicrobial activity against a broad 

range of gram-positive and negative bacteria is of particular interest in the livestock sector (Reuter et al., 

1996). The addition of garlic oil reduced acetate and branched chain volatile fatty acids while increasing 

propionate and butyrate (Busquet et al., 2005; Busquet et al., 2006). These effects are consistent with 

alterations observed on the addition of methane inhibitors to the rumen environment (Lamera et al., 

2017). Busquet et al. (2005) demonstrated that garlic lowered the methane to volatile fatty acid (µmol) 
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ratio from 0.20 to 0.05. Because methane is the primary hydrogen sink of rumen fermentation, a reduction 

in methane production leads to increased levels of reducing equivalents that are utilized in the formation 

of additional propionate and butyrate (Van Nevel and Demeyer, 1988). Diallyl disulfide and allyl 

mercaptan are the primary components in garlic oil, which are responsible for the observed reduction in 

methane production (Busquet et al., 2005). Kamel et al. (2007) confirmed these results. The modes of 

action of garlic oil and its primary constituents differ from other EOs (Busquet et al., 2005). Gebhardt and 

Beck (1996) found that the addition of garlic oil resulted in the inhibition of Archaea microbes in rumen 

via the deactivation of HMG-CoA reductase, leading to reduced levels of the isoprenoid unit required for 

cell membrane rigidity. Busquet et al. (2003) noted increased milk production in dairy cattle after the 

addition of garlic oil. However, no alteration in milk production was found following the addition of 

powdered garlic in dairy cows. These results may be different when applying garlic oil, as the primary 

active compounds are identified and synthesized from oil extraction (Lawson, 1996; Yang et al., 2006). 

Few studies have been conducted on the effects of garlic oil in vivo, therefore more research should be 

done in order to compare the results obtained from in vitro studies with those of in vivo trials. 

 

1.8. Conclusion  

 

The goal of the livestock industry should not be confined to producing adequate food for an ever-growing 

world population, but should be extended to providing a balanced diet that contains high-quality protein 

for everyone in a sustainable manner. The production of enteric methane represents a significant loss of 

gross energy ingested. It is critical that the diet provided to ruminants should promote a well-balanced 

rumen microbial environment to promote efficient feed fermentation. Suitable exogenous enzymes can 

be supplemented to feed substrates to increase their nutritive value by improving the efficiency of 

fermentation. However, identifying pure enzymes responsible for any positive interaction with feed 

digestion is a challenge. It is therefore necessary to determine the effect of pure enzyme products on 

certain feed ingredients that could ultimately lead to more precise formulations. The addition of fibrolytic 

enzymes could result in increased nutrient digestibility, resulting in more rapid microbial growth and 

increased microbial colonization of feed substrate particles. It has been found that proteolytic enzymes in 

combination with fibrolytic enzymes can degrade cell wall protein, thereby improving the availability of 

more digestible nutrients to rumen microorganisms. This could lead to increased digestibility and 

efficiency of ruminal fermentation. Some of the most important factors that influence the efficacy of 
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exogenous enzymes include the enzyme-substrate interaction period prior to ingestion, and application 

of the most suitable dose rate of enzymatic activities on specific substrates. Research suggests that 

effective reduction of enteric methane emissions could be achieved by improving the process of ruminal 

fermentation. The addition of certain EOs supports these findings. EOs have shown the capacity to 

increase the ratio of propionate to acetate and reduce enteric methane and ammonia production. In 

particular, cinnamaldehyde and garlic oil have been shown to have antimethanogenic characteristics, 

although there is a general lack of studies on the effect of EOs on methanogenesis.  

 

1.9. Hypotheses of the experiments 

 

To address the specific objectives of this study, a series of experiments were designed in order to test the 

following hypotheses: 

 The addition of various levels of fibrolytic enzymes to Eragrostis curvula, sunflower oilcake meal and 

hominy chop does not affect the in vitro gas production of these substrates. 

 The addition of exogenous protease enzyme in combination with fibrolytic enzyme on Eragrostis 

curvula and sunflower oilcake meal does not affect the in vitro gas production, in vitro methane 

production or the in vitro organic matter degradability of these substrates. 

 The addition of various essential oil in combination with fibrolytic enzyme to Eragrostis curvula 

substrate does not affect its in vitro gas production, in vitro methane production or the in vitro organic 

matter degradability.  

 

Thus the following three experiments were conducted and the findings are reported as Chapters 2, 3 and 4 of 

this dissertation. 

 Experiment 1: Effects of various levels of fibrolytic enzyme addition on in vitro gas production of 

Eragrostis curvula, sunflower oilcake meal and hominy chop (Chapter 2) 

 Experiment 2: Effects of fibrolytic enzyme with or without the addition of protease enzyme on in vitro 

digestibility, gas and methane production (Chapter 3) 

 Experiment 3: Use of essential oil in combination with fibrolytic enzyme to reduce in vitro ruminal 

methane production (Chapter 4)  
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Chapter 2 

Effects of various levels of the addition of fibrolytic enzymes on in vitro gas production of 

Eragrostis curvula, sunflower oilcake meal and hominy chop 

 

2.1. Abstract  

 

Investigating the interaction between exogenous enzymes and individual substrates is a crucial step 

towards identifying the best enzymatic supplementation for a specific livestock ration. The aim of this 

study was to determine the effect of treating three substrates with graded levels of cellulase PLUS 

(cellulase), xylanase PLUS (xylanase) and their mixture (1 : 1 wt wt-1 mixture of cellulase and xylanase) on 

in vitro gas production (ivGP). The substrates were pre-treated for 24 hours with the three exogenous 

fibrolytic enzymes (EFEs) at five levels of application: 0, 0.5, 1, 1.5 and 2 ml g-1 DM. Rumen fluid was 

collected from six cannulated sheep fed a lucerne hay-based diet was used as a source of inoculum. 

Substrates used in the in vitro batch culture were Eragrostis curvula, sunflower oilcake meal and hominy 

chop. In vitro gas production was measured in 125 ml glass vials using a pressure transducer connected 

with a digital gauge, following anaerobic fermentation in a water bath set at 39 °C. Gas pressure readings 

were taken after 2, 4, 8, 12, 18, 24, 36 and 48 hours of incubation. The addition of exogenous enzymes 

had shown a tendency towards significantly improved ivGP throughout the incubation period and across 

all three substrates (P < 0.05). Enzyme addition resulted in increased cumulative ivGP following the 48-

hour incubation period of 7.2 – 14%, 7.66 – 21% and 3 – 11% for cellulase, xylanase and mixture 

treatments, respectively. Considering the economic implications and the relative increase in ivGP per unit 

of additional enzyme revealed across the three treatments and substrates, an application rate of 1.5 ml 

g-1 DM was identified as the optimal dose to be used in subsequent in vitro and in vivo studies.  

 

 

 

 



 

32 
 

2.2. Introduction 

 

The use of exogenous enzymes as feed additives in ruminant feeds has produced encouraging effects in 

terms of improved nutrient utilization of raw materials, increased production efficiency, and lowered 

nutrient excretion (Beauchemin et al., 2003). These positive results are not always replicated, partly due 

to the intricate nature of the ruminant digestive system and partly to enzyme-substrate interaction. This 

has resulted in variability in the efficacy of exogenous enzyme products across substrates (Colombatto et 

al., 2003a). In addition, the complexity of the rumen requires that exogenous and endogenous enzyme 

activities of rumen microbes should complement each other (Morgavi et al., 2000b). Additional 

information is required on enzymatic activities, optimal dose rates, and in vitro fermentation 

characteristics to establish the desired enzymatic effects on specific feed ingredients used locally in 

commercial ruminant rations (Eun and Beauchemin, 2007; Jalilvand et al. 2008). The type and optimum 

inclusion rate of exogenous enzymes are thus dependent on the diet under consideration. There is a need 

to identify suitable types and optimal dose rates of exogenous enzyme treatments for locally important 

substrates to utilize these additives more efficiently. This study assessed the enzymatic treatments of 

cellulase, xylanase and a 1 : 1 mixture at five levels (0, 0.5, 1, 1.5, 2 ml g-1 DM) on the ivGP characteristics 

of three substrates, namely Eragrostis curvula, sunflower oilcake meal and hominy chop, which are 

commonly used in the diets of ruminants in South Africa. 

 

 

2.3. Materials and methods 

 

The following subsections describes the methodology followed in this chapter. 

 

2.3.1. Description of study area 

 

The activities of two registered Dyadic enzyme products (cellulase and xylanase) on three commercial 

feed ingredients were determined using the ivGP method. The in vitro experiments were conducted at 

the Nutrition Laboratory of the Department of Animal and Wildlife Sciences, University of Pretoria. 

Cellulase and xylanase enzymes were obtained from Dyadic International Inc. Florida, USA, as 
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concentrated liquids of acid cellulase (E.C. 3.2.1.4) and acid-neutral endo-1, 4-β-D-xylanase (E.C. 3.2.1.8) 

respectively, as well as a 1 : 1 wt wt-1 combination of these enzymes. Cellulase and xylanase enzymes were 

produced by the fermentation of non-genetically modified Trichoderma longibrachiatum. Eragrostis 

curvula, sunflower oilcake meal and hominy chop were used as the test substrates. The substrates were 

treated with 0, 0.5, 1, 1.5 and 2 ml g-1 DM of the three enzymes, namely cellulase, xylanase and a mixture 

of the two at the same inclusion levels. 

 

2.3.2. Feed sample collection and preparation  

 

Eragrostis curvula, sunflower oilcake meal and hominy chop were collected from a commercial feed mill 

in Gauteng. The feed samples were dried at 55 °C for 48 hours in a forced air oven. For all in vitro studies 

and chemical composition analyses, the samples were milled through a 1-mm sieve in a Wiley mill (Arthur 

H. Thomas, Philadelphia, PA, USA) to decrease the variations in particle size in a particular sample (Tilley 

and Terry, 1963). The samples were stored in resealable plastic bags at 4 °C to preserve the chemical 

composition of the feed samples.  

 

2.3.3. Chemical analysis of substrates 

 

The substrates were analysed for dry matter (DM), ash, organic matter (OM), ether extract (EE), crude 

protein (CP), acid detergent fibre (ADF), neutral detergent fibre (NDF) and acid detergent lignin (ADL). Dry 

matter was determined according to the method of AOAC International (method 934.01 AOAC, 2000). 

The samples were analysed for OM and ash by combustion in a muffle furnace at 250 °C for 2 hours 

followed by an additional 4 hours at 600 °C (method 942.05) (AOAC, 2000). The EE fraction was analysed 

in the Tecator Soxtec (HT6) system (method 920.39) (AOAC, 2000). The CP fraction was measured on a 

Leco FP-428 nitrogen and protein analyser (Leo Corporation, St. Joseph, MI, USA) according to the 

combustion method 968.06 (AOAC, 2000). NDF, ADF and ADL fractions were analysed using an ANKOM 

analyser (ANKOM Technology, Fairport, NY) according to the methods described by Van Soest et al. 

(1991).  
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2.3.4. Enzyme assay 

 

Enzyme activities were determined with single polysaccharides as a substrate in triplicate with the 

inclusion of a blank. Xylanase activity was assayed with 1% (w v-1) birchwood xylan as a substrate according 

to the procedure described by Bailey et al. (1992). Endoglucanase and exoglucanase enzyme activities 

were assayed according to the method described by Wood and Bhat (1988). Enzyme activity was studied 

at a range of pH levels (4, 5, 6 and 7). One unit of activity was defined as the amount of enzyme required 

to release 1 µmol equivalent of glucose or xylose min-1 g-1 of enzyme under the conditions of the assay. 

