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ABSTRACT 

 
Ruminants produce a significant amount of methane as a by-product of ruminal fermentation, thus 

contributing to greenhouse gas emissions. Methane reduction is becoming an essential aspect of 

livestock management. Moreover, there is increasing pressure on global livestock industries to stop 

feeding animals with human food. One possibility for solving these problems is to feed ruminants 

with horticultural waste. In addition to reducing landfill, another source of carbon emissions, the re-

direction of horticultural waste might modulate rumen fermentation and reduce methane production. 

Moreover, horticultural waste, especially leaves or stems from drought-tolerant plants, would be a 

valuable feed resource during dry seasons or in other circumstances when there is insufficient 

forage. 

This thesis explores the use of horticultural waste as a component of a mixed diet and tests whether 

it could reduce methane production without disrupting rumen fermentation. With a focus on 

Indonesia, I began with a broad investigation of alternative feed sources in Banda Aceh province. I 

collected data from local farmers, ruminant nutritionists from Syiah Kuala University, and field 

officers from the government Department of Animal Husbandry, to which I added a compilation of 

information on potential bioactive compounds in each source, based on the literature. My initial 

database of 40 plant species and their by-products was then screened on the basis of agronomic 

properties, possible bioactivity, nutritive value, and toxicity. The list of candidates was refined to 20 

species (including a ‘control’ forage, Leucaena leucocephala). 

Briefly, samples of the best candidates were then freeze-dried and transported to Australia, where 

they were screened for a second time on the basis of rumen fermentability and methane production, 

using 24-hour batch culture. Four species (Annona muricata, Arachis hypogaega, Musa 

paradisiaca, and Psidium guajava) were found to reduce methane production and/or maintain 

fermentability. Annona muricata (soursop) and Arachis hypogaega (peanut) were not available in 

Western Australia. For Musa paradisiaca (banana) and Psidium guajava (guava), we sourced 

samples in Australia and assessed variation among individual plants, anatomical parts of the plants, 

varieties within species, and seasons. Leaves and stems of M. paradisiaca from two varieties 

(Plantain and William Cavendish) as well as the leaves of P. guajava from three varieties (Indian, 

Mexican and Tropical) were all harvested in three seasons (autumn, spring and summer), except for 

the banana variety Plantain, which was not available in spring and summer, and guava varieties 

Indian and Tropical, which were not available in spring (Chapter 4). We assessed nutritive value, 

fermentability and CH4 production using an in vitro batch culture fermentation system. We found 

that M. paradisiaca (variety William Cavendish) and P. guajava (variety Mexican) fulfilled the 

criteria of good nutritional value plus anti-methanogenic properties. Material from these plants was 

then mixed with leaves from Leucaena leucocephala, a common feed for ruminants. Using batch 
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culture, we assessed the nutritive value and the anti-microbial and anti-methanogenic effects of 

combinations of Leucaena with banana waste (leaves and stems), guava leaves, and banana waste 

plus guava leaves (Chapter 5). Finally, the best-performing mixtures were tested in continuous 

culture (Rusitec) for 20 days to establish whether the anti-microbial and anti-methanogenic effects 

would persist without harming the ruminal fermentation process. 

Based on the results presented in Chapter 4, for M. paradisiaca, variety Plantain was more 

fermentable than William Cavendish, but William Cavendish produced the least amount of methane 

and the greatest amount of ammonia. The stems were more fermentable and provided more VFA 

than the leaves. The 2-way interaction between part of tree and season indicated a greater value for 

total gas production and a smaller A: P ratio for stems in autumn compared to leaves in the other 

seasons. In contrast, ammonia production was greater for leaves in summer than for stems in other 

seasons. For P. guajava, all varieties were similarly fermentable and produced similar values for 

methane production. For crude protein, the 2-way interaction between variety and season showed 

that variety Mexican in autumn was better than the other combinations of variety and season. 

In three subsequent experiments, batch culture was used to study mixes of Leucaena with banana 

waste, or guava leaves, or banana waste plus guava leaves (Chapter 5). Banana waste comprised 

50% leaves + 50% stems. The mix of 75% banana waste plus 25% Leucaena produced a minor 

reduction in DMD and ME, compared to the Control (Leucaena 100%). All levels of banana waste 

affected the crude protein content, reducing it from 164 g/Kg DM (25% banana waste) to 115 g/Kg 

DM (75% banana waste). With 75% banana waste, fermentability and methane production were 

comparable to Control values, with the greatest amount of ammonia and only a minor reduction in 

VFA (5%) and propionate (4%) production, compared to Control values. The inclusion of 25% 

guava leaves had no major effect on DM, DMD, hemicellulose, ME, total gas production, methane 

production, or the A: P ratio, compared to the Control diet. However, there were minor reductions 

in production of VFA (total and individual) and ammonia. By contrast, 50% guava leaves had 

potent anti-methanogenic effect (33% reduction) but it also severely inhibited fermentability (48%) 

compared to the Control. For the combination of banana waste + guava leaves + Leucaena, all 

levels of inclusion of banana waste produced no changes in DM, hemicellulose, or production of 

methane, VFA, acetate, butyrate, or ammonia. However, only 5% banana waste led to a minor 

reduction in crude protein content, with no effect on DMD and ME values; there were only minor 

reductions in production of total gas and propionate, compared to the Control value. Even though 

CH4 production was not significantly reduced with banana waste + guava leaves + Leucaena, there 

was a tendency for a reduction (range 14-23 mL/g DM) compared to the levels when only banana 

waste was mixed with Leucaena (range 27-30 mL/g DM). Therefore, a Leucaena-based diet that 

contains up to 75% banana tree waste (B75L25), or 25% guava leaf (G25L75), or a combination of 
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5% banana tree waste and 25% guava tree waste (B5G25L70) produced amounts of methane that 

were similar to those with 100% Leucaena, but fermentability was not compromised and so they 

could be used as an alternative diet. 

In the final experiment (Chapter 6), these three combinations (B75L25- banana waste 75 g/100g 

substrate; G25L75-guava leaf 25 g/100g substrate; B5G25L70- banana waste 5 g/100g substrate 

plus guava leaf 25 g/100g substrate) were further tested in a continuous culture fermentation system 

(Rusitec) to assess their overall effects on fermentation and anti-methanogenic properties, as well as 

the persistency of their effects. G25L75 reduced methane production by 61% compared to the 

Control without affecting overall fermentation. B5G25L70 reduced methane production by 77% 

compared to the Control, but also reduced fermentability (gas production reduced by 19%) and 

propionate (by 34%) without affecting total VFA production, the A:P ratio or ammonia production. 

By contrast, B75L25 produced the least amount of methane but depressed fermentability by 74%. 

Overall, G25L75 or B5G25L70 emerged the most promising combinations for reducing methane 

production over a three-week fermentation in the Rusitec, with little effect on the overall outcome 

of fermentation. 

Ultimately, this research demonstrates that M. paradisiaca and P. guajava which are both native 

multi-purpose plants that broadly available in Indonesia, can mitigate methane production. I have 

confirmed the safe level to be used as trial alternative feed to the local ruminants in Indonesia. This 

project provided a systematic assessment procedures and emphasised the importance of transferring 

results from batch culture to continuous culture that can be applied to the other novel plants or 

horticultural waste, before testing them directly to the animals. This study contributes to a methane 

mitigation strategy through utilizing local horticultural waste which might increase local ruminant’s 

productivity. It will be worthwhile to investigate the microbial profiling particularly on the specific 

strain of methanogens for the further research, in order to understand the mechanisms of action 

behind the anti-microbial and anti-methanogenic compounds.  

From a broader perspective, this study offers guidance for the researchers and farmers, particularly 

in Indonesia, on how to address the possibility of utilizing horticultural plant waste that might 

provide an extra source of feed, be safe for the rumen, and reduce methane emissions, directly from 

the rumen as well as from landfill. These feed sources are potentially beneficial for the animals and 

profitable for the farmers. In addition to offering a solution to the scarcity of forage during the dry 

season, utilization of horticultural plant waste can support Indonesian’s contribution to global CH4 

mitigation.  
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Chapter 1: General Introduction 

 

Methane (CH4), a normal end-product of forage fermentation in ruminants and, when emitted, has a 

negative impact to the environment. Beauchemin et.al. (Beauchemin et al. 2008) estimated that 

about 80 million tons of CH4 are produced globally from ruminant-based industries, and predicted 

that emissions would increase as the global population increases. CH4 can warm the earth 23 times 

faster than CO2 and it has a longer life in the atmosphere than CO2 (Kamra, Agarwal & Chaudhary 

2006). In addition to this environmental impact, CH4 emissions reduce ruminant feed efficiency by 

voiding carbon that could have been used for products such as milk and meat – if CH4 emissions 

could be avoided, ruminants would retain 2–12% ATP equivalents in extra energy (Johnson & 

Ward 1996). 

Efforts have been undertaken to find ways to reduce CH4 emissions in ruminant industries. We 

now know that enteric CH4 production can be greatly reduced by using rumen modifiers 

(Calsamiglia et al. 2007; Dohme et al. 2000), by breeding low-CH4 emitting animals, and by feed 

manipulation (Banik et al. 2013b; Beauchemin et al. 2007; Beauchemin & McGinn 2006; Bhatta et 

al. 2008; Bodas et al. 2012). Feed manipulation is seen as the most cost-effective strategy, with the 

added advantage of increasing feed efficiency (Mitsumori & Sun 2008; Morgavi, Jouany & Martin 

2008; Martin, Morgavi & Doreau 2010), and is the focus of the studies in this thesis. 

If feed is manipulated by using agricultural or horticultural harvest wastes that contain anti-

methanogenic properties, then the rumen modifiers in the wastes would be as ‘natural’, bringing 

environmental benefits without the risks of chemical rumen modifiers. This perspective is a driver 

of the ‘Clean, Green and Ethical’ (CGE) concept of livestock management (Martin et al., 2004; 

Martin & Kadokawa 2006). In other words, ‘natural’ anti-methanogenic compounds would be 

perceived by consumers as ‘clean’, not leaving harmful residues in milk or meat, while 

simultaneously being ‘green’ by reducing GHG emissions, both directly from the animals and also 

from plant waste that would otherwise be burned or buried. Agricultural or horticultural harvest 

wastes might also be seen as ‘ethical’ if they have properties that improve animal health. 

Importantly, the amounts of anti-methanogenic compounds in the feed should modify the 

fermentation sufficiently to reduce CH4 production but, at the very least, not disrupt rumen function 

and, in the best case, actually improve it to increase feed utilization. Improvements in feed 

utilization might be possible because, generally, the carbohydrate in agricultural or horticultural 

harvest waste degrades slowly and some of it remains undegraded (e.g., hemicellulose bound to 

lignin; (Ginting 2005). Several recent in vivo studies have demonstrated the link between CH4 

reduction and better feed utilization – for example, in beef cattle grazing high-quality pasture, the 
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methanogenic archaea varied between cows with high- and low residual feed intake (Jones et al. 

2011; Dini et al. 2018). Feed utilization can be investigated by measuring residual feed intake, but 

such studies must be conducted in vivo because daily feed offered and refused, as well as daily 

weight gain, need to be measured. Although this thesis presented only studies done in vitro, there 

are clear indications of the final in vivo outcome. For example, with the fermentability 

measurements, the disappearance of substrate (particularly NDF and DM) during fermentation, 

when linked to the chemical components of the residual digesta, indicate substrates that might 

improve feed utilization if trialed in vivo. In any case, assessing feeds in vitro before doing in vivo 

studies brings benefits in terms of time and cost efficiency, and is crucial for animal welfare, 

particularly for candidate feeds that contain secondary compounds that might affect animal health. 

In Indonesia, manipulation of the diet of small ruminants to increase feed utilization and reduce 

CH4 emissions is of great interest, but published research on the topic is very limited. Moreover, 

CH4 emissions are likely to increase because the demand for meat from small ruminants is 

increasing, especially during Moslem religious occasions such as the celebration of human births, 

Eidul Adha and Eidul Fitr. This means that there are market opportunities for local producers, 

driving them to increase the number and the productivity of their animals. They cannot do this 

without finding extra sources of feed, but they have little knowledge about readily available 

alternative feedstuffs, such as horticultural harvest waste that can retain nutrients and also have anti-

methanogenic properties. Horticultural harvest waste is abundant in Indonesia and, feeding it to 

ruminants will also support efforts in waste management, adding to the potential increase in the 

sustainability of the livestock industry. On the other hand, horticultural harvest waste is less 

nutritious than conventional feedstuffs, so it would need to be mixed with high-value forages such 

as legumes. 

For the work in this thesis, the main expectation was that some of horticultural harvest wastes 

in Indonesia can be used as an alternative feed source with good nutritive values while also offering 

opportunities for reducing methane emissions without harming the overall fermentation process in 

the rumen. In testing this general hypothesis, we also developed a strategy for this type of work that 

begins with a broad survey of potential local feedstuffs, short-listing them to the most likely 

candidates, and then assessing those candidates through a series screening of in vitro 

methodologies. 

This thesis therefore includes four experimental chapters, three using batch culture and the final 

one using Rusitec. The first chapter describes the process of screening alternative feed sources from 

Indonesia on the basis of their ability to reduce CH4 while maintaining fermentability in the rumen. 

The second chapter describes the assessment of the better candidates that emerged from the first 
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chapter (banana, guava) by exploring how rumen fermentation and CH4 production were affected 

by plant variety, part of tree, season, and field replicate. The third chapter then built on this 

information by assessing anti-methanogenic and overall fermentation in a mixed substrate, with 

various combinations of banana and guava waste with Leucaena, a common high-value feedstuff in 

Indonesia. In the final experimental chapter, Rusitec was used instead of 24-hour batch culture so 

we could better simulate the rumen and assess the persistence of anti-methanogenic effects and 

overall fermentation over 20 days. This was an important step because it would allow subsequent 

studies, beyond the scope of this thesis, to have the confidence to use animal experiments to test 

whether CH4 can be reduced and fermentability maintained (or even improved), with the pH staying 

within the normal range. Indeed, our Rusitec results suggest that the rumen environment would be 

healthy, leading to a potential increase in animal productivity. 

In conclusion, we have developed a staged process for listing and assessing a broad variety of 

locally-produced alternative feedstuffs for small ruminants, followed by rapid, low-cost screening 

in vitro, that suggests viable solutions for the problems of CH4 emissions and feed shortages. 

Specifically, waste from the banana and guava industries can be diverted from landfill and be used 

as a feed component for small ruminants in Indonesia and, at the same time, reduce methane 

emissions. 
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Chapter 2: Literature Review 

CH4 mitigation by utilizing horticultural harvest waste as a dietary supplement for ruminants 

 

2.1. Introduction 

Methane emitted from the agricultural sector, particularly from enteric fermentation in ruminants, 

has been in a big concern worldwide, including developing countries such as Indonesia, where it 

accompanies low availability of high-energy and high-protein feed sources. These issues will 

become worse because the National Statistical Bureau predicts that, from 2000 to 2030, there will 

be more growth in goat and beef cattle production than in the other types of livestock. The projected 

annual growth rate is 5% for the beef cattle population and 2% for the goat and sheep populations. 

Even though these growth rates seem low, continuous growth will generate big issues in the overall 

environmental sustainability of animal production. 

The utilization of horticultural harvest waste as a feed source that might mitigate CH4 

emissions, while providing extra feed, is not very common with local farmers in Indonesia, 

particularly the smallholders. Indeed, the local farmers still rely on conventional feedstuffs such as 

Panicum maximum (guinea grass), and legumes such as Leucaena leucocephala or Gliricidia 

sepium as source of protein. The availability of these feed sources is declining as land use switches 

towards housing, so the increasing demand in local livestock products has forced the government to 

import them from overseas. Clearly, there could be real value in changing local feeding practices by 

adding alternative plant species and horticultural harvest waste, both of which could provide 

nutritional value, bioactive compounds that could modify rumen fermentation to reduce methane 

emissions, and more cost-effective production. 

However, previous investigations of agricultural waste for ruminant nutrition mostly aimed to 

increase the nutritive value of the waste through ensilage or feed additives (Novita et al. 2006; 

Sutowo, Adelina & Febrina 2016; Wadhwa & Bakshi 2013). There are few publications about 

fermentability or anti-methanogenic properties, and their variation with season and location. This 

review addresses these issues, and defines knowledge gaps, with a focus on horticultural harvest 

waste in Indonesia but also noting research in other countries. Initially, I outline the dual negative 

impacts of CH4 production and emission – it is an important GHG and also represents an energy 

loss to the animal. I then discuss alternative ways to reduce enteric CH4 production. Finally, I 

consider some practical steps in diet manipulation including the importance screening feed sources 

by fermentation in batch culture and continuous culture. 
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2.2. Modulating hydrogen transfer in the rumen to reduce methane production  

2.2.1. Methane formation and hydrogen transfer 

Methane is a normal by-product of fermentation of a forage based-diet in the rumen, with most of it 

produced by the methanogenic archaea (Hariadi & Santoso 2010; Tajima et al. 2000). However, the 

amount of CH4 emitted by ruminants depends on the type and size of the animal and its rumen 

(Goopy et al. 2014), the amount of feed consumed (dry matter intake), the digestibility of the feed, 

and environmental factors such as temperature (Broucek 2015; Crutzen, Aselmann & Seiler 1986; 

Hijazi et al. 2014; Moate et al. 2016). For example: CH4 production was 28% lower with a legume 

forage compared to a grass forage (Benchaar, Pomar & Chiquette 2001); cows grazing on alfalfa-

grass pastures produced less CH4 than cows grazing on grass-only pasture (McCaughey, Wittenberg 

& Corrigan 1999); a grazing heifer releases far more CH4 than a steer CH4 (Crutzen, Aselmann & 

Seiler 1986; Moate et al. 2016). The main factor affecting enteric methane production is dietary 

carbohydrate (Hungate 1966). Low quality or poorly digestible feed reduces the rate of rumen 

passage and increases methane production (Broucek 2015). 