 

2.3.5. Substrate preparation and enzyme dilution  

 

Using identical glass vials of 125 ml capacity, 400 mg ± 0.05 mg of each substrate was weighed into each 

incubation vial. The required dose rates were diluted to deliver the specific concentration of enzymes in 

1 ml aliquots. The density of the enzyme and carrier mixture was different from that of water and was 

corrected for. A fresh batch of dilutions were prepared for every run using the same method to ensure 

that the efficacy of the enzyme dilutions remained the same. The amount of 1 ml of enzyme treatment 

was added to each vial 24 hours prior to the start of the incubation. The control treatment received 1 ml 

of distilled water to standardize the volume for the vials.  

 

2.3.6. Buffer medium preparation 

 

The buffer, macro mineral and micro mineral solutions were prepared according to the methods of 

Goering and Van Soest (1970). The micro mineral solution was stored in dark brown glass bottles at 4 °C 

for no longer than a month to guarantee its stability.  

The buffer medium was prepared before rumen fluid collection. The buffer medium consisted of distilled 

water, buffer, macro mineral and micro mineral solution mixed with tripticase. Thereafter, appropriate 

amounts of 0.1% (wt volume-1) resazurin, L-cysteine hydrochloride and sodium-sulphide were weighed 

and added to the solution after all the components had been completely dissolved. The solution was then 

placed on the heating and stirring plate at 39 °C with a constant stream of CO2 running through the 
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solution. Rumen fluid were collected when the solution was fully reduced, which was indicated by the 

clear colour.  

 

2.3.7. Collection of rumen fluid from donor sheep and in vitro gas production measurement  

 

An adaptation period to the basal diet (lucerne hay) of fourteen days was given prior to the collection of 

rumen fluid for in vitro evaluations. The six Merino wethers were fed ad libitum. The feed was offered to 

the animals in two fractions, in the morning at 7:30 and again at 15:30. Rumen fluid collections were done 

at 08:30 a.m. throughout the trial, after the morning feeding. Approximately 250 ml of ruminal fluid was 

collected from each of the six donor animals. Collections were done from at least three sites in the rumen. 

Rumen contents were filtered through four layers of cheesecloth into a pre-heated thermos flask. The 

flask was filled with rumen fluid to maintain anaerobic conditions. In the laboratory, the rumen fluid was 

filtered once more through two layers of cheesecloth with continuous streaming with CO2. Appropriate 

amounts of rumen fluid were added to a 5 L beaker containing the reduced buffer solution already 

maintained at 39 °C. To maintain 39 °C, the beaker was placed on a hotplate with temperature regulator 

and stirrer. A 20 mm magnetic stirrer was spun to distribute the mixture evenly while being flushed with 

CO2 (Grant and Mertens, 1992).  

The vials were filled with 33 ml (82.5 mL g-1 substrate) of reduced buffer medium and rumen fluid under 

a constant stream of CO2. At least 80 ml of headspace was kept to avoid pressure build-up higher than 7.0 

psi during the incubation period. Following inoculation, blue stoppers equipped with 1.5 inch 22-gauge 

needles and three-way stopcocks were used to seal each vial. Crimp seals were not required for these 

stoppers. Following inoculation, the stopcock of every vial was opened for five seconds to release the 

small amount of gas that might have built up and create a starting point for the incubation run. The vials 

were returned to the water bath at 39°C and the sliding tray was turned on at 50 rpm. Four bottles with 

only rumen liquor and reduced buffer solution was added to each experimental run as blanks to correct 

the gas produced from the bottle treated with various treatments. 

 

An incubation period of 48 hours was used in this experiment. The gas pressure was recorded by a 

pressure transducer (PX4200-015GI from Omega Engineering, Inc., Laval, QC, Canada) with a three-way 

stopcock compatible connection on the tip, as described by Theodorou et al. (1994). Gas pressure was 
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measured and released at 0, 2, 4, 8, 12, 18, 24, 36 and 48 hours of incubation. Gas measurements at each 

interval were recorded in psi units and later converted to volume (ml of gas produced) using a calibration 

curve with pressure on the one axis and volume on the other. After 48 hours of incubation, fermentation 

was terminated by placing all the bottles on ice. In this study, four replicate bottles were used for every 

sample and its corresponding treatments in a run. Three independent runs were conducted as a replicate 

in different batches.  

 

2.3.8. Calculations and statistical analysis 

 

A completely randomized experimental design was used in this study. The data were statistically analysed 

using the GLM option of SAS (version 9.4, 2013). Separate analysis was undertaken for each of the three 

enzymes in order to test the effects of enzyme levels, substrate type and interaction between enzyme 

level and substrate type. Where the F-test showed significant differences, the differences between means 

were determined using Tukey’s test.  

 

2.4. Results 

 

2.4.1. Chemical composition 

 

The proximate analysis of the three substrates used in this study is presented in Table 2.1. These three 

substrates are readily included in ruminant diets. The chemical compositions of these substrates differ 

significantly. Hominy chop had the lowest ash content (23.9 g kg-1 DM). The highest CP content was 

recorded for sunflower oilcake meal (390 g kg-1 DM). Eragrostis curvula had the highest acid ADF (475 g 

kg-1 DM), NDF (770 g kg-1 DM) and ADL (42 g kg-1 DM) content, followed by sunflower oilcake meal ADF 

(278 g kg-1 DM), NDF (350 g kg-1 DM) and ADL (20 kg-1 DM) and finally hominy chop ADF (13 g kg-1 DM), 

NDF (25 g kg-1 DM) and ADL (7 kg-1 DM). 

The EE content (95 g kg-1 DM) of hominy chop was much higher than that of sunflower oilcake meal (24 g 

kg-1 DM) and Eragrostis curvula (21 g kg-1 DM). Hominy chop was the only substrate containing starch (498 

g kg-1 DM).  
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Table 2.1. Chemical composition of sunflower oilcake meal, Eragrostis curvula and hominy chop 

Chemical components Substrate composition g kg-1 DM 

  Sunflower oilcake meal   Eragrostis curvula  Hominy chop 

DM 949  953  938 

Ash 58.6  57.8  23.9 

OM 890 895 914 

EE 24  21  95 

CP 390  87  98 

NDF 350  770 25 

ADF 278  475  13 

ADL 20  42  7 

Starch - - 498 

DM: dry matter; OM: organic matter; EE: ether extract; CP: crude protein; ADF: acid detergent fibre; 

NDF: neutral detergent fibre; ADL: acid detergent lignin 

    

2.4.2. Enzyme activity 

 

The enzyme activity profile was determined at a temperature of 39 °C and various pH levels. The results 

are shown in Table 2.2. The highest endoglucanase activity was observed at a pH of 6, 4 and 4 for cellulase, 

xylanase and mixture, respectively. However, no significant exoglucanase activity was observed for any of 

the enzymes. The highest hemi-cellulase activity was observed at a pH of 5, 4 and 4 for cellulase, xylanase 

and mixture, respectively. 
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Table 2.2 Enzyme activities of cellulase, xylanase and mixture and the amounts of released sugar 

equivalents at four pH levels  

Enzyme 

product 

(n=12) pH Cellulase activity 

Hemi-cellulase 

activity 

    

Endo-glucanase activity 

(µmol min-1 mL-1) 

Exoglucanase activity 

(µmol min-1 mL-1) 

Xylanase activity 

(µmol min-1 mL-1) 

Cellulase PLUS 

(cellulase) 4 5347 24 1128 

 5 5973 25 1385 

 6 6044 25 1234 

  7 4219 24 1209 

     

Xylanase PLUS 

(xylanase) 4 1000 25 6413 

 5 801 25 6147 

 6 802 24 4466 

  7 775 23 3907 

     

Cellulase : 

Xylanase PLUS 

(mixture) 4 1075 24 5698 

 5 921 24 5469 

 6 901 24 4935 

  7 818 24 2475 

  

2.4.3. In vitro gas production 

 

The effects of various levels of cellulase, xylanase and a mixture of cellulase and xylanase enzyme 

treatments on the cumulative ivGP of the three test substrates are shown in Tables 2.3, 2.4 and 2.5.  
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There was no significant interaction effect between substrate and the level of cellulase enzyme treatment. 

At the 2-hour and 4-hour incubation intervals only the 2 ml g-1 DM level produced significantly (P < 0.05) 

higher levels of ivGP compared with the control treatment. The 1.5 and 2 ml g-1 DM levels produced 

significantly higher levels of ivGP during the 8-hour and 12-hour intervals. Thereafter no significantly 

different (P < 0.05) ivGP occurred between enzyme levels and the control treatment, although a strong 

tendency was observed that showed an increase of ivGP with an increase in enzyme treatment level (Table 

2.3).  

Similarly, there was no significant interaction effect between substrate and the level of xylanase enzyme 

treatment. The effect of xylanase enzyme level is depicted in Table 2.4. At the 2-hour incubation interval 

level, 1.5 and 2 ml g-1 DM resulted in significantly higher ivGP compared with the control treatment. 

Generally, gas production rose with an increase in xylanase enzyme level. This trend continued from the 

4-hour interval up to and including the 24-hour interval, with 1, 1.5 and 2 ml g-1 DM levels producing 

significantly higher ivGP compared with the control treatment. The 36-hour and 48-hour intervals 

reverted to the initial pattern in which the 1.5 and 2 ml g-1 DM levels produced significantly higher ivGP 

compared with the control treatment. Over the incubation period, a clear trend was observed that 

indicated a rise in ivGP with an increasing level of xylanase treatment (Table 2.4). 

There was no significant interaction effect in terms of gas production between substrate and the level of 

cellulase-xylanase-PLUS enzyme treatment. The effect of enzyme application rate for the mixture is 

depicted in Table 2.5. Application rate of the mixture at 2 ml g-1 DM resulted in significantly higher ivGP 

throughout the incubation period compared with the control. Treatment level 1.5 ml g-1 DM recorded 

significantly higher ivGP compared with the control at 4-, 8- and 12-hour incubation intervals. However, a 

clear trend was observed throughout the incubation period, which indicated that an increase in 

application rate of the mixture resulted in an increase in ivGP (Table 2.5). Enzyme addition resulted in 

increased cumulative ivGP following the 48-hour incubation period of 7 – 14%, 8 – 21% and 3 – 11% for 

cellulase, xylanase and mixture treatments, respectively. 