Methane is formed during the fermentation of complex dietary carbohydrate and other organic 

complex compounds, a process involving fibrolytic bacteria, protozoa and fungi in the rumen. 

Hydrogen is an intermediate product and it reacts with CO2 because both are substrates for 

methanogens and fibre-degrading bacteria. The pathways leading to hydrogen release during rumen 

fermentation are illustrated in Figure 1. The amount of hydrogen and carbon used by the 

methanogens depends on the intake of high fibre, complex carbohydrate. Therefore, the modulation 

of hydrogen transfer or hydrogen utilization between methanogens and fibre-degrading bacteria is 

an important aspect in inhibiting CH4 production in the rumen (Knapp et al. 2014; Broucek 2015). 

Reducing CH4 production will be compensated for by the production of more VFA, particularly 

propionate, a primary glucogenic source for the animal (Hungate 1966; Kamra, Agarwal & 

Chaudhary 2006). Importantly, individual VFAs, such as acetate, butyrate and fumarate, also 

contribute to hydrogen available to the methanogens (Hook, Wright & McBride 2010; 

Satyanagalakshmi, Sridhar & Sirohi 2015). So, attempts to alter hydrogen pathways seem likely to 

change the ratio of acetate to propionate production (A:P ratio), which could pose a challenge to 

animal energetics if the ratio increases. 
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Figure 2.1. Hydrogen pathways linked to the breaking down of complex carbohydrate (Mitsumori & Sun 2008). 

 

The pathway of hydrogen utilization can be altered by manipulating the animal’s diet – for example, 

by supplying more grain, by feeding mixture of legumes and grass, or by adding supplements of 

plant compounds or plant extracts (Bodas et al. 2012; Busquet et al. 2006), and CH4 production can 

be reduced. However, it is not as simple as that – manipulating fermentation to inhibit CH4 

production through dietary manipulation could lead to poor outcomes for the animal. For example, 

an excessive intake of easily degradable carbohydrate, such as grain, will cause the rumen pH to fall 

below 5, driven by imbalance in the ruminal microbial ecology it causes and the slow movement of 

lactic acid through the ruminal wall (Donald & Warner 1975; Doreau et al. 2014). If the situation 

persists, the animal will suffer acidosis (Jaramillo-López et al. 2017; Hungate 1966). The rumen pH 

needs to be maintained in the normal range, from 6.8 to 7, and this is feasible if enough complex 

carbohydrate (polysaccharides) is available for microbial digestion (Hungate 1966; Nagaraja et al. 

1992). As the end result of rumen fermentation is products that are both useful and waste, the more 

waste products generated the less are the benefits for the animal. Clearly, care must be taken in 

altering hydrogen utilization by diet manipulation.  
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2.3. Methane mitigation through plant secondary compounds (PSC): benefits and limitations 

Plants produce secondary compounds (PSC; also known as plant secondary metabolites, PSM) that 

are often not essential for plant growth but instead are used for ecological protection from insects, 

microorganisms, predators, and even other plant species (Freeland, Calcott & Anderson 1985). 

Some of these PSCs can influence biological activity or metabolism in other organisms, an area of 

research of growing interest over recent decades as we seek compounds with anti-methanogenic 

properties (Bodas et al. 2012). There are four main classes of PSC: phenolics (such as flavonols, 

tannins), terpenoids (such as sesquiterpines, saponins), nitrogen-containing compounds (such as 

alkaloids, cyanogenic glycosides), and sulphur containing compounds (Guerriero et al. 2018; Payne 

2015). For manipulating rumen fermentation, the relevant types of PSC are: tannins (mainly 

condensed tannin and hydrolysable tannin), saponins, and other compounds structured as terpenes, 

phenols, or alkaloids (Kamra, Agarwal & Chaudhary 2006; Wina 2012; Jayanegara et al. 2011). 

The largest class of phenolic compounds with anti-microbial properties is the flavonoids 

(Wencelová et al. 2014). Plants that contain these compounds can reduce CH4 production by 

reducing the population of methanogens without having a harmful overall impact on rumen 

fermentation (Kamra, Agarwal & Chaudhary 2006). Therefore, PSCs have won interest as rumen 

modifiers that could be used to improve fermentation while reducing CH4 production (Kim et al. 

2015). 

Saponin chemical structures (Figure 2.2) contain a triterpene or steroid aglycone and one or 

more sugar chains (Güçlü-Üstündağ & Mazza 2007) and they have a bitter taste, which can reduce 

an animal’s appetite if consumed in large amounts. Based on anecdotal evidence (from our 

interview with the local farmers in Banda Aceh, Indonesia), the bitterness can be reduced by 

washing or sun-drying the leaves.  

 

Figure 2.2. Chemical structure of saponins (Moghimipour & Handali 2015). 
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Saponins from various species can cause toxicity symptoms in ruminants, including weight 

loss, anorexia and gastroenteritis, depending on the concentration in the plant cell wall (Katiyar et 

al. 1989). Saponins can kill protozoa when a chemical reaction between them and the cholesterol in 

the membrane of protozoa leads to a surfactant effect (Ding et al. 2012). They can also be fed as an 

additive to manipulate rumen microbes and thus reduce rumen CH4 production (Kamra, Agarwal & 

Chaudhary 2006). 

Tannins, if consumed in large doses, can also be harmful if, for example, the concentration in 

forage exceeds 60 g/Kg DM (Bhatta et al. 2002). However, in low doses, such as 3 – 6% DM 

(McNeill et al. 1998), they can increase the amount of protein absorbed by the animal by protecting 

it from degradation in the rumen. An extra benefit is that tannins, particularly, the condensed 

tannins (CT) can be toxic for methanogens (Bodas et al. 2012). There are other benefits of tannins 

and saponins in the forage: the toxic effects can be reduced, protein breakdown in the intestine can 

become more efficient, bloat can be prevented, and the fermentation pathways can be altered 

leading to less CH4 production (Benchaar, McAllister & Chouinard 2008; Bodas et al. 2012; 

Noviandi 2013). However, the effectiveness of tannins in the reduction of enteric CH4 production 

seems to be variable, with some studies indicating a 50% reduction (Hariadi & Santoso 2010; Patra, 

Kamra & Agarwal 2006; Grainger et al. 2009) while others showed no effect (Bhatta et al. 2008; 

Wina 2012), and evidence that it depends on the types or structures of the tannin itself (Jayanegara 

et al. 2011). Sometimes, Condensed Tannin (CT) and Hydrolysable Tannin (HT) are found together 

in the forage, such as in catechin gallates and gallic acid esters of proanthocyanidin (Wina 2012). 

CT has a high molecular weight and is therefore difficult to degrade in the gut, whereas HT is 

hydrolysable (Figure 2.3) and therefore can be decomposed by enzymes released by the gut 

microorganisms (Wei et al. 2019), leading to an approach for determining which type of tannin is 

most responsible for reducing CH4 production. 
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Figure 2.3. Chemical structure of condensed and hydrolysable tannins (McSweeney et al. 2001). 

 

When CT arrives in the rumen (at normal pH), it actively binds protein to form CT-protein 

complexes that protect the protein from ruminal fermentation, leading to a decrease in the level of 

N-NH3 in the rumen; then when the complexes reach the intestine, the CT releases the protein 

(Hariadi & Santoso 2010; Makkar 2003). Consequently, more amino acids will be made available 

for the host to absorb in the lower gut, benefitting the animal and reducing N waste to the 

environment (Makkar 2003; Noviandi 2013). However, this is not always the case with tannin-

containing plants because the outcomes depend on the structure and molecular weight of the tannins 

(Wei et al. 2019; Beauchemin et al. 2007). 

Inclusion of CT in the diet will also influence the microorganism population of the rumen. For 

example, at 0.1–0.2 mg/mL, Quebracho Condensed Tannin (QCT) reduces the number of protozoa 

in vitro (Makkar et al. 1995). However, in another study, with a diet containing 0.45% of CT plus 

saponin extract at 275 mg/kg, there was no effect on the number of protozoa or overall 

fermentability in vitro (Benchaar, McAllister & Chouinard 2008).  

Other secondary compounds, such as phenolic compounds (flavonoids; generally in the form of 

glycosides) and alkaloids are promising as components of forage that could also reduce enteric CH4 

production, but they also can reduce DM digestibility and total gas production (a measure of overall 

fermentability), although they can improve animal health and production (Oskoueian, Abdullah & 

Oskoueian 2013). While it should be noted that alkaloids are toxic to some organisms (Bodas et al. 

2012) and can obstruct rumen digestion (Van Soest 1994), some studies, in vitro and in vivo, 

indicated that flavonoid-rich plants reduce the number of methanogens (Patra, Kamra & Agarwal 

2006; Oskoueian, Abdullah & Oskoueian 2013). Therefore, in choosing an anti-methanogenic feed 

source, the type of flavonoids must be considered. 
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Studies of plant secondary metabolites that can reduce CH4 production provide basic 

information that is valuable in choosing alternative feed sources. Again, with higher concentrations, 

the secondary compounds can be harmful to the animals because their anti-microbial properties 

might reduce digestibility (Durmic & Blache 2012; Kamra, Agarwal & Chaudhary 2006) and block 

N digestion, and their bitter taste might decrease feed intake and cause weight loss (Raghavan 

1989).  

More recent research suggests that the secondary metabolites can have very positive effects if 

they are presented as different fractions or in different types of diet. For example, rumen 

fermentation can be improved if tannin-rich plants are fed in mixes with other forages, or combined 

with concentrates (Gxasheka et al. 2015). Other studies have found that CT can directly limit the 

number of methanogens and some protozoa without influencing digestibility and total gas 

production (Wina 2012). If the secondary compounds directly reduce the number of ciliate protozoa 

and methanogens, there will be more chances for the cellulolytic bacteria to actively convert dietary 

carbohydrates to the simple compounds required by the rumen bacteria for their growth and 

activities. Consequently, the percentage of microbial protein absorbed in the intestine will be 

increased, along with the energy utilization of the animal host (Kamra, Agarwal & Chaudhary 

2006). 

All the effects of the secondary compounds on the rumen consortium, either positive or 

negative, can influence fermentability of plant material in the rumen, because there are complex 

interactions among types of compound, concentration, and the activity of rumen microorganisms. It 

is clear that the variations in the effect depends on the type of the diet, the level of the anti-

methanogenic plants in the ration, the level and type of the anti-methanogenic compounds in the 

plants, and the microbial activity during the fermentation process of diet in the rumen. 

Understanding these issues will assist us in determining the best way to manipulate the diet. 

Further study is needed on how PSCs influence the microbial population and how they might 

improve rumen fermentation and rumen health. The challenges are to find an optimal composition 

of secondary compounds with which to manipulate the diet, to find feed sources that have anti-

microbial and anti-methanogenic properties, and to detect any negative effects on the animal so they 

can be eliminated. 

 

2.4. Diet manipulation to reduce methane production while maintaining normal rumen 

function 

Manipulating the diet appears to be the most practical way for the farmers in Indonesia to reduce 

their carbon footprint. By ensuring an appropriate amount of secondary compounds in the diet, anti-
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methanogenic properties can be retained, while avoiding any harmful impacts on overall rumen 

function, thus improving digestibility and animal performance (Kim et al. 2015). A very attractive 

proposition is the increase in feed efficiency that should come from inhibiting methanogenesis. In 

recent decades, there have been many studies on the effects of PSCs on the fermentation process in 

vitro, aimed at reducing CH4 production, based on either adding a plant extract directly to the 

fermentation mixture or on mixing a different type of diet such as concentrate and certain forages 

(Archimède et al. 2016; Jayanegara et al. 2009; Busquet et al. 2005; Busquet et al. 2006). The next 

challenge is to find a way to manipulate the diet correctly by using readily available local forages, 

or local sources of agricultural or horticultural harvest waste, that contain the appropriate level of 

antimicrobial and anti-methanogenic properties so the fermentation process can be modulated 

without depressing microbial growth and activity. 

A possible solution to this challenge might be to target high-protein forages with anti-

methanogenic properties. Legumes and tropical plants have secondary compounds, such as CT, 

saponins and flavonoids, with anti-microbial effects that could reduce CH4 production (Bodas et al. 

2012; Freeland, Calcott & Anderson 1985; Kamra, Agarwal & Chaudhary 2006; Wina 2012). They 

could be screened using in vitro methodology to test whether they are detrimental to rumen 

fermentation before feeding them to animals (Soliva et al. 2008; Wina 2012; Bodas et al. 2008). For 

example, Leucaena is a high-protein feed source that has been reported to reduce CH4 production by 

3–21% (Wina 2012), probably due to its high CT content. 

Among the other factors to be considered with respect to selection of alternative components 

for ruminant diets is the need to avoid competition between livestock and human food (Eisler et al. 

2014). In this respect there is a clear advantage in considering horticultural harvest waste and 

testing whether it contains bioactive or anti-microbial compounds, with the added possibility of 

diverting waste from landfill where it would produce methane. There has been some research on 

utilizing agricultural and horticultural harvest waste as feed for ruminants in south-east Asia: fresh 

or sun-dried leaves of banana plant (Musa paradisiaca) for goats and cattle in Indonesia 

(Administrator 2016); dried marquisa peel for local goats in Indonesia (Hifizah 1999); fermented 

rice straw for cattle in Indonesia (Mulijanti, Tedy & Sugandi 2014); and palm oil by-products for 

goats in Malaysia (Alimon 2005). Agricultural waste product such as tapioca waste, tofu waste and 

fermented rice straw, has been generally fed to ruminant in Indonesia these days particularly during 

dry seasons or when the traditional forage is less available.   

Many traditional plants in Indonesia used as ruminant feed, have not been studied 

systematically, for their potential as methane reducers. These include: Pennisetum purpureum, King 

grass, Setaria decumbens, Caliandra calothrysus, Kudzu grass, Sesbania grandiflora, Imperata 



 
 

12 
 

cylindrica Div, Leucaena leucocephala, Calopogonium, Centrosema pubescens, Pterocarpus 

indicus, Gliricidia sepium (Mink, 1983; Quattrocchi, 2006; Services, 2013; Soerjani et al., 1987) 

and Brachiaria humidicola (Delima et al., 2015) . Of these forages, only a few with data published 

in academic sources, so little solid information is available, even for their effects on animal 

productivity. Recent in vitro studies suggested that horticultural harvest waste offers potential for 

reducing CH4 production while offering an alternative energy source, with some (such as leaves) 

also being suitable as a protein supplement (Melesse et al. 2018; Al-Sagheer et al. 2018).  

The next practical step would be to address factors that might affect nutritive value and the 

levels of bioactive compounds: variation among the different parts of the horticultural plant; 

variation with season; and differences between varieties. Studies are needed to evaluate outcomes 

for rumen pH, VFA production (including the A:P ratio), and NH3 production. Importantly, 

understanding how fermentable the feed source is is also crucial because it is an indication of the 

availability of gross energy. This becomes another challenge because, to date, CH4 reduction is 

correlated with the fermentability – for example, low CH4 production was associated with low 

fermentability. 

Formulating the diet is the next thing to consider, particularly the amount of flavonoid-rich 

plant included in the total ration (Beauchemin & McGinn 2006) – not only could it modify the 

rumen fermentation process, and thus reduce CH4 production, but it could also have nutritional 

effects that complement those of the other plants in the ration. The effects of the PSCs on 

fermentation and methanogens will depend on the type and level of feed (Fernández et al. 2013; 

Beauchemin & McGinn 2006; Cardozo et al. 2005). It is understandable that, from the point of view 

of farmers in developing countries, it is important to maximize utilization of locally available feed 

sources that are no or low cost, such as agricultural waste or horticultural harvest waste. However, 

normal waste has low nutritional content, very high fibre, and low digestibility, yet we also need to 

avoid the need for difficult treatments to improve nutritive value. The diet should also meet general 

standards in order to be beneficial for the animal, such as being non-toxic, meeting the nutritional 

requirements for each production stage, being continuously available, and being highly digestible 

(National Research Council 1995; Makkar 2017). The nutritional value and digestibility of waste 

can be improved through an ensilage process using active microbial starter or urea (Wanapat, Kang 

& Polyorach 2013; Yulistiani et al. 2007) or by mixing it with other good quality forage, but this 

processing should be done carefully, particularly with dietary components that have potent anti-

microbial properties. 

When manipulating the diet, we also need to consider the effects of plant secondary compounds 

on the fermentation process and on CH4 reduction – for example, tannins can either improve or 
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inhibit fermentation. Rumen microorganisms, as has been mentioned previously, can be resistant to 

a high level of tannins, either as a species or as members of a consortium. Importantly, tannin-rich 

plants generally have a high CP content (Tiemann et al. 2008) and therefore provide a high NH3 

concentration in the rumen, a reflection of dietary protein degradation. N-ammonia is valuable 

because it supports the activity of rumen bacteria in fermenting the substrate and synthesizing 

microbial protein (Tiemann et al. 2008). Also important is the fact that the structure of the tannins 

determines the amount by which CH4 production is reduced – for example, non-tannin phenolic 

compounds and tannins with a high number of hydroxyl groups are most effective at reducing CH4 

production (Jayanegara et al. 2010). Leucaena is an interesting case because its tannins (mainly 

Condensed Tannin) provide by-pass protein for the host but do not interfere with rumen 

fermentation (McNeill et al. 1998; Bodas et al. 2012; Delgado et al. 2013; Devi, Ariharan & Prasad 

2013; Walton 2003). On the other hand, this advantage is not seen for all varieties of Leucaena – for 

example, with L. pallida and L. trichandra, the CTs excessively inhibit protein availability in the 

lower gut because they interact with proteolytic enzymes and dietary protein is lost (McNeill et al. 

1998), and insufficient N-NH3 is available for microbial protein synthesis; all of these outcomes 

lead to lower animal production. In other words, even though Leucaena is categorized as a source of 

by-pass protein, there is no guarantee that all the dietary protein that by-passes rumen degradation 

will be fully digested in the lower gut. It would be more beneficial to degrade the dietary protein in 

the rumen and therefore make more N-NH3 available for the synthesis of microbial protein because 

80% of that type of protein can be absorbed by the host animal (Firkins 1996; Rodríguez, Sosa & 

Rodríguez 2007). 

Another factor to consider is the overall effect of the PSCs on the rumen microbiota with 

respect to fibre fermentation (particularly polysaccharides) and methanogenesis. We need bioactive 

compounds in forage plants, or plant waste (leaves or stems), that enhance, or at least maintain 

fermentability, while reducing total methanogenesis, or at least inhibit certain species of 

methanogens. It has recently been reported that sheep that emitted either small or large amounts of 

CH4 had similar total methanogen populations, but differed in certain groups within 

methanobacteria– for example, the greatest number of Methanosphaera spp. was observed in the 

low-CH4 sheep and greatest number of Methanobrevibacter gottshalkii was observed in the high-

CH4 sheep (Shi et al. 2014). With respect to polysaccharide degradability, fungi were reported as 

responsible for most of the enzymatic hydrolysis of cell-wall polysaccharides (Weimer 2015). The 

substrate in that study was horticultural harvest waste and very likely contained a significant 

amount of complex carbohydrate, particularly lignin. It could therefore be argued that the high level 

of fermentability was related to the fungi population, even though it is the smallest component of 
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the total rumen microbial mass (Hungate 1966). In contrast, due to the huge numbers of organisms 

in the rumen microbial community, it is very likely that many different species contribute to the 

degradation of multiple substrates (Weimer 2015). So, we need to target plants that contain 

secondary compounds that modulate fermentation in such a way to reduce certain species of 

methanogens without reducing the major fibre-degrading rumen microbiota.  

A similar situation applies to the effect of saponins on the populations of protozoa and 

methanogens (Thalib 2004). Saponins from the fruit of Sapindus rarak are a defaunating agent that 

reduces the protozoa population and increases the consortium of amylolytic bacteria-methanogens, 

leading to production of more propionate and less CH4. The methanogen population is also reduced 

because some of them are attached to protozoa. The percentage of saponins in two different feed 

sources might be similar but the effects on rumen microorganisms can vary due to differences in the 

structure of saponins (Thalib 2004). 

Ultimately, when attempting to manipulate the diet to control CH4 emissions, it is important to 

avoid interfering with the fermentation process in the rumen so animal health and productivity can 

be maintained. Therefore, to determine the optimal combination of feed sources, particularly if 

using horticultural or agricultural waste, there is a significant number of limitations that must be 

considered, and these issues can only be resolved through experimentation.  

 

2.5. The importance of feed screening from batch culture to Rusitec prior to in vivo 

There are two major possibilities for anti-methanogenic compounds to affect the rumen microbial 

ecosystem: i) indirect reduction of CH4 production by reducing the protozoa population (Wina 

2012; Wei-lian et al. 2005); ii) direct reduction of CH4 production by reducing specific strains of 

methanogens (Shi et al. 2014). In both cases, overall fermentability must not be inhibited but be 

maintained if not enhanced. It is therefore essential to screen alternative feed sources to investigate 

how well the rumen microorganisms adapt to them before feeding them to animals. However, direct 

assessment of feed mixes using animals is time consuming, expensive, and can present issues in 

animal ethics. We therefore turn to in vitro rumen techniques to derive information about 

fermentation, substrate digestibility, degradability and methanogenesis, and thus gain clear 

indicators of the efficiency and safety of the feed sources, but with understanding that there are 

limitations to the predictive power of the results in relation to their effects in vivo. 

Feed evaluation in vitro has been recognized since the 1940s and the in vitro gas production 

technique (IVGPT) became well known after a report of the high correlation between in vitro gas 

production and in vivo digestibility (Menke et al. 1979; Bhatta et al. 2007) The in vitro 

methodology has been developed and is now standardized under laboratory conditions and well-
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correlated with in vivo measurements (Getachew et al. 1998). There are two types of in vitro 

techniques: batch culture (short term) and continuous culture (long term). Batch culture is used for 

screening the large number of samples or treatments and it is done by bulk incubation (Lopez 

2005). It is very efficient for estimating rumen digestibility and degradation within 24 h. However, 

its short duration and closed nature of the system (no inflow and out flow) makes it a non-steady-

state assessment that does not allow an analysis of the pattern of microbial growth and the overall 

aspects of fermentation. Nevertheless, it is the simplest way to screen large numbers of alternative 

plant materials and to assess whether there are any PSCs that modify rumen fermentation or affect 

rumen health (Vercoe, Makkar & Schlink 2010). 

By contrast, the rumen simulation technique (Rusitec) is an open system with continuous 

inflow of artificial saliva and continuous outflow of the fermentation products (both gas and liquid), 

with the substrate and rumen liquid maintained inside fermentors (Czerkawski & Breckenridge 

1977). Lopez (Lopez 2005) described the two types of Rusitec: semi-continuous culture (with no 

access for changing the feed substrate) and continuous culture. In studies reported in this thesis, we 

used a continuous culture Rusitec system because, in addition the continuous inflow of artificial 

buffered saliva and out-flow of the fermentation products, the fermentors allow access for substrate 

changes as well as the maintenance of anaerobic conditions and pH, thus ensuring the overall 

fermentation runs well. In contrast to batch culture, this system also allows us to monitor microbial 

adaptation to the test substrate over longer fermentation periods (weeks), an important factor in the 

context of the work presented in this thesis, where we need to assess the persistency of effects of 

test substrates on the overall fermentation. Effectively, the Rusitec system mimics the situation in 

animals, but under controlled conditions, and it has become a reputable biological model for the 

study of rumen fermentation (Lopez 2005). With regard to ruminal fermentation, as evidence from 

the previous Rusitec experiment from our research team demonstrated that CH4 production reduced 

over period of time in Rusitec without disrupting the overall fermentation process.  Nevertheless, 

the Rusitec is limited in terms of the rate of testing substrates, so screening by batch culture is the 

first step in dietary analysis. 

After the sequence of in vitro assessments, in vivo experimentation can follow. Differences 

between in vitro and in vivo results have been reported. For example, in some studies, saponins 

extracted from tropical plants reduced CH4 production both in vitro and in vivo, whereas in other 

studies CH4 was reduced only in vitro (Wina 2012) or less CH4 was produced in the Rusitec than in 

vivo (Bhatta et al. 2007) . Similarly, the comparable results in vitro and in vivo for pH and VFA 

values was also reported (Durmic et al. 2012). Overall, as a bridge between batch culture and in 

vivo studies, the Rusitec provides a solid overview of the persistence of the effects of a diet on 
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rumen fermentation and helps us to design safe diets for animal experimentation in terms of the 

dose of novel forages that are known to have bioactive properties. 

To my knowledge, this simultaneous process of screening dietary components has not been 

implemented for assessing alternative Indonesian feed sources. Therefore, the research described in 

this thesis should benefit Indonesian ruminant industries by providing information about the 

potential of horticultural harvest waste as an alternative feed source, including their contribution to 

strategies for methane mitigation.  

 

2.6. General hypothesis and outline of the thesis 

 

The shortage in Indonesia of local forages with high nutritional value for small ruminants is 

generating efforts to find alternative feed sources by assessing local plants and their by-products for 

their ability to increase feed utilization, thus providing more energy for milk and meat production, 

while also reducing CH4 emissions. To ensure that the alternative feed sources are effective and safe 

for the animals, we must first go through two stages of screening in vitro – initially with batch 

culture and then, having refined the list of candidates, with the Rusitec, continuous culture system. 

Our general hypotheses is that there are alternative feed sources in Indonesia that, if used as 

components in a mixed diet, might reduce enteric methane production, sustain or even improve 

rumen fermentation, and ultimately increase ruminant productivity. 

This hypothesis was tested in studies described in four chapters, beginning with a survey of a 

broad variety of alternative forages in Banda Aceh, Indonesia, taking into account existing 

knowledge, such as agronomic properties, bioactivities and nutritive value. Batch culture was then 

used to screen for effects on fermentability and methane production. The outcome was a short list of 

candidate forages (Chapter 3). The candidates on this short list were then further assessed by in 

vitro batch culture, as sole substrates, but factors that might affect the outcome were tested – 

season, part of the tree, variety within species (Chapter 4). The next stage was to use the better 

candidates to test how they would work in a mixture with Leucaena (the common forage for 

ruminants in Indonesia), again by batch culture (Chapter 5). Finally, then, we assessed the best 

candidate mixtures in continuous culture using the Rusitec so we could better judge the likely 

outcome in ruminant animals (Chapter 6). The final outcome of this series of studies was a mixture 

that seemed unlikely to disrupt rumen function, while reducing methane emissions, and that would 

be safe for in vivo trials. Equally as important, this sequence of studies allowed us to test the value 

of a structured research process beginning with the widest variety of options and then refining the 

list through a logical process that could lead to benefits for industry and society. 
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Chapter 3: Nutritive profiles, fermentability and methane reduction potential of 

alternative feed sources for ruminants in Indonesia 

 

Abstract 

Some horticultural waste and local forages in Indonesia that contain tannins and saponins might 

reduce methane production in ruminants. Methane (CH4) is a normal by-product of fermentation 

process in the rumen and the amount of CH4 emitted depends on the type of forage that the 

ruminants consume. This study aims to examine the alternative forages in Indonesia for their 

nutritive values and potential to reduce methane emissions without compromising fermentation 

characteristics in the rumen. Initially, we collected information about agronomic properties 

(seasonal availability, location of production), history of use as feed for ruminants, toxicity, and the 

possible benefits for animal health for a wide variety of forages and by-products (40 species) used 

in Indonesia.  We then shortlisted 20 candidates for further testing. These were investigated for 

nutritive value (NV), and for in-vitro fermentability batch testing (IVFT), where total gas, CH4 

production, VFA and NH3 were measured and compared to a control forage (Leucaena 

leucocephala), that is commonly used in Indonesia as a basal diet for small ruminants. Data were 

analyzed in one-way ANOVA using JMP® software and the significant differences were declared 

at P < 0.05. Eight candidates produced less amount of CH4 than the control forage (P < 0.05), with 

P. guajava producing the least amount. A. hypogaega and M. oleifera produced the greatest amount 

of CH4 and were the most fermentable, whereas Musa paradisiaca produced a moderate amount of 

CH4 and less fermentable compared to the control forage. Eleven candidates were more fermentable 

(P < 0.05) compared to the control forage. Production of CH4 was highly correlated with 

fermentability, as measured by total gas production (R = 0.95), and with VFA concentration (R = 

0.85) over all samples tested.  A. muricata, A. hypogaega, P. guajava and M. paradisiaca have 

potential as alternative CH4 mitigation agents without depressing overall fermentation 

characteristics.  

 

Keywords: Methane, rumen fermentation, batch culture, VFA, forage, Indonesia 
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3.1. Introduction 

In Indonesia, the availability of forages for ruminants is becoming an issue as the demand for 

livestock products is increasing. The problem is exacerbated by a declining availability of ruminant 

forages because agricultural land is being degraded or used for housing and industry. Subsequently, 

farmers often have to rely on alternative feed sources, including some less known local forages and 

industry by-products to fill the shortfall. Agricultural waste  that is produced in large amounts are 

potential to be used alternative feed sources (Syamsu et al. 2003). For example, the guava farm 

generates more than one million of waste per year, mangoes more than two million per year and the 

banana farm nearly six million tonnes of waste per year (Promosiana & Atmojo 2015). Many of 

these alternative feed sources have been used with variable success, as little is known of their 

nutritive value, potential for ruminant nutrition or possible health benefits. 

On top of these issues of supply and demand, there is global drive to reduce enteric CH4 

emissions by ruminants (Beauchemin et al. 2008; Durmic et al. 2014), a potent greenhouse gas, but 

equally as important, CH4 emitted from the rumen represents a 2-12% energy loss to the animal 

(Johnson & Ward 1996). So, there will be dual benefits from reducing enteric CH4 emissions by 

ruminant industries. 

Supressing CH4 emissions from ruminants can be done through using legumes and 

multipurpose plants as the alternative feed. Legumes, as well as other plant types, have bioactive 

compounds (plant secondary compounds, PSC) that have been reported to minimize 

methanogenesis (Soliva et al. 2008) while providing valuable nitrogen to help balance the protein to 

energy in ruminant diets.  This contribution of legumes improves rumen fermentation (Wencelová 

et al. 2014) and increases feed energy utilization (Banik et al. 2013b; Bodas et al. 2008) and feed 

intake (Copani et al. 2013).  Likewise, plants that contain medicinal compounds were also able to 

reduce CH4 production, which is probably due to the antimicrobial effect of the compounds (Soliva 

et al. 2008). 

In Indonesia, there has been some local research looking at the nutritional values and the 

digestibility of local plants that could be used as alternative feedstuffs, but there has not been a 

systematic approach that deals with all of the issues above. The present study is the first step in a 

process for assessing a large number of alternative feed sources for ruminants in Indonesia, so we 

can prioritize candidates for a more detailed analysis. We hypothesized that there are alternative 

feed sources in Indonesia that are readily available, with good nutritional characteristics and can 

reduce CH4 production while maintaining fermentability in the rumen. 
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3.2. Materials and methods 

3.2.1. Experimental design 

Initially, we collected information about agronomic properties (seasonal availability, location of 

production), history of use as feed for ruminants, toxicity, and the possible benefits for animal 

health for a wide variety of forages and by-products (40 plant species) used in Indonesia.  We then 

shortlisted 20 candidates for further testing. These were investigated for nutritive value (NV), and 

for in-vitro fermentability batch testing (IVFT), where total gas, CH4 production, VFA and NH3 

were measured and compared to a control forage (Leucaena leucocephala), that is commonly used 

in Indonesia as a basal diet for small ruminants. 

 

3.2.2. Information collection and survey methodology 

Primary data were collected from: local goat farmers (n = 70); lecturers in the Faculty of Veterinary 

Medicine, Syiah Kuala University (n = 16); Field Officers of the Department of Animal Husbandry 

Office, Aceh Province (n = 4); and the Head Field Officer of the Department of Agricultural 

Technology Assessment, Province of Aceh. The list of the questions are attached in Appendix 

A.3.3. This survey information was supplemented with reports from the literature. Forty plants and 

waste products (by-products) were ranked on the basis of palatability, potential as a feed source, 

nutritional value (protein), evidence of bioactive compounds, history as a herbal medicine, evidence 

of toxicity (mostly in the form of anti-nutritional compounds), availability and also feed utilization 

opportunity from agricultural wastes (Vercoe, Makkar & Schlink 2010; Wina 2012). This 

information was used to rank the potential feed sources and select 21 species (20 alternative feed 

sources and 1 control forage) with desirable properties for further testing of nutritive value, 

fermentability and CH4 production. 