The substrate effect as depicted in Tables 2.3, 2.4 and 2.5 showed the same pattern, regardless of enzyme 

treatment. In vitro gas production between the substrates was significantly different in terms of gas 

production trends. Eragrostis curvula produced the lowest amount of ivGP throughout the incubation 

period. Sunflower oilcake meal had the highest ivGP during the first 12 hours. Following the 12-hour 

incubation interval, hominy chop continued to produce gas at a significantly higher rate than the other 

substrates and resulted in the highest cumulative ivGP after the 48-hour incubation period.  
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Table 2.3 In vitro gas production of substrates treated with cellulase PLUS (cellulase) enzyme product 

at four dose levels 

 Gas production (ml g-1 DM) at various time intervals (hours of incubation) 

Treatments (n=12) 2 4 8 12 18 24 36 48 

Cellulase level          

0 12.18b 17.94b 30.70b 44.35b 64.22a 95.16a 126.29a 141.88a 

0.5 13.18ab 20.34ab 34.71ab 52.81ab 72.43a 105.75a 135.89a 152.13a 

1 13.37ab 20.98ab 35.53ab 52.92ab 72.90a 106.73a 139.40a 155.23a 

1.5 13.85ab 21.73ab 37.29a 55.09a 76.70a 108.73a 140.59a 156.35a 

2 14.85a 23.61a 39.79a 57.55a 73.40a 112.31a 144.65a 161.95a 

SEM 0.44 0.93 1.50 2.22 2.07 4.34 3.10 3.31 

         

Substrate (n=12)         

Eragrostis curvula  6.99c 10.43c 17.59c 24.78b 36.08c 59.14c 95.60c 112.41b 

Sunflower oilcake 

meal  18.01a 29.59a 49.78a 67.23a 80.28b 100.71b 114.09b 122.03b 

Hominy chop  15.45b 22.73b 39.44b 65.62a 99.44a 157.36a 202.40a 226.06a 

SEM 3.33 5.60 9.49 13.89 18.76 28.46 32.95 36.39 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05  
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Table 2.4 In vitro gas production of substrates treated with a xylanase PLUS (xylanase) enzyme product 

at four dose levels 

 Gas production (ml g-1 DM) at various time intervals (hours of incubation) 

Treatments (n=12) 2 4 8 12 18 24 36 48 

Xylanase level         

0 13.41c 22.57d 38.45d 61.46c 86.06c 108.00c 132.29c 145.89c 

0.5 13.91c 23.86cd 40.96cd 65.20bc 92.5bc 115.56bc 139.13bc 153.55bc 

1 14.61bc 25.26bc 43.35bc 69.85b 96.92b 120.32b 143.00bc 157.68bc 

1.5 15.42b 26.66b 44.74b 70.47ab 98.85ab 123.61ab 150.22ab 167.12ab 

2 16.96a 29.15a 48.60a 76.30a 106.23a 131.82a 159.39a 176.48a 

SEM 0.62 1.14 1.72 2.52 3.35 3.98 4.66 5.33 

         

Substrate (n=12)         

Eragrostis curvula  8.15b 14.31c 24.08c 37.79c 53.72c 73.62c 102.45c 125.58b 

Sunflower oilcake 

meal  18.24a 32.20a 55.49a 80.20b 97.39b 111.30b 124.38b 129.36b 

Hominy chop  18.20b 29.98b 50.09b 87.98a 137.02a 175.67a 207.59a 225.50a 

SEM 3.36 5.63 9.70 15.60 24.06 29.79 32.02 32.69 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 
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Table 2.5 In vitro gas production of substrates treated with 50 : 50 cellulase-xylanase PLUS mixture 

(mixture) at four dose levels 

 Gas production (ml g-1 DM) at various time intervals (hours of incubation) 

Treatments 

(n=12) 2 4 8 12 18 24 36 48 

Mixture level         

0 17.93b 31.33c 58.19c 89.63c 124.18b 143.92b 168.04b 183.5b 

0.5 18.7ab 32.74bc 60.65bc 93.02bc 128.91ab 149.79ab 173.45ab 188.87ab 

1 19.29ab 33.36abc 62.3abc 95.41bc 131.45ab 152.55ab 176.2ab 191.71ab 

1.5 20.3ab 35.15ab 64.69ab 98.05ab 134.4ab 155.73ab 180.02ab 195.9ab 

2 21.03a 36.07a 66.69a 102.18a 140.31a 162.77a 185.54a 203.63a 

SEM 0.55 0.85 1.49 2.14 2.70 3.13 2.96 3.39 

         

Substrate (n=12)         

Eragrostis curvula  8.19c 13.89c 25.83c 41.97c 69.49c 92.58c 126.89c 149.76c 

Sunflower oilcake 

meal  28.49a 51.05a 84.6a 109.99b 134.91b 147.61b 158.19b 164.68b 

Hominy chop  21.67b 36.26b 77.09b 135.01a 191.15a 218.66a 246.07a 263.74a 

SEM 5.96 10.80 18.47 27.80 35.15 36.49 35.67 35.77 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 
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2.5. Discussion  

 

2.5.1. Description and chemical composition  

 

Eragrostis curvula is a tufted perennial grass that is used mainly for pasture or hay. It is a common raw 

material in ruminant feed and forage in southern Africa. Sunflower oilcake meal is the remainder after 

solvent extraction of oil from sunflower seeds (Helianthus annuus). South Africa is a major producer of 

sunflower oil, and thus sunflower oilcake meal is readily available for use in the livestock sector. Hominy 

chop is a by-product of corn milling. It consists mainly of fractions of the endosperm of the corn kernel 

(Zea mays). The slower rate of ivGP recorded for Eragrostis curvula could be due to lack of readily 

fermentable material in the substrate, as evidenced by low starch and high fibre content reported for this 

study (table 2.1). Fermentable organic matter and fibre content have been reported to have major effects 

on the rate and extent of ivGP (Blummel and Becker, 1997). Sunflower oilcake meal has lower fibre 

content than Eragrostis curvula, as well as some readily fermentable sugar, which indicates a faster rate 

of ivGP compared with Eragrostis curvula hay. Hominy chop contains relatively low levels of fibre and high 

levels of readily fermentable material such as EE, starch and sugar. These characteristics are partly 

responsible for the faster rate of ivGP at early incubation times and high total ivGP potential. 

 

2.5.2. Enzyme activity 

 

Endoglucanase and exoglucanase tests were used to measure cellulase activity, while the hemi-cellulase 

test indicated the xylanase activity. The activities for the cellulase and xylanase enzymes tested in this 

study were relatively higher than other reported values (Colombatto et al., 2003; Eun and Beauchemin, 

2007). It is not always possible to compare these results one on one as the enzyme sources and 

characteristics may differ, coupled with contrasting analytical methods between laboratories. The 

cellulase, xylanase and mixture showed optimum performance at a pH of 6, 4 and 4, respectively, which 

agrees with the manufacture’s recommendations of 4.8. In this study, the xylanase and cellulase activities 

of the pure enzyme products were similar to those obtained by Belete et al. (2014) after analysing the 

same enzyme products. However, these activities were higher than other values that have been reported 
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(Colombatto et al., 2003; Eun and Beauchemin, 2007). In this study the enzyme activity of the mixture was 

analysed as well. In this case the endoglucanase activity was significantly reduced, while most of the hemi-

cellulase activity remained constant compared with the activity of the pure xylanase enzyme products. 

This analysis indicates that the enzyme activity of pure enzymes can be altered when combined with other 

enzymes. Thus, this explains why the two pure enzyme products, namely cellulase and xylanase, do not 

necessarily show additive effects when combined. From the results of this study, the mixture of xylanase 

and cellulase might not be the ideal treatment to enhance endoglucanase activity. However, these 

enzymes might perform differently in the rumen environment owing to endogenous enzyme interactions 

and differences in substrates, temperature and pH (Eun and Beauchemin, 2007). The wide discrepancy 

between the ideal conditions of an enzyme assay and the rumen environment justifies assays being 

conducted on a broader range of conditions as well as standardizing these methods to determine 

exogenous enzyme activities in order to mimic the rumen environment more closely.  

 

2.5.3. In vitro gas production 

In vitro gas production is an indication of feed fermentation, mainly the carbohydrate component. The 

degradation of substrate in the rumen is directly and positively correlated with ivGP (Menke et al., 1997). 

Results in this study show that ivGP rose with an increase in dose rate. This effect was most prominent in 

the initial stages of incubation and at higher dose rates, and was applicable to cellulase, xylanase and their 

mixture (Tables 2.3, 2.4 and 2.5). In agreement with these results were those of Eun and Beauchemin 

(2007), who used alfalfa hay under in vitro conditions, of Giraldo et al. (2008), who experimented with a 

hay-concentrate (70 : 30) mixture for sheep, and of Pinos-Rodriguez et al. (2007), who reported on various 

forage-to-concentrate ratios fed to lambs. All authors reported improvements in the rate of fibre 

component degradation when substrates were treated with EFEs. Furthermore, previous studies reported 

that cellulase, xylanase and other EFEs could increase cumulative ivGP and the rates of in vitro 

fermentation of grass and maize silage (Wallace et al., 2000). In contrast, other researchers reported that 

the ivGP rate was not improved by fibrolytic enzyme supplementation. According to these researchers, 

incorrect enzyme dosage and enzyme-substrate combinations were the primary factors for the lack of 

improvement (Yang et al., 2000; Kung et al., 2002).  

In this study, the increase in ivGP was less prominent with the mixture treatment. This could be due to 

the reduced endoglucanase activity of the mixture, as seen in the enzyme activity assay. Although multiple 
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studies have shown that exogenous enzyme treatments could improve fibre fermentation and the rate of 

fermentation of various substrates, the mechanism of this improvement is not fully understood. Possible 

reasons for the positive effect in terms of rate of ivGP could be explained by improved microbial 

colonization of the substrate cell wall (Wang et al., 2001), resulting in an increased rate of fermentation. 

Alteration of the substrate cell wall structure improved ruminal fermentation because of the enzymatic 

effects, which resulted in a more favourable surface for microbial fermentation and increased access to 

potentially fermentable components (Giraldo et al., 2008, Elwakeel et al., 2007). The 24-hour pre-

treatment of the substrate with the exogenous enzymes in this study might have improved the substrate–

enzyme complex, resulting in higher efficacy of the enzyme in the incubation media (Alvarez et al., 2009). 

But this effect was less prominent in the later stages of the incubation period. This could be explained by 

the disruption of the enzyme-substrate complex by ruminal enzymes and its proteolytic effects, thereby 

reducing the duration of the efficacy of the exogenous enzymes within the rumen (Kung et al., 2000). 

Another possible explanation could be that as the incubation period progressed, the potential substrate 

on which exogenous enzymes could act declined, slowing down the rate of ivGP (Colombatto et al., 2003).  

The ivGP profiles of the three substrates were significantly different, regardless of enzyme treatment or 

dose rate. This could be owing to a higher amount of readily fermentable material in hominy chop and 

sunflower oilcake meal compared with Eragrostis curvula (Table 2.1). After 18 hours of incubation, hominy 

chop showed a much higher capacity of total ivGP compared with the other substrates owing to the 

presence of significantly more fermentable material in the form of starch and lower NDF and ADF content. 

The large variation in ivGP patterns between these substrates emphasizes the necessity to determine the 

interaction between enzymes and specific substrates. 

 

2.6. Conclusion 

 

The enzyme activity profile in this study indicated that most of the activity remained higher at pH 4–6. 

Enzyme products such as EFEs should be capable of tolerating conditions closer to those of the rumen 

environment to be used effectively as additives in ruminant nutrition. Cellulase and xylanase used in this 

study were effective at 0.5 ml g-1 DM of substrate. However, at 0.5 ml g-1 DM their effect was relatively 

lower compared with higher application rates (1, 1.5, 2 ml g-1 DM). This is understandable as EFEs are not 

always produced to be used in the feeding system of ruminants. The ivGP in this study indicated that all 
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of the enzyme treatments had a measurable effect on total ivGP, especially during the earlier incubation 

intervals of the tested substrates. The cumulative effect increased with increasing level of application, 

reaching the highest level at 2 ml g-1 DM for cellulase and the mixture. In addition, the associated costs 

related to higher enzyme application rate need to be considered to justify the return that will be obtained 

per unit increase in enzyme application level. Thus taking into consideration the efficiency of application, 

the pre-treatment of Eragrostis curvula, sunflower oilcake meal and hominy chop with cellulase, xylanase 

and a mixture at an application rate of 1.5 ml g-1 DM resulted in more economical in vitro ruminal 

fermentation throughout the incubation period. Cellulase, however, enhanced gas production only during 

the first 12 hours of the incubation period, and this was obtained at an application rate of 2 ml g-1 DM. 
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Chapter 3 

 

Effect of addition of fibrolytic enzyme with or without protease on in vitro organic matter 

degradability, total gas and methane production 

 

3.1. Abstract  

 

The potential improvements that exogenous protease enzymes in addition to exogenous fibrolytic 

enzymes (EFEs) might have on ruminal fermentation need to be studied to enhance the utilization of high 

forage diets by ruminants. This study evaluated the influence of exogenous enzymes on in vitro gas 

production (ivGP), in vitro organic matter degradability (ivOMD) and in vitro methane production (ivCH4). 

A factorial treatment combination of fibrolytic enzymes (control, xylanase PLUS at 1.5ml g-1 DM (xylanase), 

cellulase at 1.5ml g-1 DM (cellulase) and a 1 : 1 cellulase-xylanase PLUS mixture at 1.5ml g-1 DM (mixture) 

and protease enzyme (at 0 and 0.5ml g-1 DM substrate (protease)) was evaluated using two substrates 

(Eragrostis curvula and sunflower oilcake meal). Rumen fluid was collected from six cannulated sheep fed 

a Lucerne hay-based diet and used as a source of inoculum. In vitro gas production and ivCH4 were 

measured using a pressure transducer after 3, 6, 10, 14, 24, 36 and 48 hours of incubation. Gas samples 

was taken from every vial at each of these intervals. Thereafter, gas samples were analysed for methane 

concentration using a SRI gas chromatograph. In addition, in vitro organic matter digestibility of the feed 

was measured after 48 hours of incubation. The results of this study indicated that fibrolytic enzymes may 

generally increase ivGP. However, the addition of protease had no effect on Eragrostis curvula, while it 

improved the ivGP of sunflower oilcake meal (P < 0.05) when used alone. Fibrolytic enzymes in the form 

of cellulase and xylanase alone improved the ivOMD of sunflower oilcake meal, while only the addition of 

protease improved the ivOMD of Eragrostis curvula (P < 0.05). It appears that the addition of fibrolytic 

enzymes increased ivCH4 for both substrates, but not throughout the incubation period (P < 0.05). The 

addition of protease reduced ivCH4 of Eragrostis curvula at 10–14 hour intervals (P < 0.05). Similarly, the 

addition of fibrolytic enzyme alone increased ivCH4 ivGP-1 and ivCH4 ivOMD-1 for Eragrostis curvula (P < 

0.05), but not for sunflower oilcake meal. The results obtained in this study highlight the variation in the 

effects of exogenous enzymes on different substrates. Therefore, conducting further studies on the 
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effects of protease addition in combination with fibrolytic enzymes and by itself on a range of substrates 

would be justified.  

 

3.2. Introduction 

 

Improving production efficiency and reducing the environmental footprint of ruminant production under 

an extensive system would enhance the sustainability of the system and global competitiveness of 

livestock sector. Hence, progressively more emphasis is being put on climate warming risks and the 

intensification of livestock production systems in modern livestock practices. Greater awareness is placed 

on improving the utilization of traditional and non-traditional feedstuffs. As a consequence, various feed 

additives have been evaluated in order to produce the most favourable ratio between methane emissions 

and degradable organic matter. The application of exogenous enzymes has led to better utilization of 

nutrients by contributing to the degradation of cellulose, hemicellulose and protein in forages commonly 

fed to ruminants (Pinos-Rodríguez et al, 2002). Interest in the use of exogenous enzymes has grown in 

recent times. This is due mainly to an emphasis being placed on the reduction of feed costs and easier 

access to good-quality enzymes (Adesogan et al, 2007; He et al. 2014). The application of protease in 

combination with fibrolytic enzymes is believed to have positive effects on nutrient digestibility by 

degrading protein molecules situated on the cell wall, which increases nutrient exposure to microbial 

degradation (Colombatto and Beauchemin, 2009). Enzyme cocktails of endoglucanase, alpha-amylase, 

xylanase and protease activity have resulted in increased nutrient digestibility and improved ruminal 

fermentation profiles in both in vitro (Elghandour et al, 2013) and in vivo (Gado et al, 2009) trials. Ruminal 

fermentation contributes to greenhouse gasses by the production of methane (Kim et al, 2016; Perme et 

al, 2016). Reduction in enteric methane would not only reduce greenhouse gas production, but also 

improve the energy efficiency of substrates (Johnson and Johnson, 1995). Previous studies have shown 

that exogenous enzymes can improve digestibility and in some cases reduce methane production (Grainer 

and Beauchemin et al, 2011), but this response is not consistent across studies. The observed response to 

exogenous enzymes depends on the type of enzyme, mode of application, dose level and substrate. The 

current study was undertaken to investigate the effect of addition of three fibrolytic enzyme treatments 

with or without protease enzyme on ivGP, ivCH4 and ivOMD of Eragrostis curvula and sunflower oilcake 

meal. 
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3.3. Materials and methods 

 

The following subsections describes the methodology followed in this chapter. 

 

3.3.1. Description of study area 

 

This study evaluated the effect of three EFEs treatments in combination with or without protease enzyme 

on ivGP, ivCH4 and ivOMD. The in vitro experiments were conducted at the Nutrition Laboratory of the 

Department of Animal and Wildlife Sciences, University of Pretoria. The fibrolytic enzymes used in this 

study consisted of cellulase and xylanase (Dyadic International Inc., Florida, USA), which is a concentrated 

liquid of acid cellulase (E.C. 3.2.1.4) and acid-neutral endo-1, 4-β-D-xylanase (E.C. 3.2.1.8), and the 

mixture, which is a 1 : 1 wt wt-1 combination of these enzymes. The fibrolytic enzymes were produced by 

the fermentation of Trichderma longibrachiatum (non-genetically modified organism). The protease 

enzyme was dried Bacillus licheniformis PWD-1 fermentation solubles mixed with ground limestone and 

natural flavouring. The protease enzyme used is commercially available under the trade name Cibenza® 

DP 100. Eragrostis curvula and sunflower oilcake meal were used as the test substrates. These substrates 

were treated with a fibrolytic enzyme, namely control, cellulase, xylanase and their mixture in 

combination with or without protease enzyme. In each run, control samples (substrates without enzyme 

treatment), blanks for treatments (incubation medium and each enzyme treatment) and rumen fluid 

(rumen fluid and buffer medium) were incubated with the treatments. The dose rate of the fibrolytic 

enzymes determined earlier in Chapter 2 was used, whereas the dose rate of the protease enzyme was 

adapted from previous studies conducted by Colombatto and Beauchemin (2009) and Cantet et al. (2015). 

Each treatment was replicated with four vials per run and three independent runs were carried out. 

 

3.3.2. Feed sample collection and preparation 

 

The Eragrostis curvula and sunflower oilcake meal described in Section 2.3.2 were used as substrates in 

this study.  
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3.3.3. Chemical analysis of substrates 

  

The chemical analysis of the substrates was similar to those described in Section 2.3.3 of this study. 

 

3.3.4. Enzyme assay 

 

The enzyme assay described in Section 2.3.4 was applicable to the fibrolytic enzymes used in this study. 

However, protease enzyme activity was determined by the manufacturer and reported on a certificate of 

analysis as 6000,000 U g-1 minimum protease activity. 

 

3.3.5. Substrate preparation and enzyme dilution 

 

The same procedures that were described in Section 2.3.5 were followed for Eragrostis curvula and 

sunflower oilcake meal and the fibrolytic enzymes and protease enzyme.  

 

3.3.6. Buffer medium preparation 

 

The method described in Section 2.3.6 was followed in this study. 

 

3.3.7. Collection of rumen fluid from donor sheep and in vitro measurements 

 

The procedure described in Section 2.3.7 was followed in this study with these amendments: the vials 

were placed in an in vitro incubation oven at 39°C with a sliding tray at 120 rpm instead of the water bath 

described in Section 2.3.7. To correct for gas production of the rumen fluid component, four blanks, which 

comprised rumen fluid and the specific treatment, were included in every run. Gas pressure was measured 

and released at 3, 6, 10, 14, 24, 36 and 48 hours of incubation. During each interval, a gas sample was 



 

51 
 

taken from every vial. The gas samples were kept in gastight vials and analysed for concentration of 

methane using a SRI gas chromatograph shortly after collection. Finally, following the 48-hour incubation 

period, the vials were placed on ice to stop incubation. In vitro organic matter degradebility was 

determined after the 48-hour incubation period following procedures described by Van Soest et al. (1966). 

 

3.3.8. Calculation and statistical analysis 

 

A completely randomized block experimental design was used in this study. The run was used as a blocking 

factor. The data were analysed statistically using the GLM option of SAS (version 9.4, 2013). The statistical 

model included the effect of fibrolytic enzyme, protease and interaction effect between fibrolytic enzyme 

and protease. Where the F-test showed significant effect, differences between the means were 

determined using Tukey’s test.  

 

3.4. Results 

 

3.4.1. In vitro gas production 

 

A significant interaction effect between fibrolytic enzymes and protease was observed for sunflower 

oilcake meal throughout the incubation period (Table 3.1). The addition of fibrolytic enzymes alone 

resulted in significantly higher ivGP throughout the incubation period compared with the control 

treatment. The same effect was observed with the addition of protease compared with the control 

treatment. However, no significant increase in ivGP was observed due to the addition of fibrolytic enzymes 

in the presence of protease (Table 3.1). Similarly, no significant increase in ivGP was observed due to the 

addition of protease in the presence of fibrolytic enzymes. 
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Table 3.1 In vitro gas production of sunflower oilcake meal treated with various enzyme products over 

48 hours 

    In vitro gas production (ml g-1 DM) 

Interval (hours 

of incubation) 

Enzyme 

treatment 

(n=12) 

Control Xylanase Cellulase Mixture 

3 Control 25.4b
2 30.1a

1 31.2a
1 32.1a

1 

 Protease 29.9a
1 32.0a

1 32.6a
1 31.3a

1 

 SEM 0.83 0.83 0.83 0.83 

6 Control 44.1b
2 51.5a

1 52.5a
1 53.7a

1 

 Protease 52.1a
1 53.3a

1 54.9a
1 52.9a

1 

 SEM 0.99 0.99 0.99 0.99 

10 Control 64.5b
2 73.4a

1 73.6a
1 75.5a

1 

 Protease 75.8a
1 75.1a

1 77.1a
1 74.6a

1 

 SEM 1.17 1.17 1.17 1.17 

14 Control 80.5b
2 90.9a

1 90.7a
1 92.9a

1 

 Protease 93.9a
1 92.3a

1 94.5a
1 91.6a

1 

 SEM 1.36 1.36 1.36 1.36 

24 Control 103.8b
2 116.3a

1 115.3a
1 116.8a

1 

 Protease 119.3a
1 116.7a

1 120.0a
1 116.2a

1 

 SEM 1.55 1.55 1.55 1.55 

36 Control 114.6b
2 129.1a

1 128.1a
1 129.4a

1 

 Protease 132.1a
1 129.2a

1 132.7a
1 128.5a

1 

 SEM 1.77 1.77 1.77 1.77 

48 Control 121.2b
2 137.7a

1 136.6a
1 138.1a

1 

 Protease 140.7a
1 138.0a

1 141.1a
1 137.0a

1 

 SEM 1.93 1.93 1.93 1.93 

Means with different numbers (superscripts) within a column and letters (subscripts) within a row differ significantly in a 

section at indicated P value, P < 0.05  
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The interaction effect between fibrolytic enzymes and protease was significant only at the 24-hour 

interval in the 48-hour incubation period of Eragrostis curvula. The addition of fibrolytic enzymes resulted 

in significantly higher ivGP compared with the control throughout the rest of the incubation period. The 

addition of protease did not alter the ivGP profile throughout the incubation period (Table 3.2).  