 

3.2.3. Plant materials 

Material from the 20 short-listed species (see Appendix A. 31.) was harvested in May 2016 from 

three districts in Banda Aceh: Lembah Seulawah (05°28'06.4" N; 095°43' 14.2" E; elevation 254 m 

MSL); Syiah Kuala (05°30’5.08” N; 095°24’7.35” E; elevation 29 m MSL); Kajhu (05°32’34.6” N; 

095°21’17.7” E; elevation 30 m MSL). We collected approximately 1 kg fresh weight of the edible 

parts (leaf; stems less than 3 mm in diameter). Each species was sampled from three trees to ensure 

that we have enough material and was bulked. The regions along with the phase of growth and other 

information is attached on the Appendix of the thesis. Upon collection, samples were placed in a 

sealed plastic bag and stored in a cooled insulated container for transfer to the laboratory. Samples 
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were freeze dried at –43°C for 72 h (Freeze Dryer Javac LD-5 for the pump and the machine is 

Labconco FreeZone 4.5), and ground to pass through a 1 mm screen (Grinder type Polymix: PX-

MFC 90D). Leucaena leucocephala was used as control forage because it was a basal diet for small 

ruminants in Indonesia.  

 

3.2.4. Nutritive value  

The samples were analysed for dry matter (DM) content, crude protein (CP), neutral detergent fibre 

(NDF), acid detergent fibre (ADF), hemi-cellulose, DM digestibility (DMD) and metabolisable 

energy (ME). The DM content was measured by placing 0.5 g of plant sample in a pre-weighed 

porcelain crucible in an oven set at 90°C overnight. Nitrogen content of forages was analysed by 

total combustion using a VarioMacro Nitrogen and Carbon Determinator (Elementar 

Analysensysteme GmbH, Hanau, Germany). Crude protein was calculated by multiplying the 

nitrogen content by 6.25. Fibre contents (NDF and ADF) were determined by using the ANKOM 

method (AFIA 2003). The NDF was analysed by the use of α-amylase and sodium sulphite and the 

results were expressed with residual ash. The hemi-cellulose content was calculated by subtracting 

ADF from NDF content (Knudsen 2001). The DMD and ME were calculated from ADF and 

nitrogen content using the equations as follows: (AFIA 2003). 

DMD = [(83.58 + (nitrogen x 2.626)) – (ADF x 0.824)]  (1) 

ME = (0.172 X DMD) – 1.615     (2) 

3.2.5. Fermentability and methane production in batch culture assays 

The samples were tested in 24-hour batch culture fermentation (Durmic et al. 2010) to analyse the 

fermentability and CH4 production. The use of rumen-fistulated sheep for the supply of rumen fluid 

was approved by The Animal Ethics Committee of The University of Western Australia 

(RA/3/100/1424), according to the recommendation of The Australian National Health and Medical 

Research Council.  

One day before IVFT, three 0.1 g analytical repetitions of each sample were weighed into 30 

mL Bellco tubes (Bellco Glass Inc., Vineland, NJ, USA) that were transferred to an anaerobic 

chamber at 39°C (Vinyl Anaerobic Chamber; CoyLaboratory Products Inc., Grass Lake, MI, USA). 

All of the air was flushed from the tubes with 800 mL/L N2: 100 mL/L CO2: 100 mL/L H2. On the 

day of IVFT, rumen fluid was taken from three Merino sheep that had been fed with oaten chaff + 

250 g lupins + 25 g mineral mix for 2 weeks prior to the experiment, with unlimited access to water. 

Rumen fluid was collected using a vacuum pump, kept in pre-warmed thermal flasks, then screened 

through cheesecloth. This inoculum was transferred to the anaerobic chamber, buffered to pH 7.2 
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(ratio rumen fluid:buffer = 1:1.5) and then 10 mL was dispensed into each Bellco tube containing 

the samples. Control for the laboratory were negative control (buffered rumen fluid only) that was 

used to check the functionality of the rumen fluid; and positive control (buffered rumen fluid and 

0.1 g of oaten chaff) that was used as a standard to detect variation in the fermentation potential 

among batches of rumen fluid. Each of the Bellco tubes was then sealed with a rubber stopper, 

crimped with an aluminium seal, and incubated at 39°C for 24 h with constant shaking at 50 rpm. 

At the end of incubation, all the Bellco tubes were placed in a water bath at 39°C. Gas pressure 

was measured using a pressure transducer (Greisinger Electronic GMH 3111, Germany) and total 

gas production was calculated by transferring gas pressure to standard atmospheric pressure. To 

measure CH4, 5 mL of headspace gas was collected from each Bellco tube, transferred to an 

exetainer tube (Labco Ltd, Lampeter, UK), and analysed by gas chromatography (GC, Bruker Gas 

Chromatograph 450-GC). 

Total gas and CH4 production is measured using the equations: 

Total Volume of Gas (TVM) = [(Gas pressurekPa + 101.3kPa) x 20mL] / 101.3kPa  

Total CH4 production (mL/g DM) = TVM x CH4% x 0.1    

From each Bellco tube, 1 mL of fermentation liquid was transferred to a small vial and mixed 

with either 200 µL 1M NaOH for VFA measurement, or 200 µL 2M HCl for NH3 measurement, 

and then stored at –20°C. VFA concentration was measured using an Agilent 6890 Series GC 

(Agilent Technologies Inc., Santa Clara, CA, USA) equipped with HP 6890 injector, capillary 

column HP-FFAP (30 m x 0.53 mm x 1.0 µm), flame ionization detector, and Hewlett-Packard 

Chemstation software. Hydrogen was used as a carrier gas at 6.6 mL/min, injector temperature was 

set at 260°C, oven temperature at 240°C, and detector temperature at 265°C. The concentration was 

calculated using an internal standard (3-Methyl Valeric Acid) calibration method (GC separation of 

VFA C2-C5 Supelco Bulletin No. 749D). The NH3 concentration was measured using spectrometry 

with a Boehringer Mannheim test kit no. 1112732 (R-Biopharm AG, Darmstadt, Germany) on a 

Cobas Mira S auto analyser (Roche Diagnostics, F Hoffman-La Roche Ltd, Basel, Switzerland). 

3.2.6. Statistical analyses 

All data were analysed in one-way ANOVA using JMP® software and the treatment responses in 

gas production, VFA, CH4 and NH3 concentrations were examined in separate models with 

treatment as a factor. Each factor had three observations and treatment as a fixed effect: 

Yij=µ+Ti+Eij, where Yij was the observation, µ was the overall mean for each parameter, Ti was 
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the effect of treatment and Eij was residual error. Least significant difference (LSD) was used to 

compare the treatments to the control forage and significant differences were declared at P < 0.05. 

 

3.3. Results  

3.3.1. Feeding potential 

All 40 species analysed by survey were found to have potential as fodder, with five of them already 

being fed to local small ruminants (Gliricidia sepium, Leucaena leucocephala, Pennisetum 

purpureum, Setaria sphacellata, Pennisetum purpureum Schumach). Two species were reported to 

contain toxins (Theobroma cacao and Chromolaena odorata) but, based on anecdotal evidence, the 

toxin could be reduced by air-drying. Twenty species were considered as suitable and available to 

be used as feed at any time and reported to have comparable or even higher values in agronomic 

properties and protein content than conventional forages. All except four had documented evidence 

of plant secondary compounds (PSC) with 15 of these having some evidence of medicinal use. The 

details of the initial list of 40 plant species are presented in Table 3.1. We narrowed down to 20 

plant species based on the desired properties as has been mentioned previously. The supplementary 

information is attached in the Appendix section  (Appendix A.3.1 and A.3.2.) 

 

3.3.2. Nutritive value 

The CP content varied greatly among the species, ranging from 68 to 292 g kg-1 DM, with the 

highest value in L. leucocephala, and five other species (Gliricidia sepium, Ipomoea batatas L, 

Moringa oleifera, Ageratum conyzoides, Piper aduncum L) produced comparable values (Table 

3.2). The lowest NDF content was for G. sepium and the lowest ADF content was for Moringa 

oleifera, whereas M. oleifera and L. leucocephala showed the highest values for DMD and ME.
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Table 3.1 Initial data on the characteristics of 40 local plants (traditional forage and the potential plants for ruminants) in Aceh Province, Indonesia 

N

o 

Species 

[common 

name] 

Product Agronomic properties Nutritive values PSC Bioactivity References 

1 Averhoa carambola L. 

[Star fruit] 

Leaves, pulp Available all seasons Vitamins A, B1 and C; 

Ca; P 

Saponins, flavonoids, 

steroid, glycosides, tannins 

Expectorant (Das Gupta, 

Chakraborty & 

Bala 2013) 

2 Eugenia aquea  

[Water rose apple] 

Leaves, pulp Available all seasons, 

mature trees more 

persistent 

Energy = 17 kcal; CP = 1 

g; vitamin C = 16.7 mg 

Phenolic, terpenoids, 

tannins 

High antioxidant (Anggrawati & 

Ramadhania 

2017; Hariyati, 

Jekti & Andayani 

2015) 

3 Lannea coromandelica 

[Ash tree] 

Leaves Tolerate poor soil, grow 

well 

No report Tannins, flavonoids Anti-

inflammatory, 

diarrhoea 

(Kaur, Jaiswal & 

Jain 2013) 

4 Psidium guajava [Guava] Leaves, pulp Fast growth, tolerate 

various soil and water 

conditions, available all 

seasons 

CP = 103 g/kg DM  Flavonoids, tannins, atciric 

oil, saponins, alkaloids 

Diarrhoea, anti-

helminthic 

(Chang et al. 

2014; Rosidah & 

Afizia 2012; 

Guti ́erreza, 

Mitchellb & 

Solisc 2008) 

5 Samanea saman 

 [Rain tree] 

Leaves 

 

Fast growth, tolerate 

various soil and water 

conditions, available all 

seasons 

CP = 23%; NDF = 53%; 

ADF = 43% 

Saponins, tannins Cure skin disease 

for animals 

(Anwar et al. 

2007) 

6 Annona muricata L 

[Soursop] 

Leaves, pulp, 

seed 

Fast growth, tolerate 

various soil and water 

conditions, available all 

seasons 

No report Alkaloids, tannins, 

flavonoids, annonaceous 

acetogenins, cumarin, 

steroid 

Cure skin disease 

for animals, anti-

cancer, reduce 

blood pressure 

(Moghadamtousi 

et al. 2015) 

7 Artrocarpus heterophyllus 

L [Jackfruit] 

Leaves, seeds Available all seasons, 

drought 

Tolerance 

DM = 25%; OM = 90%; 

CP = 19%; ADF = 46% 

Morin, flavonoids, tannins, 

alkaloids, saponins 

Anti-diabetic, 

anti-cancer 

(Marianne, 

Yuandani & 

Rosnani 2011) 

8 Moringa oleifera 

[Horseradish tree] 

Leaves, 

seeds and 

trunks 

Easily growth, available 

all seasons, drought 

tolerance 

CP= 6-29%; NDF = 

19%; ADF = 29% 

Glucocianate, 

isoticocianate, saponins, 

tannins 

Anti-cancer, good 

for reproduction 

(Bharali, 

Tabassum & 

Azad 2003; 

Imohiosen, 

Gurama & Lamidi 

2014) 
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9 Mangifera indica L 

[Mango] 

Leaves, pulp Easily growth, available 

all seasons, drought 

tolerance 

DM = 91%; OM = 93%; 

CP = 9% 

Phenols, flavonoids, 

tannins 

Anti-

inflammation, 

anti-cancer, 

reduce blood 

glucose 

(Morsi, EL-Tahan 

& El-Hadad 2010; 

Rasjid & 

Ismartoyo 2014) 

10 Pennisetum purpureum 

[Elephant grass] 

Leaves E  Easy growth, available all 

seasons 

CP = 11%;  

CF = 29% 

Tannin = 7.55%; Saponins 

= 8.01% 

No reports (Istiqomah et al. 

2011) 

11 Pennisetum purpureum 

Schumach  

[Mini elephant grass] 

Leaves Harvested earlier than 

common Elephant grass 

CP = 11%; NDF = 72% ; 

ADF = 46% 

No reports No reports (Budiman et al. 

2012) 

12 Setaria sphacellata 

[Setaria] 

Leaves Easy growth, available 

all seasons, water log 

tolerant 

CP = 8%; CF = 32% No reports No reports (Julianto 2013) 

13 Hibiscus tiliaceus  

[Coast cottonwood] 

Leaves Fast growth, planted on 

road side 

CP = 17%; CF = 23% Saponins and flavonoids, 

phenolic compounds, 

tannins 

Help hair growth, 

prevent cough, 

mucoid diarrhoea, 

tonsil 

(Istiqomah et al. 

2011; 

Syamsuhidayat & 

Hutapea 1991) 

14 Ipomoea batatas L [Sweet 

potato] 

Skin, leaves, 

stem 

Fast growth, grow best 

under warm-moist 

temperature 

CP = 19%; OM = 82% Flavonoids and tannins Anti-

inflammatory, 

(Sulastri. et al. 

2013; Sirait & 

Simanuhuruk 

2010) 

15 Musa paradisiaca 

[Banana] 

Peel, stem, 

leaves 

Fast growth, available 

any season 

Vitamins A, C, and E Tannins, saponins, 

alkaloids, flavonoids 

The unripe fruits 

can cure stomach 

ulcer 

(Imam & Akter 

2011) 

16 Ageratum conyzoides 

[Billygoat weed] 

Leaves Easily growth shrubs, 

available all seasons 

No report Flavonoids, alkaloids, 

cumarin, essential oils, 

terpenoids and tannins 

Anti-

inflammatory, 

anti-pathogens; 

toxic if fed to 

excess 

(Moody, Adebiyi 

& Adeniyi 2004; 

Moura et al. 2005; 

Amadi, Duru & 

Agomuo 2012) 

17 Gliricidia sepium 

[Gliricidia] 

Leaves Fast growth, drought 

tolerance 

CP = 20 - 30%; CF = 

15% 

Dicoumerol, nitrate, 

tannins, cyanogens 

Toxic (nitrate, 

HCN, cyanogens) 

if fed to excess 

(Natalia, Nista & 

Hindrawati 2009) 

18 Leucaena leucocephala 

[Leucaena] 

Leaves Good for soil fertility, 

available all seasons, 

perennial legume 

IVDMD = 64% Tannins, mimosine Toxic (mimosine) 

if fed to excess 

(Syamsuhidayat 

& Hutapea 1991) 

19 Arachis hypogaega L 

[Groundnut] 

Leaves, shell Annual legume crop, 

good for soil fertility 

No report Tannins No reports (Gurunath 2012) 

20 Piper aduncum L [Spiked 

pepper] 

Leaves Easily grow weeds, 

available all seasons 

No report Atciric oil, phenols Anti-fungi, 

analgesic, 

(Lago et al. 2004) 
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antiseptic; toxic if 

fed to excess 

21 Brachiaria mutica  

[Para  grass] 

Leaves Easy growth, available 

all seasons 

CP = 8-17%; NDF = 

68%-84%; ADF = 31%-

51% 

No reports No reports (Serra et al. 1996) 

22 Saccharum officinarum 

[Sugar cane] 

Leaves, stems, 

Waste of sugar 

industry 

Grow in selected area, 

tolerates occasional 

flood, less available in 

Banda Aceh 

CP = 2 g, fat = 1 g, 

carbohydrate =  18 g   

Hydrocyanic acid; phenols Reported toxic to 

animals 

(hydrocyanic 

acid); excess 

molasses cause 

diarrhoea and 

colic 

(Duke 1983) 

23 Salix tetrasperma [Indian 

willow] 

Leaves Grow fast in dump areas, 

only available in limited 

area 

CP = 142 g/kg;  

ME = 9.8 MJ/kg 

Flavonoids, polyphenol, 

tannins, saponins, and 

antioxidant 

No reports (Sugito 2008; 

Sugito et al. 2013) 

24 Micania micrantha Kunth 

[Bitter vine] 

Leaves Fast growth, twining/ 

climbing shrubs 

No report Volatile oil components, 

flavonoids  

Anti-

inflammatory, 

anti-fungal 

(Ishak et al. 2016) 

25 Theobroma cacao L 

[Cacao] 

Leaves, shell Perennial crop tree, only 

available in limited area 

Ca = 3%; Potassium =  

1% 

Polyphenol = 28.4 mg/100 

mg; caffeine = 1.33 mg/; 

100 mg; theobromine.  

Reported toxic to 

animals 

(theobromine) 

(Baharum et al. 

2014; 

Aikpokpodion 

2010) 

26 Chromolaena odorata 

[Siam weed] 

Leaves Perennial shrubs, leaves 

should be used once 

harvested, less available 

in Banda Aceh 

DM = 27%; CP = 24%; 

NDF = 54%; ADF = 

37% 

Anthelmintic, 

hemagglutinin 9.72 mg/g, 

oxalate 1.89%;  saponins 

0.5%; pyrrolozodone 

alkaloids (toxic, 

carcinogenic) 

Anti-

inflammatory, 

analgesic, anti-

helminthic, but 

reported toxic to 

animals in excess 

use 

(Fasuyi, 

Fajemilehin & 

Aro 2005; 

Nwinuka, Nwiloh 

& Eresama 2009) 

27 Ficus fistulosa Reinw [Ara 

tree] 

Leaves, fruits Mostly available in forest No report Chloroform fraction  Young leaves 

cure diarrhoea 

(Hafida et al. 