Table 3.2 In vitro gas production of Eragrostis curvula treated with various enzyme products over 48 

hours 

  In vitro gas production (ml g-1 DM) at various time intervals (hours of 

incubation) 

Treatments (n=12) 3 6 10 14 36 48 

Fibrolytic enzymes       

Control 4.39b 7.55b 14.33b 24.81b 92.76b 116.45b 

Xylanase 5.43a 9.25a 17.09a 28.47a 96.75a 119.76a 

Cellulase 6.11a 9.86a 17.31a 28.25a 96.78a 120.14a 

Mixture 6.80a 10.76a 18.64a 29.54a 97.65a 120.63a 

SEM 0.56 0.56 0.63 0.67 0.95 1.05 

       

Protease       

0 ml  5.74a 9.39a 17.02a 28.10a 96.09a 119.23a 

40 ml 5.62a 9.32a 16.66a 27.44a 95.88a 119.25a 

SEM 0.4 0.4 0.44 0.47 0.67 0.74 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 

  

With the exception of the 24-hour incubation period, the addition of fibrolytic enzymes resulted in 

significantly higher ivGP compared with the control in the absence of protease. The addition of protease 

in combination with fibrolytic enzymes did not result in higher ivGP compared with the control. In fact, 

the combination of protease and xylanase produced significantly lower ivGP compared with xylanase 

alone (Figure 3.1). 
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Figure 3.1. Cumulative in vitro gas production of Eragrostis curvula treated with various enzyme products 

at the 24-hour interval 

Means with different letters (subscripts) within an x-axis and different numbers (superscripts) within a z-axis differ significantly 

at indicated P value P < 0.05  

 

3.4.2. In vitro methane production 

 

During the incubation of sunflower oilcake meal, an interaction effect between fibrolytic enzyme and 

protease was observed only at the 48-hour incubation interval (Table 3.3 and Figure 3.2). The addition of 

fibrolytic enzymes increased cumulative ivCH4 at the 3-, 6-, 24- and 36-hour intervals, although this was 

not consistent across the various enzyme types and at the 10- and 14-hour intervals. The addition of 

protease did not affect cumulative ivCH4 production during the first 36 hours of incubation.  
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Table 3.3 Cumulative in vitro methane production from sunflower oilcake at various time intervals 

  Methane production (ml g-1 DM) at various time intervals (hours of 

incubation)  

Treatments (n=12) 3 6 10 14 24 36 

Fibrolytic enzymes      

Control 0.51b 1.15b 2.27a 3.38ab 5.53b 6.69b 

Cellulase 0.61a 1.31ab 2.31a 3.32b 5.65ab 6.91ab 

Mixture 0.61a 1.29ab 2.35a 3.46ab 5.70ab 6.91ab 

Xylanase 0.58ab 1.35a 2.49a 3.69a 5.99a 7.27a 

SEM 0.03 0.06 0.09 0.11 0.15 0.17 

       

Protease       

0 ml  0.58a 1.26a 2.35a 3.52a 5.83a 7.06a 

40 ml 0.58a 1.29a 2.36a 3.40a 5.61a 6.83a 

SEM 0.02 0.04 0.07 0.08 0.1 0.12 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 

 

In the absence of protease, the addition of fibrolytic enzymes resulted in significantly higher ivCH4 when 

compared with the control treatment. The addition of protease in combination with fibrolytic enzymes 

did not affect ivCH4 when compared with the control treatment. In the presence of protease, the addition 

of cellulase and mixture produced significantly lower ivCH4 compared with xylanase used in combination 

with protease (Figure 3.2).  
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Figure 3.2. Cumulative in vitro methane production of sunflower oilcake meal treated with various enzyme 

products at the 48-hour interval 

Means with different letters (subscripts) within an x-axis and different numbers (superscripts) within a z-axis differ significantly 

at indicated P value, P < 0.05  

 

For Eragrostis curvula, a significant interaction effect between fibrolytic enzyme and protease in terms of 

cumulative ivCH4 was observed at the 48-hour incubation interval only (Figure 3.3). The addition of a 

mixture resulted in significantly higher ivCH4 during the first 14 hours of the incubation period compared 

with the control treatment. Xylanase and cellulase showed a tendency of increasing ivCH4 at 3- and 6-hour 

intervals. Compared to the control, xylanase increased ivCH4 production at the 10- and 14-hour intervals, 

while cellulase did not affect ivCH4 at these intervals. At the 24- and 36-hour intervals, fibrolytic enzyme 

addition did not affect ivCH4 when compared with the control treatment. The addition of protease 

generally reduced ivCH4 at the 10- and 14-hour intervals compared with the treatments that did not 

contain protease. However, protease did not affect ivCH4 at 24- to 36-hour intervals when compared with 

the control (Table 3.4).  
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Table 3.4 Cumulative in vitro methane production from Eragrostis curvula at various time intervals  

 In vitro methane production (ml g-1 DM) at various time intervals (hours 

of incubation) 

Treatments (n=12) 3 6 10 14 24 36 

Fibrolytic enzymes      

Control 0.02b 0.05b 0.15b 0.37b 1.96a 4.11a 

Xylanase 0.03ab 0.07ab 0.22a 0.48a 2.14a 4.52a 

Cellulase 0.03ab 0.07ab 0.16b 0.35b 1.99a 4.24a 

Mixture 0.048a 0.10a 0.23a 0.49a 2.15a 4.43a 

SEM 0.01 0.01 0.02 0.02 0.13 0.15 

       

Protease       

0 ml  0.04a 0.08a 0.21a 0.46a 2.06a 4.40a 

40 ml 0.03a 0.06a 0.17b 0.38b 2.06a 4.25a 

SEM 0.01 0.01 0.01 0.02 0.09 0.1 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 

  

At the 48-hour incubation interval, the addition of xylanase alone resulted in significantly higher ivCH4 

compared with the control as well as the cellulase and xylanase mixture, while in the presence of protease, 

xylanase resulted in higher ivCH4 than the mixture enzyme. The addition of protease alone resulted in 

significantly higher cumulative ivCH4 compared with the control treatment, whereas the addition of 

protease to xylanase and cellulase resulted in significantly lower ivCH4 compared with the substrate 

treated with these fibrolytic enzymes alone (Figure 3.3). 
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Figure 3.3. Cumulative in vitro methane production of Eragrostis curvula treated with various enzyme 

products at the 48-hour interval 

Means with different letters (subscripts) within an x-axis and different numbers (superscripts) within a z-axis differ significantly 

at indicated P value, P < 0.05  

 

3.4.3. In vitro organic matter degradation 

 

For sunflower oilcake meal, the addition of xylanase and cellulase increased ivOMD compared with the 

control treatment. The addition of the mixture showed a tendency to increase ivOMD, but this increase 

did not statistically differ (P > 0.05) from the control. The addition of protease to sunflower oilcake meal 

did not affect ivOMD after the 48-hour incubation period (Table 3.5).  
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Table 3.5 Percentage in vitro organic matter degradability of sunflower oilcake meal following 48-hour 

in vitro incubation  

Treatments (n=12) In vitro organic matter degradability (%) 

Fibrolytic enzymes  

Control 73.52b 

Xylanase 77.05a 

Cellulase 76.71a 

Mixture 75.01ab 

SEM 0.8 

  

Protease  

0 ml 75.25a 

40 ml 75.89a 

SEM 0.57 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 

The addition of fibrolytic enzymes to Eragrostis curvula did not affect ivOMD following the 48-hour 

incubation period when compared with the control. However, the addition of protease resulted in 

significantly higher ivOMD compared with control the treatments without protease (Table 3.6).  
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Table 3.6 Percentage in vitro organic matter degradability of Eragrostis curvula following 48-hour in 

vitro incubation  

Treatments (n=12) In vitro organic matter degradability (%) 

Fibrolytic enzymes  

Control 52.62a 

Xylanase 52.54a 

Cellulase 52.35a 

Mixture 51.95a 

SEM 0.63 

  

Protease  

0 ml 51.35b 

40 ml 53.38a 

SEM 0.44 

Means with different letters (superscripts) within a column differ significantly in a section at indicated P value, P < 0.05 

 

3.4.4. In vitro methane production per unit of gas produced  

 

In the absence of protease, the addition of fibrolytic enzymes did not alter the ivCH4 ivGP-1 of sunflower 

oilcake meal when compared with the control treatment. Similarly, the addition of protease alone did not 

alter ivCH4 ivGP-1 when compared with the control treatment without protease. The addition of protease 

in combination with cellulase reduced ivCH4 ivGP-1 compared with the substrate treated with cellulase 

alone. Furthermore, xylanase in combination with protease produced significantly higher ivCH4 ivGP-1 

when compared with the control or other treatments that contained protease (Table 3.7).  
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Table 3.7 In vitro methane production per unit of gas produced after 48-hour incubation of sunflower 

oilcake meal 

                        ivCH4 (ml g-1 DM) ivGP-1 (ml g-1 DM)  

Fibrolytic enzyme (n=12) No protease Protease 

Control 0.057a
1 0.054b

1 

Xylanase 0.058a
1 0.059a

1 

Cellulase 0.057a
1 0.052b

2 

Mixture 0.056a
1 0.053b

1 

SEM 0.001 0.001 

Means with different numbers (superscripts) within a row and letters (subscripts) within a column differ significantly at 

indicated P value, P < 0.05 

ivCH4: in vitro methane production; ivGP: in vitro gas production 

 

A significant interaction effect between the fibrolytic enzyme and protease enzyme treatment was 

observed at 48 hours in terms of ivCH4 per unit of ivGP of Eragrostis curvula. The addition of fibrolytic 

enzymes alone resulted in significantly higher ivCH4 ivGP-1 compared with the control treatment, while 

the addition of protease alone did not affect ivCH4 ivGP-1 when compared with the control treatment. 

However, when protease was added in combination with the mixture and the cellulase treatment, a 

reduction in ivCH4 ivGP-1 was observed compared with Eragrostis curvula treated with these fibrolytic 

enzymes only. Furthermore, in the presence of protease the fibrolytic enzyme mixture resulted in 

significantly lower ivCH4 ivGP-1 when compared with the control treatment with protease (Table 3.8). 
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Table 3.8 In vitro methane production per unit of gas produced after 48-hour incubation of Eragrostis 

curvula  

 ivCH4 (ml g-1 DM) ivGP-1 (ml g-1 DM)  

Fibrolytic enzyme (n=12) No protease Protease 

Control 0.048c
1 0.051ab

1 

Xylanase 0.056a
1 0.053a

1 

Cellulase 0.053ab
1 0.048bc

2 

Mixture 0.051b
1 0.047c

2 

SEM 0.001 0.001 

Means with different numbers (superscripts) within a row and letters (subscripts) within a column differ significantly at 

indicated P value, P < 0.05 

 ivCH4: in vitro methane production; ivGP: in vitro gas production 

 

3.4.5. In vitro methane production per unit of in vitro organic matter degraded 

 

In terms of the 48-hour ivCH4 ivOMD-1 for sunflower oilcake meal, an interaction effect was observed 

between the fibrolytic enzyme and protease enzyme treatments. When compared with the control, the 

addition of fibrolytic enzymes alone showed no difference in terms of ivCH4 ivOMD-1. Similarly, the 

addition of protease alone did not affect ivCH4 ivOMD-1 when compared with the control. However, in the 

presence of protease the mixture and cellulase resulted in reduced ivCH4 ivOMD-1 compared with the 

control treatment with protease. In the presence of fibrolytic enzymes the addition of protease did not 

alter ivCH4 ivOMD-1 when compared with the control with fibrolytic enzymes (Table 3.9). 
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Table 3.9 In vitro methane production per unit of in vitro organic matter degraded following 48-hour 

incubation of sunflower oilcake meal 

 ivCH4 (ml g-1 DM) ivOMD-1 (%)  

Fibrolytic enzyme 

(n=12) 

No protease Protease 

Control 9.59a
1 9.90ab

1 

Xylanase 10.21a
1 10.67a

1 

Cellulase 10.05a
1 9.52b

1 

Mixture 10.26a
1 9.58b

1 

SEM 0.334 0.334 

Means with different numbers (superscripts) within a row and letters (subscripts) within a column differ significantly at 

indicated P value, P < 0.05 

 ivCH4: in vitro methane production; ivOMD: in vitro organic matter degradability  

 

No interaction effect between the fibrolytic enzyme and protease enzyme applied to Eragrostis curvula 

was observed following the 48-hour incubation period. In the absence of protease, the addition of 

xylanase resulted in higher ivCH4 ivOMD-1, while the mixture and cellulase had shown a tendency to 

increase ivCH4 ivOMD-1 compared with the control treatment. Addition of protease alone did not affect 

ivCH4 ivOMD-1 compared with the control treatment. However, the addition of protease in combination 

with cellulase reduced ivCH4 ivOMD-1 when compared with the control treatment without protease 

applied in combination with cellulase (Table 3.10).  
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Table 3.10 In vitro methane production per unit of in vitro organic matter degraded following 48- hour 

incubation of Eragrostis curvula 

 ivCH4 (ml g-1 DM) ivOMD-1 (%)  

Fibrolytic enzyme (n=12) No protease Protease 

Control 10.95b
1 11.01a

1 

Xylanase 13.35a
1 11.92a

1 

Cellulase 12.38ab
1 10.91a

2 

Mixture 12.05ab
1 11.01a

1 

SEM 0.473 0.473 

Means with different numbers (superscripts) within a row and letters (subscripts) within a column differ significantly at 

indicated P value, P < 0.05 

 ivCH4: in vitro methane production; ivOMD: in vitro organic matter degradability 

 

3.5. Discussion 

 

In vitro gas production is an effective parameter that can be used to identify the efficacy of exogenous 

enzymes in some of the less degradable components of cell walls (Cantet et al., 2015). Generally, an 

increase in ivGP during the initial incubation period indicates a positive response to the treatments (P < 

0.05). In this study ivGP was increased significantly during the early hours of incubation when the fibrolytic 

enzymes were applied to each of the substrates alone. However, the addition of protease improved only 

the ivGP of sunflower oilcake meal. These results are in agreement with those of previous researchers, 

who reported higher gas production during the early incubation intervals of lucerne leaves treated with 

exogenous enzymes (Colombatto et al. 2003), in roughage (Elghandour et al. 2013), and in grass 

hay/concentrate (70:30) fed to sheep (Giraldo et al., 2008) in vitro. However, Jalilvand et al. (2008) did 

not find any differences in 24-hour ivGP with the addition of an exogenous enzyme mixture (cellulase, 

xylanase, alpha-glucanase, protease and amylase activity) to lucerne hay, wheat straw and maize silage. 

In contrast to the findings of this study the mixture often contained suboptimal enzyme activity, which 

could explain the results reported by these findings. 

Colombatto et al. (2003b) concluded that exogenous enzyme treatments increased cellulose and xylan 

fermentation in vitro, owing primarily to greater hydrolytic activity. Improvements in organic matter 

degradability, NDF and CP degradability following the addition of enzymes have been recorded in dairy 
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cow diets (Rode et al. 1999; Elghandour et al. 2013). This study supports these findings because the 

addition of xylanase and cellulase resulted in significantly higher ivOMD of sunflower oilcake meal, while 

protease alone had no effect on ivOMD of sunflower oilcake meal. In contrast, during the incubation of 

Eragrostis curvula, fibrolytic enzyme had no effect on ivOMD, while the addition of protease resulted in 

significant improvements of ivOMD. This indicates that different responses are possible when using the 

same exogenous enzymes, depending on the substrate and thus determine the efficacy of enzymes used 

in a specific area. 

The use of proteolytic enzymes in ruminant feed was not seen as a viable option owing to arguments that 

suggest that the addition of proteolytic enzymes leads to increased dietary and endogenous protein 

degradation, resulting in higher N wastage (Eun and Beauchemin 2008). This argument is supported by 

Colombatto et al. (2003) and Cantet et al. (2015), who found that protease lowered the ivOMD of silages 

and forages treated with the same exogenous protease enzyme. However, this was not always supported 

by the results obtained in this study, because protease addition increased ivGP of sunflower oilcake meal 

and ivOMD of Eragrostis curvula. Similarly, Eun and Beauchemin (2005) reported improved organic 

matter, nitrogen and hemicellulose digestion in dairy cattle fed diets with high and low forage inclusion 

rates and treated with protease. In a meta-analysis by Eun and Beauchemin (2008) on protease enzymes, 

the authors found improvements in ivOMD due to protease addition, but also noticed that high inclusion 

of protease could have detrimental effects on ruminal forage degradation. These collective results 

highlight the importance of using correct dose levels and identification of appropriate enzyme mixture for 

specific ruminant feed in question. It is critical to develop effective methodologies to determine the 

efficacy of enzymes in ruminant nutrition, because multiple factors (substrate, dose rate, rumen pH, etc.) 

may play a significant role in affecting the anticipated response.  

In previous studies, methane emissions were mitigated by the action of exogenous enzymes on structural 

carbohydrates and protein in the substrates to which they were applied (Beauchemin et al. 2008). 

Currently, few studies have investigated the correlation between the addition of exogenous enzymes and 

ruminal methane production and their reported results are inconsistent. Treatment of total mixed ration 

fed to dairy cows with fibrolytic enzymes resulted in increased degradation of DM, NDF and acid detergent 

fibre (ADF), but did not affect methane production (Giraldo et al. 2007). Similarly, McGinn et al. (2004) 

reported no change in methane production or NDF and ADF digestibility following an in vivo study with 

steers fed barley silage supplemented with protease enzymes. In this study, the addition of fibrolytic 

enzymes to Eragrostis curvula substrate resulted in significant increases of ivCH4, but not throughout the 
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incubation period. Sunflower oilcake meal treated with fibrolytic enzymes seems to have produced higher 

levels of ivCH4 at all intervals except for the 10- and 14-hour intervals, whereas Eragrostis curvula treated 

with mixture produced higher ivCH4 for the first 14 hours of the incubation period, while the addition of 

xylanase resulted in increased ivCH4 at the 10- and 14-hour incubation intervals. In contrast, the addition 

of protease did not have an effect on the ivCH4 production of sunflower oilcake meal, but reduced the 

cumulative ivCH4 production of Eragrostis curvula at the 10- and 14-hour incubation intervals.  

According to Cantet et al. (2015), fermentation parameters such as ivGP and ivCH4 per gram of organic 

matter digested gives a more accurate indication of ruminal fermentation because methane is produced 

exclusively from the rumen fermentable carbohydrate fraction. The expression of ivGP and ivCH4 per unit 

of fermented feed should thus be preferred when comparing various substrates. By expressing the results 

of the current study in this way it was found that the addition of fibrolytic enzyme increased ivCH4 ivGP-1
 

and ivCH4 ivOMD-1 for Eragrostis curvula only. Protease had no effect on these parameters for either of 

the substrates. The addition of xylanase in combination with protease increased ivCH4 ivGP-1 for sunflower 

oilcake meal, while the addition cellulase and mixture in combination with protease reduced ivCH4  ivOMD-

1 compared with the protease treatment alone. Furthermore, the addition of cellulase increased ivCH4 

ivGP-1 for sunflower oilcake meal compared with cellulase addition alone. For Eragrostis curvula, the 

mixture and protease combination reduced ivCH4 ivGP-1 compared with the protease treatment alone, 

while the cellulase and protease combination reduced both ivCH4 ivGP-1 and ivCH4 ivOMD-1 and the 

protease and mixture combination reduced ivCH4 ivGP-1 only compared with protease addition alone. This 

study showed variable results depending on the substrate and enzyme treatment that were used. These 

results warrant a more in-depth study into the use of protease and into the interaction between fibrolytic 

and protease on various substrates in ruminant nutrition.  

 

3.6. Conclusion 

 

The aim of this study was to determine the effect of protease addition alone and in combination with 

fibrolytic enzymes on ivGP, ivOMD and ivCH4 production of two feed substrates commonly used in the 

livestock industry. Fibrolytic enzymes alone increased the ivGP of both Eragrostis curvula and sunflower 

oilcake meal throughout the incubation period and resulted in an increase of ivCH4 throughout the bulk 

of the incubation period. Protease addition to sunflower oilcake meal showed some potential in increasing 
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ivGP and reducing ivCH4 ivOMD-1 when used in combination with exogenous cellulase and mixture. The 

addition of protease in the presence of fibrolytic enzymes to Eragrostis curvula showed potential to 

reduce ivCH4, reduce ivCH4 ivGP-1 when used in combination with cellulase and mixture and reduce ivCH4 

ivOMD-1 when used in combination with cellulase. The results obtained in this study compared with 

published data on this topic highlight the erratic effects of exogenous enzymes on various substrates. 

Therefore, further investigation on the use of protease alone and in combination with fibrolytic enzymes 

on specific substrates used in ruminant nutrition is recommended. 
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Chapter 4 

 

The use of essential oil in combination with fibrolytic enzymes to reduce in vitro ruminal 

methane production 

 

4.1. Abstract 

 

Fibrolytic enzymes have been used successfully to improve rumen fermentation of high forage diets. 

However, there is an associated increase in methane production due to higher proportion of acetate in 

the fermentation product. The potential improvements that exogenous fibrolytic enzymes (EFEs) might 

have on ruminal fermentation need to be studied further with essential oils (EOs) to reduce methane 

emission associated with the use of these enzymes. This study evaluated the influence of various EOs in 

combination with fibrolytic enzymes on ivGP, ivOMD and ivCH4 after 48 hours of incubation of Eragrostis 

curvula. The treatments included control with no enzyme and no EOs (T1); a 1 : 1 cellulase- xylanase 

mixture at 1.5 ml g-1 DM (enzyme) (T2); and a combination of this enzyme treatment and the EOs (Next 

Enhance®, which is a commercial product) at 43:3.85 wt wt-1 of cinnamaldehyde and diallyl disulfide + 

diallyl trisulphide) (T3); cinnamon (T4); garlic (T5); and cinnamon and garlic oils (T6)). These treatments 

were assessed in an in vitro gas production study using Eragrostis curvula hay substrates. Rumen fluid, 

collected from six cannulated sheep fed a lucerne hay-based diet, was used as inoculum. The parameters 

ivGP and ivCH4 were measured using a pressure transducer with a digital gauge at 39 °C after 3, 6, 10, 14, 

24, 36 and 48 hours of incubation. Gas samples was taken from every vial at each interval. The gas samples 

were analysed for methane concentration using a SRI gas chromatograph. In vitro organic matter 

digestibility of the feed was measured after 48 hours of incubation. The results indicated that the addition 

of enzymes appears to have increased ivGP and ivCH4 and showed a tendency to increase ivOMD (P < 

0.05). The addition of EOs, garlic and CinnGar in combination with enzyme reduced ivGP compared with 

the enzyme treatment alone (P < 0.05). Furthermore, all of the EOs in combination with the enzyme 

treatment showed a tendency to reduce methane production during the early stages of the incubation 

period compared with the enzyme treatment alone (P = 0.08). CinnGar in combination with enzyme was 

the only treatment that reduced ivCH4 throughout the incubation period (P < 0.05). A reduction in ivCH4 

and ivGP per unit ivOMD was revealed for the garlic and CinnGar treatments (P < 0.095). Further studies 
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on these EOs combinations under different conditions (ruminal pH, EOs sources, substrate, etc.) and dose 

level should be evaluated to make a more informed recommendation on their efficacy. After successful 

screenings, these additives should be validated in in vivo trials. 