2016) 

28 Zea mays [Maize] Leaves, peel, 

corncob 

Annual crop plant, less 

available in Banda Aceh 

CP = 7.0%; IVDMD = 

58%;  Moist = 20-25% 

No reports No reports (Umiyasih & 

Wina 2008) 

29 Areca catechu Linn. 

[Areca nut palm] 

Shell People plant in their 

yards  

Fat = 15%; starch = 20%; 

Ca = 0.1%; P = 0.1% 

Polyphenol = 20%,  and 

alkaloids = 0.5% 

Increase libido, 

good for teeth and 

gum  

(Jaiswal et al. 

2011) 

30 Cymbopogon nardus L 

[Lemon grass] 

Stems Less available in Banda 

Aceh 

No reports Atciric oil No reports (Shah et al. 2011 ) 

31 Hibiscus rosasinensis 

L.[Hibiscus] 

Leaves People plant in their 

yards  

No reports Flavonoids, tannins,  

alkaloids, triterpenoids 

Anti-diabetic (Khristi & Patel 

2016) 
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32 Wedelia biflora [Wedelia] Leaves Less available in Banda 

Aceh 

No reports Flavonoids, alkaloids, 

terpenoids 

No reports (Isa, Rinidar. & 

Armansyah 2008) 

33 Azadirachta indica Juss. 

[Indian lilac] 

Leaves Less available in Banda 

Aceh 

No reports Alkaloids, azadirachtin, 

salanin, meliantriol 

No reports  (Alzohairy 2016; 

Dash, Dixit & 

Sahoo 2017) 

34 Zingiber officinale Rosc. 

[Ginger] 

Rhizome Perennial herb, less 

available in Banda Aceh 

CP = 1.5 g; Ca = 21 mg; 

P = 39 mg 

Zingiberol, curcumin, 

gingerol 

Anti-

inflammatory, 

anti-pathogens, 

increase appetite 

(Adanlawo & 

Dairo 2007) 

35 Curcuma domestica Val. 

[Curcuma] 

Rhizome Perennial herb, less 

available in Banda Aceh 

CP = 9%; Fat = 8% Atciric oil, curcumin, resin Anti-

inflammatory, 

anti-pathogens, 

increase appetite 

(Ikpeama. et al. 

2014) 

36 Manihot utilissima 

[Cassava] 

Leaves, peel, 

waste of 

cassava flour 

Woody shrubs, less 

available in Banda Aceh 

CP = 8%; IVOMD = 

82% 

Cyanide acid No reports (Pujaningsih, 

Simbolon & 

Mukodiningsih 

2016) 

37 Asystasia gangetica (L.) T. 

Andersen 

 [Chinese violet] 

 

Leaves Seasonal herb, less 

available 

Per 100 g leaves: energy 

234 kJ, CP = 4g 

 

Steroids, glycosides, 

flavonoids, anthraquinones 

Anti-pathogens, 

analgesic, anti-

asthmatic 

(Hamid et al. 

2011) 

38 Caliandra calothyrsus 

[Caliandra] 

Leaves Seasonal legume tree CP = 22%; CF = 30-

70%; Fat = 2-3% 

Condensed Tannin = Up to 

11% 

No reports (Palmer, 

Macqueen & 

Gutteridge 1994) 

39 Pterocarpus indicus 

[Narra] 

Leaves  Seasonal herb, less 

available 

          CP, CF, Fat and Ca Saponins, tannins and 

triterpenoid 

Anti-diabetic, 

anti-tumour, 

anti-pathogens 

(Hartati et al. 

2016) 

40 Sauropus androgynus 

Merk.[Katuk Leaves] 

Leaves Seasonal herb, less 

available 

         CP = 5 – 6 g; fat= 2 g;    

CF = 1.5 g 

Sterol, alkaloids,  

flavonoids, tannins 

Good for milk 

production 

(Selvi & Basker 

2012; Santoso 

2014) 
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Table 3.2 Nutritive values of the 20 short-listed feed sources, compared to Leucaena leucocephala (control). 

    

Species (Treatment) DM CP DMD Hemicellulose NDF ADF ME 

L. leucocephala (Control)  918 293 801 310 496 191 12 

A. carambola  919 177 663 130 427 300 10 

A. conyzoides  912 236 702 211 493 282 10 

A. heterophyllus  920 186 616 103 465 362 9 

A. hypogaega L 919 146 679 263 528 265 10 

A. muricata  932 132 644 205 505 300 9 

B. mutica 927 68 602 344 662 318 9 

E. aquea  922 117 489 90 570 480 7 

G. sepium  914 278 731 156 425 269 11 

H.tiliaceus 924 186 654 288 603 315 10 

I. batatas L  921 260 714 232 512 280 11 

L. coromandelica  915 123 549 98 509 411 8 

M.indica L  930 79 606 171 490  319 9 

M. oleifera  922 226 825 251 380 129 13 

M. paradisiaca 932 164 622 281 624 343 9 

P. aduncum L  920 231 734 191 432 241 11 

P. guajava  915 124 556 100 503 403 8 

P.purpureum  931 147 607 294 647 353 9 

P.purpureum S. 933 160 612 292 645 353 9 

S.saman  942 206 604 182 568 386 9 

S. sphacellata 919 86 591 335 676 341 9 
DM, Dry matter, (laboratory based, g Kg DM-1); CP, crude protein (g Kg DM-1); DMD, dry matter digestibility (g Kg DM-1);  

Hemicellulose (g Kg DM-1); NDF, neutral detergent fibre (g Kg DM-1); ADF, acid detergent fibre (g Kg DM-1); and ME, metabolisable energy (MJ Kg-1).  

Each value is the mean of 2 laboratory replicates.   
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3.3.3. Fermentability and methane production 

Significantly higher amounts of total gas and VFA compared to the control (Table 3.3) was 

noticeable in 12 species with the highest in Arachis hypogaega (84.8 kPa and 91.80 mmol L-1 for 

total gas and VFA production, respectively). The lowest value for CH4 was observed for Psidium 

guajava (14.06 mL g-1 DM), and seven other species (A. carambola, A. muricata, E. aquea, L. 

coromandelica, M. indica L, H. tiliaceus, S. saman) produced significantly smaller amounts of CH4 

than the control forage. However, only A. muricata produced the valuable combination of low CH4 

and high fermentability (total gas and VFA production). Conversely, four species (A. heterophyllus, 

A. hypogaega, I. batatas, and M. oleifera) produced both higher CH4 and fermentability than the 

control forage. Gliricidia sepium produced the highest amounts of NH3 and it was significantly 

higher than in the control forage. There were no species that produced less acetate and more 

propionate compared to the control, but 12 species produced values similar to the control. The 

regression correlation of total gas and VFA yield, total gas and CH4 yield, VFA and CH4 yield was 

shown in Figure 3.1, 3.2 and 3.3 respectively. We found that the feed sources that produced higher 

total gas and VFA also produced higher amount of CH4 and some produced lower A:P ratio. 
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Table 3.3 Measures of in vitro fermentation and methane production for the 20 short-listed feed sources, compared to Leucaena leucocephala 

(control).  

  

Species (Treatment) Total Gas  CH4  VFA  A:P NH3  

L. leucocephala (Control) 60.30d 30.70d 75.34d 3.41b 179.8c 

A. carambola 41.20e 23.21e 66.02e 3.50b 128.6g 

A. conyzoides 65.65c 32.63c 83.47b 3.65a 225.8b 

A. heterophyllus 73.73a 36.16b 86.19a 3.78a 185.8c 

A. hypogaega L 84.80a 41.20a 91.80a 3.25b 216.2b 

A. muricata 66.33c 28.03e 80.14b,c 3.61a 139.8f,g 

B. mutica 80.33a 37.63a 84.71a 2.88b 100.4h 

E. aquea 29.83e 18.22e 55.58e 4.24a 143e,f,g 

G. sepium 70.13b 34.66b 84.17b 3.24b 251a 

H.tiliaceus 50.92e 26.51e 71.64d,e 3.68a 154.2d,e,f 

I. batatas L 72.92a 35.67b 86.11a 3.61a 227.4b 

L. coromandelica 62.25d 26.63e 76.90d 3.43b 77.8e 

M.indica L 47.18e 24.98e 66.71e 3.83a 97.6h 

M. oleifera 81.45a 37.17a 89.07a 2.82b 246.2a 

M. paradisiaca 49.40e 29.05d 67.69e 3.26b 160.4d,e 

P. aduncum L 67.90b 36.40b 83.57b 3.34b 212b 

P. guajava 24.93e 14.06e 52.21e 3.92a 100.6h 

P. purpureum 71.92a 38.35a 82.06b,c 3.01b 171.8c,d 

P. purpureum S. 71.52a 36.99a 83.04b 2.97b 188.4c 

S. saman 34.08e 17.95e 59.81e 2.80b 144.4e,f,g 

S. sphacellata 71.88a 35.25b 79.30b,c 2.93b 129.6g 

P value P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

SEM 0.07 0.03 0.05 0.003 0.21 

Total gas kPa, CH4 mL g-1 DM, VFA mmol L-1, A: P, NH3 mg L-1. Each value is the mean of 3 laboratory replicates. P < 0.05 is significantly different. 

a-eValues in the same column with different superscripts are significantly different at P < 0.05 
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Figure 3.1. Scatterplot and correlation between total gas production (a measure of rumen fermentability) and 

CH4 production; combined data for all of the short-listed feed sources (R = 0.95) 

 

 
 

Figure 3.2. Scatterplot and correlation between total VFA production and CH4 production; combined data 

for all of the short-listed feed sources (R = 0.85). 

 

 

Figure 3.3. Scatterplot and correlation of total gas production and VFA production (a measure of 

rumen fermentability) of the short-listed feed sources (R = 0.87) 
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3.4. Discussion 

The results from the current study has identified the potential of some local forages and agricultural 

waste in Indonesia to be used as alternative feed sources in ruminant production. Amongst 40 

species researched, all were identified as having a potential to be fed to ruminants. Within these 

candidates, 20 species demonstrated valuable properties that may be useful to further exploit these 

plants. Namely, these plants were reported to have good agronomic properties, various PSC and 

bioactivities. There are very few publications on the nutritive values, fermentability, and potential to 

reduce CH4 of these feed sources and/or their waste products in Indonesia, and our study offers 

further insights on these properties and this research gap.   

Our results show that these plants have good nutritive values and fermentability that are 

comparable to the fodder commonly used, L. leucocephala. Sixteen plant species had higher DM 

content compared to L. leucocephala, which can reflect the nutrition and energy content available 

for milk and meat production (Reiling 2011). No candidates had higher CP than L. leucocephala, 

but it should be noted that our results of CP content vary to other studies. For example, we found 

that the CP content of L. leucocephala was 293 g Kg-1 DM was similar to another report of 306 g 

Kg-1 DM (Jayanegara et al. 2011) However, we found higher CP contents of P. guajava (124 g Kg-1 

DM) and I. batatas (260 g Kg-1 DM) compared to other studies; 103 g Kg-1 DM (Hariadi & Santoso 

2010), and 146 g Kg-1 DM (Jayanegara et al. 2011) respectively.  This variation is probably due to 

the differences in geographic location and associated conditions, parts of trees studied, 

varieties/accessions within the species, stage of maturity, and treatment during cultivation (Bodas et 

al. 2008). The variation in the nutritive values reported for these plants is important because this 

influences the activity of rumen microorganisms and consequently the end products of fermentation 

(Bhatta et al. 2008), which are ultimately what determines animal productivity and the amount of 

waste products they generate. The extent of the variability in nutritive values within species needs 

to be investigated further, because it is valuable for the scope it provides to make better selections 

of plants to optimise ruminant diets. 

The species tested here displayed a wide variety of fermentation profiles. High fermentability 

(total gas and VFA) in the IVFT system implies better fermentation and feed degradation by the 

rumen microflora. If the total gas value is high, VFA yielded is also high (Figure 3.3) and the same 

thing also goes to CH4 production (Figure 3.1 and 3.2), with low A:P ratio or in comparable value 

to that of the control forage. Our study showed that some of the plants and/or their by-products 

produced VFA amounts comparable or higher than L. leucocephala (Getachew et al. 2004). As 

VFA is the key energy source for ruminants, these in vitro results imply that there are candidates 
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that would potentially have a similar effect on satisfying the energy demands of the animal as L. 

leucocephala, and could offer a valuable alternative fodder.  However, it needs further 

investigation, because some plants that yielded low total gas and VFA also had similar A:P ratio to 

control forage. A low A:P ratio indicates higher propionate, which is favourable because propionate 

is the main substrate for gluconeogenesis and energy source for animal (Bhatta et al. 2008).  

Fifty percent of the species tested yielded lower NH3 than L. leucocephala, which is most likely 

because they also have a lower CP content. It is also possible that these plants contain more tannin 

compounds that inhibit protein break-down in the rumen.  It has been reported previously that plants 

containing higher levels of tannins result in less protein degradation in the rumen and lower NH3-N 

in the rumen (Bhatta et al. 2007). Interestingly, L. leucocephala had highest CP content of all the 

species tested, but generated only a moderate amount of NH3. However, this lower amount of NH3-

N was not because of a lower fermentability.  L. leucocephala generated one of the higher amounts 

of total gas and VFA production values of all the species tested. This suggests that L. leucocephala 

contains active tannins that can bind or protect protein from fermentation in the rumen, without 

interfering with overall fibre degradation by the ruminal microbial population.  Our findings support 

the presence of tannins in L. leucocephala in other studies (Devi, Ariharan & Prasad 2013; Delgado 

et al. 2013; McNeill et al. 1998; Walton 2003) and that its tannins didn’t targeted the rumen 

microorganisms but methanogens (Bodas et al. 2012; Jayanegara et al. 2011). 

Several plants produced significantly less CH4 than the control (Table 3.3) but, in all but one 

case, the anti-methanogenic properties were linked to low fermentability (Figure 3.1 and 3.2). 

Having low CH4 production linked to reduced fermentability in vitro in plants is relatively common 

(Soliva et al. 2008) and not surprising since methane production is directly linked to fermentation.  

However, it suggests that within the majority of the plants we tested there are bioactive compounds 

that have a general antimicrobial effect, not just an anti-methanogenic effect. A. muricata was the 

most exciting species tested because it was the only species among all the candidates that produced 

less CH4 with high fermentability than the control. Plant secondary compounds (steroids, alkaloids, 

tannins, flavonoids) have been reported in this plant (Puspitasari et al. 2016) but our results suggest 

the compounds in this species might be more specific in their bioactivity than the other species 

tested and inhibit methanogens but not the fibre-degrading bacteria in the rumen more generally. 

Further work is needed to identify the compound(s) responsible for the anti-methanogenic effects in 

A. muricata and to determine their mechanism of action. 

Two other species that show promise as potential alternative feeds for ruminants in Indonesia 

are M. paradisiaca and P. guajava, which are both abundant in Indonesia.  Both species produced 

lower CH4 than L. leucocephala, and comparable DM values, but lower values for CP, DMD, 
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hemicellulose and ME. Our interest in these two species stems from the possibility of using them as 

part of a mixed diet fed to ruminants by combining them with a control forage like L. leucocephala.  

This would make use of their abundant availability as well as their potential to lower methane 

production if it could be demonstrated that their lower nutritive value is offset when mixed with a 

base forage and animal productivity is not reduced.  This requires these species to be tested in vivo.  

Based on our results, future studies should focus on A. muricata (low CH4, good fermentability), P. 

guajava (high DM, low CH4, low NH3), M. paradisiaca (high DM, high CP, low CH4, low A:P, low 

NH3), and A. hypogaega (high DM, high CP, high fermentability) because of their fermentation 

characteristics, their availability and because some of them are by-products of industry and 

considered waste but that clearly have nutritional qualities that could be taken advantage of. In the 

current study we only examined the leaves of these plants, but we will examine other parts of these 

plants (pulps, peels, and stems) to see if they have similar fermentation characteristics. We will also 

examine their value when used within a mixed diet with a base forage like L. leucocephala, with a 

focus on whether the anti-methanogenic benefits can be maintained without reducing productivity.   

 

3.5. Conclusion 

There are a number of plants and plant by-products (currently waste) from agricultural farm in 

Indonesia that have the potential to become valuable as alternative feed sources. Amongst these, A. 

muricata, A. hypogaega, P. guajava and M. paradisiaca are candidates that are of particular interest 

due to their availability, NV, ability to maintain fermentability in the rumen, and/or potentially 

reducing CH4. Further studies are needed to confirm the benefits of these plants over range of 

conditions, for example season, plant part (leaf, stem, and pod), stage of growth, as a supplement, 

type of preparation. This research will provide a potential solution to the problems of feed availability 

and nutritional value of feeds for small ruminant production in Indonesia, that will also help Indonesia 

contribute to the global challenge of reducing greenhouse gas production from ruminants while, at 

the same time, reducing agricultural waste.  
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Chapter 4: Waste from Musa paradisiaca and Psidium guajava: variation in 

nutritive value, fermentability and methane production with variety, part of 

tree, and season 

 

Abstract 

Large amounts of horticultural harvest waste are readily available and of interest for researchers 

aiming to help ruminant livestock industries to reduce industrial waste while overcoming feed 

shortages and reducing emissions of methane (CH4). The study described in Chapter 3 showed these 

problems could be solved by using the leaves of M. paradisiaca (banana) and P. guajava (guava). 