 

4.2. Introduction 

 

Essential oils are volatile plant secondary metabolites that are gaining popularity as ruminant feed 

additives, serving as alternatives to traditional antibiotic growth promoters (Wallace, 2004). The current 

situation has led to increased research into plant-derived compounds and their effects on ruminal 

fermentation (Calsamiglia et al., 2007). EOs have been shown to have promising effects through selective 

anti-bacterial activity, inhibition of ruminal methane emissions, enhancement of ruminal propionate 

proportion and bypass protein to the intestine (Benchaar et al., 2007; Calsamiglia et al., 2007). Of 

particular interest to this study is the ability of EOs to mitigate enteric methane production. McIntosh et 

al. (2003) found that EOs inhibit the energy metabolism of rumen microorganisms such as 

Methanobrevibacter smithii, a rumen archae that contributes to methane production. EOs have been 

studied for their effect on methane mitigation using both in vivo and in vitro studies, but the reported 

responses in terms of methane production have been variable, which may be related to the large diversity 

in the nature of these compounds (Calsamiglia et al., 2007). In vitro screening has proved an effective 

procedure to identify plant compounds with potentially positive effects (Beauchemin et al., 2008). 

However, this routine screening needs to be complemented by evaluating multiple EOs compounds and 

combinations at different dose rates. Moreover, owing to the ever-increasing risk of global warming and 

the contribution of rumen methane in it, there is continuous effort to screen further EOs and combination 

options. The aim of this study was to test the effects of EOs such as cinnamaldehyde, garlic oil and their 

mixture in the presence of fibrolytic enzymes on ivGP, ivCH4 and ivOMD. 

 

4.3. Materials and methods 

 

The following subsections describes the methodology followed in this chapter. 
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4.3.1. Description of study area 

 

This study included five additives as experimental treatments and a control without an enzyme or EOs. 

The first treatment was a control without enzyme or addition of EOs (T1). T2 was a 1 : 1 wt wt-1 mixture 

of two pure enzyme products, consisting of concentrated liquids of acid cellulase (E.C. 3.2.1.4) and acid-

neutral endo-1, 4-β-D-xylanase (E.C. 3.2.1.8) at 1.5 ml g-1 DM (mixture) dose rate. The dose used in this 

study was determined in previous studies and was described in more detail in Section 2.3.1. The remaining 

four treatments included an enzyme mixture in combination with a commercial EOs product (Next 

Enhance®) at 43:3.85 wt wt-1 of cinnamaldehyde and diallyl disulfide + diallyl trisulfide (T3); 

cinnamaldehyde (T4); garlic oil blend (T5); and a 1 : 1 wt wt-1 combination of cinnamaldehyde and the 

garlic oil blend (T6). The parameters included ivGP, ivCH4 and ivOMD. Eragrostis curvula hay was used as 

the test substrate. The in vitro experiments were conducted at the Nutrition Laboratory of the 

Department of Animal and Wildlife Sciences, University of Pretoria.  

 

4.3.2. Feed sample collection and preparation 

 

Eragrostis curvula described in Section 2.3.2 was used as substrate in this study.  

 

4.3.3. Chemical analysis of substrates 

  

Chemical analysis described in Section 2.3.3 was used in this study. 

 

4.3.4. Enzyme assay 

 

The enzyme assay described in Section 2.3.4 was used for the fibrolytic enzyme mixture in this study. 
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4.3.5. Substrate and treatment preparation  

 

The procedure described in Section 2.3.5 was followed for Eragrostis curvula and the enzyme mixture. 

Cinnamaldehyde and garlic oil were bought through Sigma-Aldrich©. Average concentrations of garlic oil 

and cinnamaldehyde were selected based on previous in vitro research (Busquet et al., 2005). The 

concentrations were dissolved in ethanol in a ratio of 1 : 10. All additives were stored at 5 °C in a smoked 

glass flask (Busquet et al., 2004).  

 

4.3.6. Buffer medium preparation 

 

The method described in Section 2.3.6 was followed to prepare buffer medium for this study. 

 

4.3.7. Collection of rumen fluid from donor sheep and in vitro measurements 

 

The procedure described in Section 3.3.7 was followed to collect rumen fluid from donor sheep and 

undertake in vitro gas production measurements with the modifications that gas pressure was measured 

and released at 2, 4, 8, 12, 24, 36 and 48 hours of incubation.  

 

4.3.8. Calculations and statistical analysis 

 

A completely randomized block experimental design was used in this study. The data were analysed 

statistically using ANOVA (analysis of variance) procedure of SAS (version 9.4, 2013). The statistical model 

included the effect of treatments and block, which is an independent run that was used in this study. 

Where the F-test showed significance, difference between treatments, means were separated using 

Tukey’s test. 
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4.4. Results 

 

4.4.1. In vitro gas production 

 

Generally, Eragrostis curvula treated with fibrolytic enzyme had a higher ivGP throughout the incubation 

period compared with the control. Inclusion of garlic significantly reduced ivGP at the 8-, 12-, 24-, 36- and 

48-hour incubation intervals, whereas CinnGar significantly reduced cumulative ivGP at 4-, 8-, 12-, 24-, 36- 

and 48-hour incubation intervals compared with the enzyme treatment (Table 4.1). When compared with 

the enzyme treatment, the inclusion of commercial product or cinnamon oil did not affect the ivGP at the 

4-, 8-, 24-, 36- and 48-hour incubation intervals. 

 

Table 4.1 In vitro gas production of Eragrostis curvula treated with various enzyme and essential oil 

combinations over 48 hours 

 Gas production (ml g-1 DM) at various time intervals (hours of incubation) 

 Treatments 

(n=12) 
2 4 8 12 24 36 48 

Control 2.44a 4.90ab 11.73bc 24.45b 60.83b 93.33b 118.27b 

Enzymes 4.51a 7.88a 15.57a 29.12a 67.01a 100.05a 124.95a 

Commercial 3.46a 6.31ab 13.94ab 27.34a 64.12ab 96.82ab 121.04ab 

Cinnamon 5.00a 8.07a 14.81ab 27.08a 63.55ab 96.00ab 121.00ab 

Garlic 2.42a 5.14ab 11.77bc 24.15b 60.53bc 93.13b 116.91b 

CinnGar 2.19a 4.08b 10.58c 22.72b 59.84c 92.13b 115.97b 

SEM 0.84 0.76 0.64 0.48 0.76 1.07 1.09 

p-value 0.1598 0.0187 0.0014 <0.0001 0.0004 0.0033 0.0016 

Means with different letters (superscripts) within a column differ significantly at indicated P value, P < 0.05  
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4.4.3. In vitro methane production 

 

Fibrolytic enzyme increased cumulative ivCH4 production at the 2-, 4- and 8-hour incubation intervals 

compared with the control treatment, but did not affect ivCH4 production after the 12-hour incubation 

interval. All EOs in combination with the enzyme treatment reduced methane production at the 2-, 4- and 

8-hour incubation intervals when compared with the enzyme treatment alone. Cinnamon, garlic and 

CinnGar continued to reduce ivCH4 at the 12-hour interval. Only CinnGar reduced ivCH4 throughout the 

incubation period, while garlic reduced ivCH4 at the 48-hour incubation interval again (Table 4.2) 

 

Table 4.2 Cumulative in vitro methane production from Eragrostis curvula treated with various enzyme 

and essential oil combinations over 48 hours  

  Methane production (ml g-1 DM) at various time intervals (hours of incubation) 

Treatments 

(n=12) 
2 4 8 12 24 36 48 

Control 0.000b 0.010b 0.060b 0.237ab 1.427ab 2.890ab 4.193ab 

Enzymes 0.017a 0.033a 0.120a 0.337a 1.677a 3.247a 4.593a 

Commercial 0.003b 0.010b 0.063b 0.253ab 1.417ab 2.883ab 4.150ab 

Cinnamon 0.003b 0.013b 0.070b 0.227b 1.443ab 2.907ab 4.260ab 

Garlic 0.003b 0.010b 0.060b 0.223b 1.343ab 2.700ab 3.903b 

CinnGar 0.000b 0.003b 0.047b 0.197b 1.263b 2.593b 3.890b 

SEM 0.00 0.00 0.01 0.02 0.08 0.13 0.14 

p-value 0.0015 0.0021 0.0023 0.0164 0.0725 0.0614 0.0458 

Means with different letters (superscripts) within a column differ significantly at indicated P value, P < 0.05 

 

4.4.4. In vitro organic matter degradation 

 

No difference was observed between treatments in terms of ivOMD, ivCH4 ivOMD-1, ivCH4 ivGP-1, and ivGP 

ivOMD-1 following the 48-hour incubation period (Table 4.3). However, a clear tendency was observed for 

garlic and CinnGar to reduce ivGP ivOMD-1 (ml g kg-1) and ivCH4 ivOMD-1 (ml g kg-1 DM) when compared 

with the enzyme alone treatments. Inclusion of enzyme showed a tendency (P < 0.085) to increase ivOMD  



 

74 
 

 (g kg-1 DM) when compared with the control. 

Means with different letters (superscripts) within a column differ significantly at indicated P value, P < 0.05 

ivOMD: in vitro organic matter degradability; ivCH4: in vitro methane production; ivGP: in vitro gas 

production 

 

4.5. Discussion 

 

Eragrostis curvula treated with enzyme had a higher ivGP throughout the incubation period and increased 

cumulative ivCH4 production in the initial stages of the incubation period compared with the control. This 

is in agreement with the results obtained in the preliminary studies (Section 3.5) and was discussed 

extensively.  

Table 4.3 In vitro organic matter degradability and the relationship between methane, gas production 

and organic matter digestibility in vitro after 48 hours of incubating Eragrostis curvula with essential 

oils and fibrolytic enzymes 

 

Treatments 

(n=12) 

ivOMD (g kg-1 

DM) 

ivCH4 ivOMD-1 

(ml g kg-1 DM) 

ivCH4 ivGP-1 (%) ivGP ivOMD-1 (ml g 

kg-1) 

 

Control 488.3a 8.53a 3.52a 241a  

Enzymes 506.5a 8.97a 3.64a                246a  

Commercial 494.8a 8.32a 3.41a 245a  

Cinnamon 493.8a 8.56a 3.49a 245a  

Garlic 492.0a 7.88a 3.32a 237a  

CinnGar 492.9a 7.82a 3.31a 235a  

SEM 0.38 0.26 0.10 2.82  

p-value 0.0855 0.0704 0.2592 0.0944  
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Numerous studies on the use of EOs in ruminant nutrition have been conducted with variable results 

(Busquet et al., 2005; Klevenhusen et al., 2011; McGinn et al., 2006). Arguments against the comparison 

of results between studies can be made as there is a lack of studies using identical EOs compositions 

(Castro-Montoya et al., 2015). Therefore, differences as reported could be due to variations in the EOs 

products and the efficacy of their active compound in the rumen environment. In addition to the EOs 

source, the ration fed has a major effect, and varies considerably among studies. The ration fed has a 

major impact on ruminal pH which in turn affects the efficacy of EOs. When the pH of the rumen is 

decreased, acids tend to become undissociated and more hydrophobic. In this state, interaction with cell 

membranes occurs more frequently. The antimicrobial action of EOs is more prominent under these 

conditions. As a result, the microbial population is more susceptible to the effects of EOs at low pH 

(Skandamis and Nychas, 2000). In this study, the rumen fluid was obtained from donor sheep under 

maintenance conditions. It was expected that the rumen fluid would have a relatively high pH compared 

with production animals such as dairy cows or feedlot steers on high concentrate rations. These conditions 

might differ from those in another study. The pH in turn can affect the efficacy of both the enzyme and 

EOs treatments. Furthermore, the methodology, EOs variations, and substrate might explain differences 

between studies.  

More importantly, variations among results are concerning. Beauchemin and McGinn (2006) found no 

effect on methane emissions when supplementing a blend of EOs and spice extract, although Mohammed 

et al. (2004) reported a significant decrease in methane emissions relative to dry matter (DM) intake when 

supplementing dairy heifers with horseradish oil. Klevenhusen et al. (2011) supplemented garlic oil in 

sheep rations, and did not find any effect on methane emissions, whereas Wang et al. (2009) found that 

garlic oil supplementation reduced methane emissions by 12% compared with the control. Castro-

Montoya et al. (2015) observed that dairy cattle fed total mixed ration supplemented with a blend of EOs 

reduced daily methane emissions. In the same study, beef cattle emitted lower daily methane emissions 

relative to bodyweight after EOs supplementation. Interestingly, the in vitro experiments conducted by 

these researchers were anticipated to replicate the effects observed in vivo. However, no decrease in 

ivCH4 production was observed in 24-hour incubations. Even with extended incubation (96 hours) and a 

consistent supply of substrate and additive, ivCH4 was not inhibited. Castro-Montoya et al. (2015) 

proposed that these results could be explained by the differences in the modes of action of EOs in vitro 

and in vivo, hence more research is required to verify this theory. In this study, the addition of garlic and 

CinnGar in combination with enzyme significantly reduced ivGP and ivCH4 when compared with the 

enzyme treatment alone, whereas the commercial product or cinnamon addition had no effect on ivGP 
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and ivCH4 production when compared with the enzyme treatment alone treatment. Furthermore, all of 

the EOs in combination with the enzyme treatment appeared to have reduced ivCH4 during the early 

stages of the incubation period compared with the enzyme treatment alone. Cinnamon, garlic and 

CinnGar continued to reduce ivCH4 at the 12-hour interval, but only CinnGar reduced ivCH4 throughout 

the incubation period. No difference was observed between treatments in terms of ivOMD, ivCH4 ivOMD-

1, ivCH4 ivGP-1 and ivGP ivOMD-1 following the 48-hour incubation period because of the addition of any 

of the EOs treatments. However, a clear tendency was noted for reduction in ivCH4 and ivGP ivOMD-1 for 

garlic and CinnGar treatments. A possible explanation for these observations is that the source and dose 

of the EOs treatments were not suitable to influence these parameters. Therefore, that authors 

recommend adding parameters such as rumen VFA profile and rumen ammonia-nitrogen concentration 

in future studies.  

 

4.6. Conclusion 

 

The addition of an enzyme increased ivGP and ivCH4 and showed a tendency to increase ivOMD. Garlic 

and CinnGar in combination with the enzyme reduced ivGP compared with the enzyme treatment alone. 

All of the EOs in combination with the enzyme treatment showed a tendency to reduce methane 

production during the early stages of the incubation period compared with the enzyme treatment alone. 

Of all the treatments, however, CinnGar in combination with enzyme was the only one that reduced ivCH4 

throughout the incubation period. Furthermore, a clear tendency was noted for reduction in ivCH4 and 

ivGP per unit of ivOMD for garlic and CinnGar treatments. Further studies on these EOs combinations 

under different conditions (ruminal pH, EOs sources, substrate, etc.) and dose levels should be evaluated 

to make more informed recommendations on their efficacy. Following successful screenings, the use of 

these additives should be validated in an in vivo trials. 
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Chapter 5 

5.1. General conclusion and recommendations 

 

In the ruminant production sector of southern Africa, extensive production systems are characterized by 

a shortage of feed during the dry season. The bulk of available feed is characterized as poor in quality with 

low digestibility, low efficiency of nutrient utilization, and relatively high methane emissions compared 

with the degree of production (growth, reproduction, milk yield, etc.) that is achieved. This is particularly 

true among small-scale farmers. Supplementing such rations with concentrate and good-quality roughage 

could improve production performance, but is not always economically feasible. Another strategy is to 

improve the utilization of poor-quality feed while minimizing the loss of energy through enteric methane 

production. Feed additives can contribute to this much required improvement, but it is critical to 

determine the most appropriate feed additives and optimum inclusion levels to be applied with the 

specific feed substrate.  

The use of exogenous enzymes as additives in ruminant feeds is a safe intervention. Its application has 

had positive effects in terms of improved nutrient utilization of raw materials, increased production 

efficiency, and lowered nutrient excretion. The complex nature of the rumen demands that exogenous 

and endogenous enzyme activities of rumen microbes should complement each other. Therefore, 

additional information is required to better comprehend enzymatic activities, to determine optimal dose 

rates, and to improve in vitro fermentation characteristics, and thereby enhance the utilization of specific 

feed ingredients in commercial ruminant rations. This study determined the optimal dose rate of 

application of three EFEs (exogenous fibrolytic enzymes) on three substrates in terms of improving ivGP 

(in vitro gas production). It was found that all of the enzyme treatments had a significant positive effect 

on total ivGP, especially during the earlier incubation intervals of the tested substrates. The cumulative 

effect increased with higher level of application, reaching the highest gas production level at an 

application rate of 2 ml g-1 DM. However, the associated cost related to a higher application rate of enzyme 

may not necessarily be justified by the observed level of net return. Thus taking into consideration the 

cost/benefit ratio of the application rate, the pre-treatment of Eragrostis curvula, sunflower oilcake meal 

and hominy chop with cellulase, xylanase and their mixture at 1.5 ml g-1 DM is recommended to improve 

in vitro ruminal fermentation at an economical level. The study thus confirmed that EFEs could have a 

positive effect on ivGP, which is related to improved organic matter and fibre degradation of the 
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substrates. Furthermore, the concentration of EFEs is positively correlated with increased ivGP. However, 

the cost of EFEs should be balanced with its potential benefit to establish the most economically viable 

dose rate of EFEs on the substrate in question. By supplementing EFEs to Eragrostis curvula, it could be 

possible to improve the nutrient utilization of various feedstuffs commonly used in ruminant nutrition.  

Improving production efficiency and reducing the environmental footprint of ruminant production 

systems would enhance sustainability and the global competitiveness of the livestock sector. Therefore, 

greater awareness is placed on improving the utilization of traditional and non-traditional feedstuffs. The 

application of exogenous enzymes has led to better utilization of nutrients from forages commonly fed to 

ruminants. Protease addition to Eragrostis curvula and sunflower oilcake meal showed potential to 

increase ivGP and reduce ivCH4, ivCH4 ivOMD-1 and ivCH4 ivGP-1 when used in combination with EFEs. With 

the appropriate application of exogenous enzymes in common feed substrates used in livestock 

production systems, it is possible to improve the utilization of these feed resources in animal production 

and decrease the environmental impact in the process. The supplementation of EFES alone is expected to 

increase ivCH4 production. If the results observed in this study could be replicated in vivo, one may suggest 

that a combination of EFES and protease could be a viable supplementation option. However, these 

results were not conclusive and thus did not improve the understanding of the interactions between 

exogenous enzymes, various substrates and the rumen environment under the circumstances of this 

study. Further research is required to achieve better understanding of the use of protease alone and in 

combination with fibrolytic enzymes and other feed additives on feed substrates used in ruminant 

nutrition. By conducting such studies, it is possible to improve digestibility while reducing enteric methane 

production of feed substrates. 

An ever-increasing focus is being placed on food security and more efficient and environmentally 

sustainable livestock production systems. Researchers have the responsibility to evaluate every viable 

avenue that could contribute towards achieving these overarching goals. One of these avenues could be 

to establish the potential additive or complementary effects of various supplements on various feed 

substrates used in the livestock industry. Increasing the knowledge of how best to supplement livestock 

rations in a focused and precise manner would make significant progress towards achieving these critical 

goals. Essential oils (EOs) are volatile plant secondary metabolites that are gaining popularity as ruminant 

feed additives, due mainly to sanctions against the use of antibiotic growth promoters in the European 

stock feed industry. These restrictions are likely to be adopted by more nations. Preparing for this 

likelihood would assist ongoing efforts towards achieving food security. In addition to their potential 

antimicrobial properties, EOs could mitigate enteric methane production. Based on these results, EOs and 
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exogenous enzyme could act as effective supplements, if used fittingly. In this study, all of the EOs and 

exogenous enzyme combinations induced a tendency to reduce methane production in the early stages 

of the incubation period compared with the enzyme treatment alone. However, of all the EOs, CinnGar in 

combination with enzyme was the only combination that reduced ivCH4 throughout the incubation period. 

Furthermore, a clear tendency was noted for reduction in ivCH4 and ivGP ivOMD-1 for garlic and CinnGar 

treatments. 

Further studies on these EOs (garlic and CinnGar) and exogenous enzyme combinations under different 

conditions (ruminal pH, EOs sources, substrate, etc.) and dose levels should be evaluated to make more 

informed recommendations on their efficacy. The in vitro screening and evaluation of feed additives offer 

an economical and efficient means of identifying multiple potential additives to specific feed substrates. 

These in vitro screenings could be used for evaluation of wider options with an aim of identifying the best 

additives or a combination of additives that can be included in an in vivo digestibility study in order to 

verify the repeatability of the in vitro result by determining the in vivo responses. However, the final 

recommendation regarding the true value of feed additives for ruminants in terms of improving feed 

utilization could be confirmed only through the use of animal evaluation and production trials. 

 

5.2. Critical evaluation 

 

This section highlights some important points or ideas that were not covered during the implementation 

of this study, but that would have probably improved the findings and conclusion of this work.  

1. When evaluating large numbers of treatments at a time using an incubation oven instead of a 

shaking incubation water bath (see Chapter 2) would have produced data with lower 

experimental error during the early incubation hours. The proposed reason for the difference in 

the effectiveness of the two systems is that the shaking water bath used in this study was big and 

thus did not adequately regulate the temperature of the environment as evenly as the shaking 

incubation oven. Furthermore, the sliding tray is not as effective at simulating the rumen 

environment. Because of the mechanism, 50 revolutions per minute were possible for the shaking 

water bath, whereas the shaking incubation oven could easily achieve speeds of 120 revolutions 

per minute, as recommended in most literature. Thus the shaking incubator was used in Chapter 
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3 and Chapter 4, which allowed to give clear improvements in the quality of the data. It would be 

recommended that a shaking incubation oven should be used where possible instead of an 

incubation water bath in future studies. 

2. It is accepted that an enzyme assay could better indicate the potential of digesting feed by 

measuring its protein density. In this study protein density was not performed. 

3. Inclusion of additional treatment in the form of higher enzyme dose levels would enable 

researchers to plot the plateau of a dose-response curve that would have better supported the 

optimal dose level that was chosen (see Chapter 2).  

4. Although the in vitro parameters tested for in this study have good correlations with rumen 

fermentation, generating additional parameters that complement the gas production data such 

as in vitro volatile fatty acid production would have improved the interpretation of the gas 

production data and potentially strengthened the conclusions. 

5. Fibrolytic and protease enzymes and EOs produced variable effects on in vitro fermentation. In 

this study, the main focus was on alterations to in vitro fermentation characteristics and in vitro 

methane production. The effects of these additives on the in vitro microbial population (protozoa, 

bacteria, fungi and methanogenic archaea) changes were not monitored. A better understanding 

of the pattern and extent of changes in methanogens and other microorganisms in vitro due to 

the addition of these additives could better improve our understanding and illustrate the 

biochemical process and mechanism involved in the altered in vitro fermentation characteristics. 

Therefore, the addition of these parameters to similar studies in the future is recommended. 

6. In this study the pH of the rumen fluid collected from fully grown wethers should have been 

recorded during the collection time. The pH of the rumen fluid collected from animals fed higher 

forage diets is expected to be significantly higher than the pH of rumen fluid collected from high 

producing dairy cows or feedlot steers fed high concentrate rations. It is known that certain 

enzymes and EOs are less effective in such environments characterised with high pH.  

7. An in vivo evaluation trial using methane chambers should be considered to verify the results. This 

would provide more accurate data that help us to illustrate the effects of exogenous enzymes and 

EOs oils on nutrient digestibility and enteric methane production. 

8. In order analyse the data further one should consider to evaluate the effect of the exogenous 

fibrolytic enzymes on the rate of fermentation of each substrate using the France’s Model (France 

et al. J Theor. Biol. 1993. 163:99-111). 
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