In the present study, we tested these potential feedstuffs further by measuring nutritional value, in 

vitro fermentability and methane production, and tested whether these properties were affected by 

variety (2 for banana; 3 for guava), part of tree (leaf or stem), or season (autumn, spring, summer). 

Samples from at least two replicates of each variety of tree were subjected to 24 h in vitro 

fermentability assays. For banana waste, CP, DM and ADF varied between varieties (P < 0.0001; 

P < 0.02; and P < 0.03) and part of tree (P < 0.0001). DMD, hemicellulose and ME differed 

between parts of tree (P < 0.0001). NDF values did not differ with variety, part of the tree, or 

season. There was a 2-way interaction (part of tree x season) for DM content (P < 0.03), being 

greater values in leaves during spring compared to the stems in the other seasons. The nutritional 

value was better for variety William Cavendish than for variety Plantain. Gas production, CH4 

production, the Acetate: Propionate (A:P) ratio, and NH3 production varied greatly between the two 

varieties (P < 0.0001), with Plantain producing the greatest amount of gas and the lowest A:P ratio. 

However, William Cavendish produced the least amount of CH4 and the greatest amount of NH3. 

There was a 2-way interaction (part of tree x season) for total gas production (P < 0.03), the A:P 

ratio (P < 0.0004) and for NH3 production (P < 0.0002). Greater values of total gas production and 

smaller A:P ratio were detected for the stems in autumn compared to the leaves in the other seasons. 

In contrast, NH3 production was greater for the leaves in summer than the stems in the other 

seasons. VFA and acetate production varied significantly between varieties, being higher for 

Plantain than for William Cavendish, and between parts of tree, being higher for stems than for 

leaves. Propionate production differed between varieties (P < 0.0001), being higher for Plantain 

than for William Cavendish, and varied between stems and leaves (P < 0.003) being higher for the 

stems than for the leaves. Butyrate production varied between the varieties (P < 0.001) being higher 

for Plantain than for William Cavendish. For guava leaves, there were no significant main effects 

for any factors (variety, season) for any measure of nutritive value, fermentability or CH4 

production. However, there was a significant 2-way interaction (variety x season) for CP content (P 
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< 0.003), with greater values observed for variety Mexican in autumn than the other combinations 

of variety and season. Similarly, values for hemicellulose content (P < 0.01) were greater for 

variety Tropical in summer than the other varieties and seasons. There was a 2-way interaction 

(variety x season) for VFA (P < 0.02), acetate (P < 0.001), and butyrate production (P < 0.005). 

Total VFA and acetate production were greater for variety Indian in summer, and butyrate 

production was was greater for all varieties in summer than in the other seasons. Another 2-way 

interaction (variety x season) was detected for the A: P ratio and NH3 production (P < 0.0001), with 

smallest values for A:P ratio and greatest values NH3 observed with variety Tropical in summer. 

For several measures, field replicate was a factor in significant interactions, for both banana waste 

and guava leaves. For example, for banana waste, 3-way interactions (part of tree x field replicate x 

season) were observed for CH4 production (P < 0.01), the A:P ratio (P < 0.0001) and NH3 

production (P < 0.0001). For guava leaves, for example, there were significant 2-way interactions 

(field replicate x season) for total gas production (P < 0.02), CH4 (P < 0.04) and butyrate 

production (P < 0.05), and significant 3-way interactions (variety x replicate x season) for VFA (P 

< 0.02), acetate (P < 0.005), propionate (P < 0.04) and the A:P ratio (P < 0.0001). These complex 

variations between individual plants were nor predicted a priori, so are difficult to explain, but 

might reflect variation between individual plants in their maturation as the seasons progress. It was 

concluded that there are clear opportunities for using banana leaves and stems and guava leaves as 

anti-methanogenic feed sources for ruminants. Further study with mixed diets that can reduce CH4 

production whilst maintaining fermentability and elevating nutritional values is required so these 

promising candidates can have practical application.  

 

Keywords: rumen fermentation; banana; guava; VFA; gas production; methane 
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4.1. Introduction 

Methane (CH4) is a normal by-product from rumen fermentation and is a major contributor to 

global warming while also representing as much as a 17% loss in gross energy to the animal 

(Doreau et al. 2014; Beauchemin et al. 2010). Both of these issues will be exacerbated by the 

increasing demand for meat and milk products in developing countries (Vergé, De Kimpeb & 

Desjardinsa 2007; Wanapat, Kang & Polyorach 2013).  Moreover, there is considerable concern 

over the reliability of supply of feedstuffs for ruminant industries, particularly in the context of 

increasing competition for human-edible grains from the expanding human population (Eisler et al. 

2014). A potential solution is the utilization of horticultural harvest waste as ruminant feed with 

potential benefits in sustainability and cost. 

In recent decades, there has been considerable research into anti-methanogenic feedstuffs, with 

attention paid to tannin-rich plants (Archimède et al. 2016; Beauchemin et al. 2007), screening of 

plants for anti-methanogenic properties (Durmic et al. 2017; Bodas et al. 2008), and medicinal 

plants that contain anti-methanogenic compounds (Bhatta et al. 2013; Wencelová et al. 2014). By 

contrast, little attention has been paid to the fruit tree waste of the horticultural industries, so there is 

a paucity of information about their fermentability, or their effects on CH4 production, let alone 

how these outcomes vary with nutritive value, with variety within species, with part of tree, and 

with season (Oskoueian, Abdullah & Oskoueian 2013) . On the other hand, there is some evidence 

that fruit tree waste contains anti-microbial compounds that also function as anti-methanogens 

(Wina 2012; Tiemann et al. 2008). 

In Chapter 3, we investigated 20 alternative feed sources from Indonesia, and found four 

candidates that reduced CH4 production while maintaining fermentability: Psidium guajava 

(guava), Musa paradisiaca (banana), Annona muricata (soursop), and Arachis hypogaega (peanut). 

To investigate further, the project was reconvened in Western Australia because of the availability 

of the methane-focussed laboratory, and narrowed down to guava and banana because useful 

amounts of biomass were available, in contrast to soursop and peanut. In any case, the banana and 

guava industries in Indonesia produce abundant processing waste, as evidenced by data from the 

Indonesian Ministry of Agriculture showing production in 2013 and 2014 to be 1-1.5 million 

tonnes/year for guava and 6-7 million tonnes/year for banana (Promosiana & Atmojo 2015; 

Promosiana 2014) 

This situation looks promising, so factors that affect the variability in the value of these 

potential forages need to be investigated. Here, we tested whether, for the harvest waste of banana 

(leaves and stems) and guava (leaves), nutritional value, fermentability and ability to reduce CH4 
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production, vary with variety, part of tree and season, and whether there were interactions among 

those factors. 

This study aimed to measure nutritional value, CH4 production and fermentability in samples of 

banana waste (leaves and stems) and guava leaves in replicated field samples to determine 

differences between varieties, parts of tree, and seasons. 

 

4.2. Materials and methods 

4.2.1. Experimental design 

Two varieties of banana plants, from three individual trees from leaves and stems each  as well as 

three varieties of guava plants (only the leaves) from three individual trees, all from different 

seasons were measured for nutritive value with two laboratory replicates each sample. For the 

measurement of fermentability and CH4 production in in vitro batch culture, three laboratory 

replicates for each samples were conducted. 

 

4.2.2. Samples collection 

The samples were collected from the Tass 1 Trees nursery in Middle Swan, Perth (31.8558°S, 

116.0452°E). About 1 kg fresh weight of leaves and stems of banana plants (varieties William 

Cavendish and Plantain) and guava leaves (varieties Mexican, Indian and Tropical) were collected 

from three individual trees (field replicates), except for Plantain that was available only in two trees 

and only available in Autumn. The first collection was in autumn (16 May 2017; average 

temperature 18°C) when banana plants were in the stage of before fruiting, and the guava trees were 

in the stage of fruiting. The second collection was in spring (18 September 2017; average 

temperature 25°C), when the banana plants were about to start fruiting and the guava trees were dry 

after fruiting. The third collection was in summer (5 February 2018; average temperature 34°C), 

when the banana trees were in fruiting and the guava trees were in the dry stage. Each sample was 

placed in a sealed plastic bag in a cooled container for transfer to the laboratory. The samples were 

freeze dried (Freeze Dryer Labconco FreeZone 4.5) at –42°C for 72 h for guava leaves and 96 h for 

banana leaves and stems, and ground to pass through a 1 mm screen (Grinder type Polymix: PX-

MFC 90D). Due to the different sampling time (three seasons), all the analysis were conducted 

following the sampling time. 
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4.2.3. Nutritive value 

The samples were analysed for dry matter (DM) content, crude protein (CP), neutral detergent fibre 

(NDF), acid detergent fibre (ADF), hemi-cellulose, DM digestibility (DMD) and metabolisable 

energy (ME). The DM content was measured by placing 0.5 g (two analytical repetitions) of plant 

sample in a pre-weighed porcelain crucible in an oven set at 90°C overnight. Nitrogen content was 

analysed by total combustion (AOAC 1990) using a VarioMacro Nitrogen and Carbon 

Determinator (Elementar Analysensysteme GmbH, Hanau, Germany). Crude protein was calculated 

by multiplying the nitrogen content by 6.25. Fibre contents (NDF and ADF) were determined by 

using the ANKOM method (AFIA 2003). The hemi-cellulose content was calculated by subtracting 

ADF from NDF contents (Knudsen 2001).The DMD and ME were calculated from ADF and 

nitrogen content using the equations as follows (CSIRO 2007): 

DMD = [(83.58 + (nitrogen x 2.626)) – (ADF x 0.824)] (1) 

ME = (0.172 X DMD) – 1.615    (2) 

 

4.2.4. Fermentability and methane production in batch culture assays 

The use of cannulated sheep as a source of rumen fluid was approved by the Animal Ethics 

Committee of The University of Western Australia (RA/3/10 0/1424) according to the 

recommendations of the Australian National Health and Medical Research Council. One day before 

IVFT, three replicates 0.1 g of each sample were weighed into 30 mL Bellco tubes (Bellco Glass 

Inc., Vineland, NJ, USA) and were transferred to an anaerobic chamber at 39°C (Vinyl Anaerobic 

Chamber; CoyLaboratory Products Inc., Grass Lake, MI, USA). All of the air was flushed from the 

tubes with 800 mL/L N2:100 mL/L CO2:100 mL/L H2. On the day of IVFT, rumen fluid was 

collected from three fistulated Merino sheep, two hours after morning feeding. The sheep were fed 

ad libitum with 1 kg oaten chaff + 250 g lupins + 25 g mineral mix, for 2 weeks prior to the 

experiment, and provided unlimited access to water. Rumen fluid was collected using a vacuum 

pump, kept in pre-warmed thermal flasks, then screened through cheesecloth. This inoculum was 

transferred to the anaerobic chamber and buffered to pH 7.2 before 10 mL was dispensed into the 

Bellco tubes containing the samples of ground forage. A negative control (buffered rumen fluid 

only) was used to check the functionality of the rumen fluid. A positive control (0.1 g of oaten chaff 

in buffered rumen fluid) was used as a standard to detect variation in the fermentation potential 

among batches of rumen fluid. There was one run conducted in each season and each contained 

positive and negative control (each control was conducted in three replicates as well).  Each of the 
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Bellco tubes was then sealed with a rubber stopper, crimped with an aluminium seal, and incubated 

at 39°C for 24 h with constant shaking at 50 rpm. 

At the end of incubation, all the Bellco tubes were placed in a water bath at 39°C. Gas pressure was 

measured using a pressure transducer (Greisinger Electronic GMH 3111, Germany) and total gas 

production was calculated by transferring gas pressure to standard atmospheric pressure. Total gas 

production was calculated using the equation: 

 

Total Volume of Gas (TVM) in 30 mL Bellco tube =  

[(gas pressure (kPa) + 101.3(kPa) x 20(mL) / 101.3 (kPa)] (3) 

To measure CH4, 5 mL of headspace gas was collected from each Bellco tube, transferred to an 

exetainer tube (Labco Ltd, Lampeter, UK), and analysed by gas chromatography (Varian 3600; 

Varian Inc., Palo Alto, CA, USA). Methane content (mL/g DM) was calculated using the equation:  

Methane (mL/g DM) = TVM x methane (%) x 0.1   (4) 

The Bellco tubes were then opened and the liquid portion was used to measure total VFA, acetate: 

propionate ratio, and ammonia concentrations (Durmic et al. 2010). A liquid-phase aliquot (1 mL) 

was mixed with 200 µL 1M NaOH for VFA measurement, or with 200 µL 2M HCl for NH3 

measurement, and then stored at –20°C. VFA concentration was measured using GC Separation of 

VFA C2 – C5 (Supelco Bulletin no.749D, Supelco Inc., Bellefonte, PA). Briefly, 1 mL rumen fluid 

is centrifuged at 13000 rpm for 10 min; 100 µL of supernatant is added to 1 mL internal standard 

(0.9 mM 3-Methyl Valeric acid in 2.24 w/v% phosphoric acid), mixed and then quantified by gas 

chromatography with flame ionization detection, using a capillary column (HP-FFAP; 30 m x 0.53 

mm x 1.0 micron) with hydrogen as the carrier gas. The concentration of NH3 was measured with 

direct enzymatic method using Ammonia Reagent (Cat No.OSR61154 supplied by Beckman 

Coulter Australia) on the Olympus AU400 Auto Analyser (Beckman Coulter Australia Pty Ltd, 

Mount Waverley, Victoria) (Inc. 1975; Pesce & Kaplan 1996). 

 

4.2.5. Statistical analyses 

All data were analysed using JMP® software. The responses in gas production, VFA, acetate, 

propionate, butyrate, CH4 and NH3 concentrations were examined in fit model pairwise comparison 

with varieties, parts of tree, and season field replicate as factors. The interactions among the factors 

were included in the model, although for banana the variety Plantain was only available in autumn. 

Least significant difference (LSD) was used to compare the treatments to the control forage and 

significant differences were declared at P < 0.05. 
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4.3. Results 

4.3.1. Banana leaves and stems 

Nutritional value of different varieties and seasons 

The data for the banana waste are shown in Table 4.1. Differences between field replicates were not 

hypothesised a priori so will be discussed separately. For the sake of clarity, therefore, we 

presented mean values across field replicates to reveal the overall effects of part of tree and season. 

For CP content, the effect of variety was highly significant, with the values for variety William 

Cavendish being 28% greater than those for variety Plantain. DM content also differed significantly 

between the varieties, and again variety William Cavendish was better than variety Plantain, but in 

this case the relative difference was only 3%. For DMD, NDF, Hemicellulose, and, ME, there were 

no significant effects of variety, season, or the interactions among variety, season and part of tree. 

However, ADF content differed significantly between the varieties, with the value for William 

Cavendish being 7% higher than that for Plantain (Table 4.2). Part of tree had a highly significant 

effect on DMD, ADF, hemicellulose and ME, but not ADF, with the better values observed for 

leaves than for stems. There was a significant 2-way interaction (part of tree x season) for DM 

content with greater values detected for leaves in spring compared to the stems in other seasons. 

For field replicate as a factor, a significant 3-way interaction (part of tree x season x field 

replicate) was detected for DM content, with being the greatest amount observed for leaves 

Replicate 1 in spring. Field replicate was not a significant factor for DMD, ME, or content of NDF, 

ADF or hemicellulose. 

 

Fermentability and methane production of different varieties and seasons 

Data for fermentability and CH4 production for banana waste is presented in Table 4.2, again with 

field replicate omitted as a separate factor. Total gas production, CH4 production, the A:P ratio, and 

NH3 production highly significantly different between the two varieties. Total gas production was 

greatest for Plantain (74 kPa), whereas CH4 production was smallest for William Cavendish (29 

mL/gDM). The A:P ratio was lower for Plantain than for William Cavendish whereas the 

production of NH3 was greater for William Cavendish than for Plantain. There was a significant 2-

way interaction (part of tree x season) for total gas production, the A:P ratio and NH3 production.  

Greater values of total gas production and smaller A:P ratio were detected for the stems in autumn 

compared to the leaves in the other seasons. In contrast, NH3 production was greater for the leaves 
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in summer than the stems in the other seasons. VFA and acetate production varied significantly 

between varieties and between parts of tree, with both being greater for Plantain than for William 

Cavendish, and greater for stems than for leaves. Propionate production was highly significantly 

different between the varieties, being greater for Plantain than for William Cavendish, and also 

varied significantly between stems and leaves, being greater for stems than for leaves. Butyrate 

production varied significantly between the varieties being higher levels observed with Plantain 

than William Cavendish. 

In terms of field replicate, a significant 3-way interaction (part of tree x season x field replicate) 

was detected for CH4 production with the least value for leaves Replicate 3 in spring. A similar type 

of interaction was detected for the A:P ratio, with the least ratio for stems Replicate 2 in autumn, 

and for NH3 production, with the greatest value was for leaves Replicates 1 and 2 in summer. 
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Table 4.1 Variation in nutritional value (laboratory based) of M. paradisiaca (leaves and stems) with variety, part of tree, season, and field replicate (Field Rep). CP: crude protein (g 

Kg-1DM). DM: dry matter (g Kg-1DM). Each value is the mean of 2 laboratory replicates. P < 0.05 is significantly different. SEM is for all samples of all factors. 

Variety  Part of tree Season Field Rep CP DM DMD NDF ADF Hemicellulose ME 

Plantain Leaves Autumn 1 158 946 705 535 239 296 10.51 

 Leaves Autumn 2 146 927 640 615 312 303 9.39 

 Means Leaves   152 936 673 575 276 299 10.0 

 Stems  1 44 923 533 550 390 160 7.55 

 Stems  2 48 916 535 580 389 191 7.59 

 Means Stems   47 919 534 565 390 175 7.6 

 Means Variety   99 927 603 570 333 237 8.8 

William Cavendish Part of tree Season Field Rep CP DM DMD NDF ADF Hemicellulose ME 

 Leaves Autumn 1 213 954 622 717 368 349 9.08 

   2 185 910 712 488 244 243 10.64 

   3 190 956 677 568 290 278 10.02 

  Spring 1 200 991 637 647 343 305 9.30 

   2 206 985 664 605 314 292 9.80 

   3 192 978 665 592 304 288 9.83 

  Summer 1 199 969 711 532 253 279 10.61 

   2 167 967 680 544 274 270 10.10 

   3 151 960 672 593 275 318 9.95 

 Means Leaves   189 963 671 587 296 291 9.9 

 Stems Autumn 1 56 953 498 608 439 169 6.95 

   2 45 943 483 608 450 158 6.70 

   3 80 944 532 564 409 155 7.54 

  Spring 1 76 972 543 576 395 181 7.70 

   2 81 951 527 585 416 169 7.50 

   3 73 978 529 564 409 155 7.50 

  Summer 1 55 927 531 567 398 169 7.50 

   2 71 977 518 604 422 183 7.30 

   3 72 920 511 626 430 195 7.20 

 Means Stems   67 952 519 589 418 170 7.3 

 Means Variety   128 957 595 588 357 230 8.6 

 Means Autumn   117 937 594 583 353 230 8.6 

 Means Spring   138 976 594 595 363 231 8.6 

 Means Summer   119 956 604 578 342 235 8.8 

 SEM   9.48 3.61 12.21 8.56 10.75 10.19 0.21 

P value Variety   <0.0001 0.02 NS NS 0.03 NS NS 

 Part of tree   <0.0001 <0.0001 <0.0001 NS <0.0001 <0.0001 <0.0001 

 Part of tree*Season*Field Rep <0.05 <0.002 NS NS NS NS NS 
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Table 4.2 Effects of variety, part of tree, season and field replicate on production of total gas (kPa), CH4 (mL g-1 DM), total VFA and individual VFA (mmol L-1), NH3 (mg L-1), 

and A:P ratio, from M. paradisiaca (leaves and stems). Each value is the mean of 3 laboratory replicates. Student t-test; P < 0.05 is significantly different. SEM is for 

all samples of all factors. 

Variety Part of tree Season Field Rep Total gas CH4 VFA Acetate Propionate Butyrate A:P NH3 

Plantain Leaves Autumn 1 69 34 89 56 20 9 2.8 64 

   2 67 33 82 52 18 8 2.8 52 

 Means Leaves  68 33 85 54 19 8.6 2.8 58 

 Stems Autumn 1 78 37 91 57 21 9 2.7 22 

   2 79 38 90 57 21 9 2.7 26 

 Means Stems  79 38 91 57 21 9 2.7 24 

 Means Variety  74 36 88 56 20 9 2.8 41 

William Cavendish Leaves Autumn 1 48 22 65 42 13 7 3.2 137 

   2 43 24 69 44 15 7 3.0 126 

   3 48 28 71 45 15 8 3.0 139 

  Spring 1 53 31 65 50 17 8 3.0 109 

   2 53 30 65 49 17 8 3.0 109 

   3 49 29 62 47 15 8 3.1 111 

  Summer 1 50 27 60 45 15 8 3.1 173 

   2 51 27 60 46 15 8 3.1 182 

   3 44 28 66 52 16 9 3.3 155 

 Means Leaves  47 27 73 47 15 8 3.0 157 

 Stems Autumn 1 60 29 80 52 18 8 2.9 63 

   2 60 29 81 52 18 8 2.9 61 

   3 59 26 78 52 16 7 3.2 76 

  Spring 1 66 32 85 37 12 6 3.0 62 

   2 65 31 84 55 18 8 3.0 70 

   3 65 29 85 56 18 8 3.1 68 

  Summer 1 73 37 92 59 19 10 3.0 95 

   2 66 29 88 58 17 9 3.4 141 

   3 67 33 87 57 18 9 3.2 98 

 Mean Stems  63 30 81 53 17 8 3.0 93 

 Means Variety   55 29 77 50 16 8 3.0 125 

 Means Autumn   60 30 80 51 18 8 2.9 77 

 Means Spring   56 28 76 49 16 8 3.0 106 

 Means Summer   59 30 82 53 17 9 3.0 169 

 SEM   1.58 0.68 1.54 1.01 0.37 0.15 0.02 6.63 

P value Variety   < 0.0001 < 0.0001 < 0.002 < 0.005 < 0.0001 <0.001 < 0.0001 < 0.0001 

 Part of tree   < 0.0001 < 0.0006 < 0.001 < 0.002 < 0.003 NS NS < 0.0001 

 Field Rep   NS NS NS NS NS <0.001 < 0.0001 < 0.0001 

 Season   < 0.002 0.01 NS NS NS NS < 0.0001 < 0.0001 

 Part of tree*Season   < 0.03 NS NS NS NS NS < 0.0004 < 0.0002 

 Part of tree*Rep*S   NS < 0.01 NS NS NS NS < 0.0001 < 0.004 
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4.3.2. Guava leaves 

Nutritional value of different varieties and seasons 

The data in Table 4.3. show no significant main effects for any factor (variety, season) for any 

measure of nutritive value. However, there were significant 2-way interactions (variety x season) 

for CP content, being greater for Mexican in autumn than the other varieties, as well as 

hemicellulose content, being greatest for Tropical in summer. For field replicate, there was a 

significant 3-way interaction (variety x season x field replicate) for CP content, with greater value 

for variety Indian (Replicate 1) in summer compared to the other varieties, seasons and replicates. 

 

Fermentability and methane production of different varieties and seasons 

There were no significant main effects for any factor (variety, season) for any measure of 

fermentability gas based production or for CH4 production (Table 4.4.). However, for VFA, acetate 

and butyrate production, significant 2-way interactions (variety x season) were detected. Most total 

VFA and acetate were produced with variety Indian in summer, and more butyrate was produced 

for all varieties in summer than in the other seasons. There was also a strong 2-way interaction 

(variety x season) for A:P ratio and NH3 production, with the smallest A:P ratio and greatest NH3 

value observed for variety Tropical in summer. 

For field replicate, there was a significant 2-way interaction (field replicate x season) for total 

gas production and butyrate production, with greater values observed for Replicate 1 in autumn and 

summer, compared to the other combinations of the two factors. Similarly, the least amount of CH4 

was produced by Replicate 2 in autumn. A significant 3-way interaction involving field replicate 

was detected for VFA, acetate and propionate production, and for the A:P ratio. Greater values of 

VFA, acetate and propionate production were observed for variety Indian Replicate 2 in summer; 

than the other varieties, replicates and seasons. Whereas smaller values of the A:P ratio were 

detected for variety Tropical Replicate 2 in summer compared to the other varieties, replicates and 

seasons. 
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Table 4.3 Effects of variety, season, and field replicate on nutritional value (laboratory based) of P. guajava 

(leaves).   

Variety Season Rep CP DM DMD NDF ADF Hemicellulose ME 

Mexican Autumn 1 98 917 656 433 268 165 9.66 

  2 97 914 636 427 292 135 9.32 

  3 93 957 633 470 293 177 9.28 

 Spring 1 91 947 635 450 291 159 9.30 

  2 91 922 638 439 324 136 9.40 

  3 86 955 625 449 301 149 9.10 

 Summer 1 94 952 676 394 242 153 10.0 

  2 95 945 690 384 226 158 10.25 

  3 88 940 701 380 208 171 10.44 

 Means Variety  92 939 654 425 272 156 9.6 

Indian Autumn 1 93 932 547 535 398 137 7.79 

  2 86 945 648 413 271 141 9.54 

  3 89 930 585 482 350 132 8.44 

 Summer 1 100 948 608 506 328 178 8.80 

  2 87 953 691 395 219 176 10.30 

  3 88 962 717 412 234 179 10.10 

 Means Variety  90 945 626 457 300 157 9.2 

Tropical Autumn 1 91 928 659 407 261 146 9.71 

  2 92 920 655 410 267 142 9.64 

 Summer 1 84 961 681 418 230 187 10.0 

  2 97 959 717 390 194 196 10.70 

 Means Variety  91 942 678 406 238 168 10.0 

 Means Autumn  92 930 627 447 300 147 9.2 

 Means Spring  89 941 632 446 305 148 9.3 

 Means Summer  91 953 680 410 235 175 10.1 

 SEM  0.1 4.1 7.2 8.0 8.9 3.7 0.1 

P value Variety*Season  <0.003 NS NS NS NS <0.01 NS 

 Variety*Field 

Rep*Season 

<0.004 NS NS NS NS NS NS 

CP: Crude Protein (g Kg-1 DM). DM: Dry Matter (g Kg-1 DM). DMD: Dry Matter Digestibility (g Kg-1 DM). NDF: Neutral Detergent 

Fibre (g Kg-1 DM). ADF: Acid Detergent Fibre (g Kg-1 DM). Hemicellulose (g Kg-1 DM). ME: Metabolisable Energy (MJ Kg-1 DM). 

Each value is the mean of 2 laboratory replicates. P < 0.05 is significantly different.  
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Table 4.4  Effects of variety, part of tree, season and field replicate on production of total gas (kPa), CH4 (mL g-1 DM), total VFA and individual VFA (mmol L-1), NH3 (mg 

L-1), and A:P ratio, from P. guajava leaves. Each value is the mean of 3 laboratory replicates. Student t-test; P < 0.05 is significantly different.  

Variety Season Field Rep Total gas CH4 VFA Acetate Propionate Butyrate A:P NH3 

Mexican Autumn 1 33 16 65 42 13 7 3.2 48 

  2 33 15 64 42 13 7 3.3 46 

  3 29 13 61 40 13 6 3.1 49 

 Spring 1 36 17 64 42 13 7 3.1 33 

  2 24 15 63 41 12 7 3.3 37 

  3 25 14 63 41 13 7 3.1 34 

 Summer 1 32 18 64 41 13 7 3.0 66 

  2 38 20 67 44 14 7 3.2 60 

  3 34 18 65 42 14 7 3.1 62 

 Means Variety  31 16 64 42 13 7 3.2 55 

Indian Autumn 1 31 15 62 41 13 6 3.1 45 

  2 30 13 62 40 13 6 3.0 41 

  3 31 13 65 42 14 7 3.0 40 

 Summer 1 28 12 68 44 14 7 3.2 66 

  2 40 21 69 45 14 7 3.3 63 

  3 40 21 67 43 14 7 3.1 60 

 Means Variety  33 16 65 43 14 7 3.1 59 

Tropical Autumn 1 27 13 65 42 14 7 3.1 48 

  2 27 13 63 41 13 6 3.1 49 

 Summer 1 32 17 62 40 13 7 3.0 68 

  2 33 16 60 38 13 7 2.9 66 

 Means Variety  30 15 62 40 13 7 3.0 65 

 Means Autumn  30 14 63 41 13 7 3.1 46 

 Means Spring  27 14 63 41 13 6.8 3.2 42 

 Means Summer  35 18 65 42 14 7 3.0 77 

 SEM  0.76 0.51 0.34 0.25 0.07 0.04 0.01 2.16 

 Means  31.6 15.6 64.0 41.6 13.3 6.8 3.1 58.2 

P value Variety*Season NS NS 0.02 <0.001 NS <0.005 <0.0001 <0.0001 

 Field Rep*Season  0.02 0.04 0.02 0.01 0.03 <0.05 NS NS 

 Variety*Field Rep*Season NS NS 0.02 <0.005 0.04 NS <0.0001 NS 
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4.4. Discussion 

Research on the nutritional value, fermentability and CH4 production in tropical plants have been 

reported previously (Soliva et al. 2008; Hariadi & Santoso 2010), but the present study adds 

important extra dimensions to that work. For banana waste, we have clearly identified variation 

with variety, season and part of plant for nutritive value, fermentability and CH4 production, and the 

interactions of parts of tree and seasons. For guava leaves, variation in nutritive value and 

fermentability was only detected as interactions among the factors for CP content and hemicellulose 

content as well as some fermentation characteristics. Here, we will discuss these outcomes and the 

importance of these factors in the planning of ruminant diets. Field replicate was a factor in some 

significant interactions, and this issue will be discussed separately. 

 

Fermentability and CH4 production  

With banana waste (leaves and stems), the best option as the anti-methanogenic substrate without 

depressing fermentation process, was variety William Cavendish leaves during spring. Low CH4 

production that associated with low fermentability was commonly occurred, indicated that the anti-

microbial properties inhibited the activity of methanogens and also tend to target the rumen fiber 

degrading bacteria (Durmic et al. 2010; Wina 2012; Janssen 2010). However, the greater reduction 

in the amount of CH4 compared to VFA in William Cavendish implied that the inhibitory effect on 

the methanogens were more specific. The specific inhibitory effects of the secondary compounds in 

plants on rumen microorganisms were also reported in other studies (Oskoueian, Abdullah & 

Oskoueian 2013; Wencelová et al. 2014; Li 2013). From our study, spring season appeared to be the 

good season to get low CH4 production from William Cavendish and also it was aligned from the 

nutritional point of view. As we identified that the nutritive values (CP and DM content) were best 

in spring then followed by summer and autumn.  

Even tough from the fermentability aspect (gas production and total VFA), this variety was a 

bit lower than variety Plantain but it was noticeable that from gas production there was no 

significant seasonal variability and the impact of William Cavendish was not harmful to the overall 

fermentation process. For example, William Cavendish provided less VFAs (12.5% lower than 

Plantain) particularly propionate, but it produced 19% lower amount of CH4 than Plantain. 

Propionate is required by the animals as energy source for productivity. This is an indication that 

William Cavendish fulfil the criteria to be used as alternative anti-methanogenic feed source.  

Additionally, it should be noted that from energy perspective, William Cavendish offer similar 

energy as Plantain and also similar amount of energy available through all the seasons. In addition, 

as the protein source for the rumen microorganism, William Cavendish offered more values. The 
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amount of NH3 produced during the fermentation process in the rumen reflects the amount of N-

ammonia available as the substrate for the formation of rumen microbial protein. A higher amount 

of NH3 from William Cavendish might associated with high CP content. Ammonia supply is 

derived from protein feed degradation which is required for protein microbial synthesize (Ginting 

2005). The amount of substrate protein degradability might associated with the inhibitory effect of 

the anti-microbial compounds on the methanogenesis and gas production. The inhibition of 

methanogens by the increasing amount of ammonia was reported in other study (Park & Kim 2015). 

Additionally, the variation in rumen N- metabolism and biohydrogenation influenced CH4 

production (Knapp et al. 2014). Practically, William Cavendish stems and leaves probably worthy 

to be combined and also required to be mixed with good quality feed source, in order to increase the 

values of total gas production in the rumen. 

With guava leaves, our study implied that all varieties were good candidates as anti-

methanogenic substrate in autumn. The variations in the variety and seasons were indicated only for 

the values of the VFAs and the ratio of A:P, which overall good in summer, except for propionate 

production which was good in all seasons but with different variety. However, it should be noted 

that guava leaves inhibit the fermentability more if we compared to banana waste, which was 

probably due to the high amount of certain anti-microbial compounds and anti-methanogenic 

compounds which might be tannins (Mailoa et al. 2013; Jayanegara, Leiber & Kreuzer 2011). This 

was likely to be the reason for the least amount of CH4 produced, and the lowest fermentability 

result for guava leaves. Tannins were reported to inhibit methanogenesis in the rumen but also 

reduced enzyme produced by fiber degrading bacteria (Santra, Saikia & Baruah 2012). However, if 

the plant was rich in total tannins but contained high non-tannin phenols, CH4 could be suppressed 

whilst the adverse effect of tannins could be reduced (Jayanegara, Leiber & Kreuzer 2011). 

Likewise, if the plant contained less tannin but high saponins and flavonoids, CH4 production could 

be eliminated without negatively affects the rumen fermentation (Bhatta et al. 2013), or if a high 

protein feed is included in the diet (Jayanegara & Sofyan 2008). Therefore, to reduce the harmful 

impact of guava leaves, it would be worthy to combine guava leaves with other good quality forage 

and have lower tannins content. 

Another factor to noted is that the low CP content in guava leaves affects the low N feed that 

will limit the rumen microbial activities (Meale et al. 2012). The potent effect of the anti-microbial 

compounds to methanogens and rumen bacteria was also reported in other recent studies (Banik et 

al. 2013a; Durmic et al. 2010). However, it is still interesting to use guava leaves because not only it 

has potent anti-methanogenic properties, guava leaf also contained anthelmintic properties (Ismail, 

Minhas & Khanum 2012; Dubey et al. 2012)  which benefits the animal’s digestive tracts health. 
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Under a suitable amount in the mixed diet, guava leaf is valuable for the animals. For example, 

guava leaves significantly increased weight gain of West African goats (Ibrahim et al. 2016) and 

swine at starter period (Sinaga 2007).  

 

Nutritional value 

Nutritive values are the second thing that needs to be considered in choosing the feed candidates for 

CH4 mitigation strategy. The perfect candidate from the nutrition point of view is that it should have 

such criteria: high CP and DM content, highly digestible, less NDF and ADF values but proper 

amount of hemicellulose, and high ME.  

For banana waste, the candidate that fulfil those criteria was William Cavendish leaves in 

spring for CP and DM content, and the leaves also were more digestible and have more ME values. 

High CP content in the feed source is beneficial for both rumen microorganisms and the animal 

host. The degradation of the feed’s protein compounds release amino acids, oligopeptides and 

ammonia which are then utilized by rumen microbes to form microbial protein which is a good 

source of amino acids for the host animal (Janssen 2010).  Compared to other studies and our results 

from Indonesia, there were variations in the nutritional values. For example, in this study we 

discovered a higher CP content in banana leaves that ranged from 185 – 213 g kg-1 DM, compared 

to the other study which was 16.8% DM (Enechi, Odo & Agosi 2014) equals to 168 g kg-1 DM, and 

also higher than our result from Indonesian cultivar which was 164 g kg-1 DM. Such condition 

might be due to the differences either in the locations, type of soil, climate, and the treatments to the 

plants, variety of the species, maturity stage of the plants, or seasons (Evitayani. et al. 2004). 

However, it appears in our study that seasonal variability impacted the substrate’s digestibility and 

fiber component but not for CP content, which is might be related to the maturity stage of the plants 

(Buxton & Redfearn 1997; Ververis et al. 2004). Our in vitro DMD of the leaves (67.1% DM) was 

higher than other studies (24.16% DM and 61.7% DM) and similarly to our in vitro DMD for the 

stems (51.9% DM) which was higher than the other study (20.02 % DM) (Amarnath & 

Balakrishnan 2007; Shem, Ørskov & Kimambo 1995). This might have led to the higher ME values 

in the leaves. The significant variation in nutritional values among the varieties of banana was also 

reported in other studies (Amarnath & Balakrishnan 2007; Anyasi, Jideani & Mchau 2013). 

Plantain was reported too starchy unlike William Cavendish (Aurore, Parfait & Fahrasmane 2009). 

Starch is required for the rumen microorganisms in improving the fermentation process in the 

rumen, which probably explain higher gas produced in our study. Its degradation process is majorly 

undertaken by amylolytic bacteria, fungi and protozoa, but in the excess amount, it leads to acidosis 

(Gómez, Posada & Olivera 2016).  
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For guava leaves, the significant interactions among the factors were only detected for CP 

content and hemicellulose values. CP and hemicellulose content are both important substrate for the 

rumen microorganisms to be degraded for their growth and activities, as feed protein is main source 

for microbial protein synthesis and hemicellulose is main energy source (Wang & McAllister 2002). 

In our study, we discovered that variety Indian was well adapted in summer, which might be related 

to the plants maturity stage and root system (Somssich, Khan & Persson 2016) and fulfil the criteria 

among all varieties of guava leaves to be the appropriate candidate from the nutritional point of 

view. However, it should be noted that the in vitro DM digestibility and ME values was not 

significantly different among all the varieties which was similarly to its CH4 production. 

Additionally, average ME values of all the varieties were comparable to that of banana leaves which 

indicated that guava leaves could be use as energy source similarly to banana leaves. The content of 

ME reflects the amount of energy to be used for the animals. So, we could suggest that any varieties 

of guava leaves from this study could be used as our future candidate as anti-methanogenic agent, 

but because it depress fermentability so it requires a careful combination with a good quality forage.  

In terms of field replicate for both plant species, our findings indicated individual variations in 

the responses of the leaves and stems of a few replicates to the changing season. For example, in 

banana plant leaves Replicate 3 in spring produced lower amount of CH4 but lower A:P ratio was 

for stems Replicate 2 in autumn. While gas production was significantly high in autumn but no 

difference among the Replicates. It appeared that the individual tree of both plant species reacted 

more to the seasonal changing that influence the degradation of the fiber content of leave and stems 

(Van Soest 2016; Shih et al. 2011; Mayouf & Arbouche 2015). This might be an indication that the 

individual tree was not planted in the same maturity stage or the differences in the root system that 

influence the metabolism of the nutrient absorbed that influence the amount of cell wall formed 

(Somssich, Khan & Persson 2016). Those things might lead to the different amount of the carbon 

and hydrogen resulted as the component of the final product of fermentation of the plant substrate in 

the rumen (Akin 1993; Van Soest 1993).  

The utilization of the waste from banana plant and guava leaves might provide potential 

benefits for the animals. Banana plant waste and guava leaves both contained the phytochemical 

properties (Chang et al. 2014; Imam & Akter 2011; Enechi, Odo & Agosi 2014). Overall, even 

though banana plant waste and guava leaves reduced CH4 production, they are not likely to be used 

as sole diet for animals due to the limitation that had been explained previously. Therefore, it will 

be worthy to conduct further investigation in combining those horticultural harvest waste with high 

protein feeds source, to find the proper mixes that could reduce CH4 production, without harmful 

the fermentation process in the rumen, and also could optimize the nutritive values of the waste.   
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4.5. Conclusions 

This in vitro study confirmed that nutritional values varied with varieties, parts of tree, field 

replicates and seasons for banana plant waste but for guava leaves only for CP and hemicellulose 

content. The interactions of those factors had a significant effect on fermentability and CH4 

production for banana and guava. The most valuable anti-methanogenic candidates for the further 

test in mixed diet are banana variety William Cavendish and guava either variety Mexican, variety 

Indian or variety Tropical. It is worthwhile to combine the anti-methanogenic agent with a high 

quality legume and do further testing to figure out the proper combination in that could reduce CH4 

production without harmful the fermentation process in the rumen whilst maintaining good nutritive 

value of the diet. 
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Chapter 5: Nutritive value, fermentability and methane production with combinations 

of Leucaena leucocephala, Musa paradisiaca and Psidium guajava in batch culture 

 

Abstract 

Leaves and stems from M. paradisiaca (banana; variety William Cavendish) and leaves from P. 

guajava (guava; variety Mexican) are horticultural harvest wastes that have potential as alternative 

feedstuffs with anti-methanogenic properties for ruminants (Chapter 4). However, they are not 

likely to be used as sole substrates and would probably be mixed with a widely-used, high-protein 

feedstuff, Leucaena leucocephala. As a step towards determining the level of waste that would not 

depress nutritional values and fermentability, we assessed combinations of Leucaena with: i) 

Banana waste (a mix of leaf and stem); ii) Guava leaves; iii) Combinations of 25% guava leaves 

with various levels of banana waste. We used in vitro 24 h fermentation in batch culture and 

measured potential nutritional value, in vitro fermentability characteristics and CH4 production, and 

compared the outcomes with a ‘Control diet’ of 100% Leucaena. CP content differed among all 

levels of banana waste (P < 0.0001), varying from 115 g/Kg DM to 164 g/Kg DM. There was a 

minor reduction in DMD and ME with 75% inclusion of banana waste but the lowest nutritional 

value was for 100% banana waste. For total gas, CH4 and butyrate production, and the A:P ratio, the 

values for 75% banana waste were comparable with those for the Control diet, and there only minor 

reductions in VFA, acetate and propionate production. Production of NH3 was increased by 

inclusion of 75% or 100% of banana waste. The inclusion of 25% guava leaves had no major effect 

on DM, DMD, hemicellulose, ME, total gas production, CH4 production or the A:P ratio, compared 

to the Control diet. However, there were minor reductions in production of VFA (total and 

individual) and NH3. By contrast, inclusion of 50% guava leaves reduced CH4 production (P < 

0.001) but it also severely inhibited fermentability, compared to the Control substrate. For all levels 

of inclusion of banana waste with Leucaena plus 25% guava, there were no changes in DM, 

hemicellulose, or production of CH4, VFA, acetate, butyrate, or NH3. Inclusion of 5% banana waste 

led to a minor reduction in CP content, with no effect on DMD and ME values; there were only 

minor reductions in production of total gas and propionate, although there was an increase in the A: 

P ratio (P < 0.01) compared to the Control value. In conclusion, in vitro batch culture analysis 

suggests that a Leucaena-based diet that contains up to 75% banana waste, or 25% guava waste, or 

a combination of 5% banana waste and 25% guava waste, should be tested further in a bigger 

system. These combinations produced amounts of CH4 that were similar to those with 100% 

Leucaena, but fermentability was not compromised and so they could be used as an alternative diet. 
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There is a potent anti-methanogenic effect with 50% guava leaves, but further research is required if 

we are to overcome the severe inhibition of fermentability. 

 

Keywords: methane, gas production, VFA, rumen, horticultural harvest waste 
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5.1 Introduction 

 

Over the last few decades, it has become clear that diet can significantly influence the amount of 

methane (CH4) produced by ruminants so feed manipulation is seen as a way to reduce greenhouse 

gas emissions in the livestock industries. Recently, anti-methanogenic compounds have been 

identified among dietary components, mainly the tannins, saponins, terpenes, phenols, and 

alkaloids, all of which can be used to manipulate rumen fermentation (Bodas et al. 2012; Bhatta et 

al. 2013; Kamra, Agarwal & Chaudhary 2006; Wina 2012; Jayanegara et al. 2011) The 

effectiveness of each of these components depends on its type, structure, and concentration in the 

diet (Bhatta et al. 2013). 

There is considerable scope for the use of horticultural harvest waste in ruminant diets, and this 

interest is heightened if such waste also reduces CH4 emissions. The in vitro study described in 

Chapter 4 has led to a focus on M. paradisiaca (banana; variety William Cavendish) and P. guajava 

(guava; variety Mexican), both of which have anti-methanogenic potential. Banana and guava are 

very important tropical horticultural crops and produce a large amount of waste biomass, suggesting 

that they would be cost-effective as alternative feed sources for local ruminants. On the other hand, 

it is unlikely that ruminant diets would be formulated entirely from banana leaves/stems or guava 

leaves. Instead, livestock managers would mix them with other, more standard dietary components. 

This concept is particularly important for guava leaves because, although they have potent anti-

methanogenic properties, they also reduce fermentability. Careful testing is required to determine an 

appropriate level in the diet before ruminant industries would adopt guava waste as a feed source.  

Therefore, in this Chapter, I used in vitro 24 h fermentation in batch culture to test the 

hypothesis that banana and guava wastes would reduce CH4 production when mixed with Leucaena, 

and that there would be an optimal ratio in the mix that would not depress rumen fermentation. The 

combinations were all compared with 100% Leucaena as a Control because Leucaena is commonly 

used as a high-protein feed source for ruminants in tropical regions. In three experiments, we tested 

Leucaena mixed with: 1) Banana plant waste (stems plus leaves); 2) Guava leaves; 3) Combinations 

of 25% guava leaves (the best level from the second experiment) plus various levels of banana 

waste. 

 

5.2 Materials and methods 

5.2.1. Experimental design 

There are three experiments in this study. Each experiments compared five different mixes 

(treatments), with 100% Leucaena as the Control (Table 5.1). Each treatment was replicated three 
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times. For banana waste, we used a 50:50 mixture of stem and leaves, a combination reported to be 

best for ruminants (Administrator 2016; Amarnath & Balakrishnan 2007; Sutowo, Adelina & 

Febrina 2016). 

 

Table 5.1 The percentages of banana waste and guava leaves, in combination with Leucaena that 

were used as substrates for in vitro 24 h fermentation in batch culture (IVFT). 

 Treatment Banana Waste Guava Leaves Leucaena 

Control T1 – – 100% 

Experiment 1 (April 2018) T2 100% – – 

 T3 75% – 25% 

 T4 50% – 50% 

 T5 25% – 75% 

Experiment 2 (April 2018) T2 – 100% – 

 T3 – 75% 25% 

 T4 – 50% 50% 

 T5 – 25% 75% 

Experiment 3 (June 2018) T2 5% 25% 70% 

 T3 25% 25% 50% 

 T4 45% 25% 30% 

 T5 65% 25% 10% 

 

5.2.2. Plant materials 

Leaves and stems of banana (variety William Cavendish) were harvested at the fruiting stage and 

leaves of guava (variety Mexican) were harvested at dry stage from Tass 1 Trees, Middle Swan, 

Perth, Western Australia (31.8558°S, 116.0452°E) during February-March 2018, when the average 

temperature was 34°C. The samples were bulked, sealed in plastic bags, and stored cool during 

transfer to the laboratory. The samples were freeze-dried at –43°C (Freeze Dryer Javac LD-5 pump 

and Labconco FreeZone 4.5 freeze-dryer) for 72 h for the leaves of both species, and for 96 h for 



 

62 
 

the banana stems. The samples were then ground to pass through a 1 mm screen (Grinder type 

Polymix: PX-MFC 90D). 

Leucaena (Leucaena leucocephala Ssp. Glabrata) samples were from a single commercial 

variety. They were collected in bulk at a tropical research centre (Wallal Station, Broome, Western 

Australia; 19°46'47''S, 120°38'27''E). The first collection was on 1 December 2017, the local 

temperature was 29°C and the material was used for Experiments 1 and 2. For Experiment 3, a 

second collection was made on 21-22 March 2018, the local temperature averagely 43°C, and the 

trees were in the late fruiting stage. All Leucaena samples were bulked (leaves with small stems) 

then freeze-dried for 72 h, as described above for banana and guava waste. 

5.2.3. Nutritive value 

All the mixes were analysed for contents of dry matter (DM), crude protein (CP), neutral detergent 

fibre (NDF), acid detergent fibre (ADF), hemicellulose, and metabolisable energy (ME), as well as 

IVDM digestibility (IVDMD). The DM content was measured by heating 0.5 g of plant sample 

overnight at 90°C in a pre-weighed porcelain crucible. Nitrogen content was analysed by total 

combustion (AOAC 1990) using a VarioMacro Nitrogen and Carbon Determinator (Elementar 

Analysensysteme GmbH, Hanau, Germany). Crude protein was calculated by multiplying the 

nitrogen content by 6.25 (McDonald, Edwards & Greenhalgh 1988). Fibre contents (NDF and 

ADF) were determined by using the ANKOM method (AFIA 2003). The hemicellulose content was 

calculated by subtracting the ADF content from the NDF content (Knudsen 2001). The DMD and 

ME were calculated from the ADF and nitrogen values, using the following two formulas (CSIRO 

2007; AFIA 2003; Oddy, Robards & Low 1983): 

DMD = [(83.58 + (nitrogen x 2.626)) – (ADF x 0.824)] 

ME = (0.172 X DMD) – 1.615 

 

5.2.4. IVFT batch culture assays 

The sampling of rumen fluid from cannulated sheep was approved by the Animal Ethics Committee 

of The University of Western Australia (RA/3/10 0/1424) according to the recommendations of the 

Australian National Health and Medical Research Council. 

Rumen fluid was obtained from fistulated Merino sheep that had been fed for 2 weeks with 

oaten chaff and lupin grain ad libitum (1 kg oaten chaff+ 250 g lupins+ 25 g mineral mix), and that 

had unlimited access to water. One day before IVFT, three replicates 0.5 g DM of each mixed diet 

(treatment) was weighed into 120 mL serum bottles that were then transferred to an anaerobic 

chamber at 39 °C (Vinyl Anaerobic Chamber; Coy Laboratory Products Inc., Grass Lake, MI, 
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USA). All of the air was flushed from the serum bottles with 800 mL/L N2:100 mL/L CO2: 100 

mL/L H2. 

On the day of IVFT, rumen fluid was collected from three sheep, two hours after the morning 

feeding, using a vacuum pump. The fluid was kept in pre-warmed thermal flasks and screened 

through cheesecloth to produce an inoculum. The inoculum was transferred to the anaerobic 

chamber, buffered to pH 7.2 (McDougall 1948) and 50 mL was dispensed into the serum bottles 

containing the samples. A negative control (buffered rumen fluid only) was used to check the 

functionality of the rumen fluid. A positive control (buffered rumen fluid and 1.0 g of oaten chaff) 

was used as a standard to assess variation in fermentation potential among batches of rumen fluid. 

Each of the serum bottles was then sealed with a rubber stopper, crimped with an aluminium seal, 

and incubated at 39 °C for 24-h with constant shaking at 50 rpm. 

At the end of incubation, the serum bottles were placed in a water bath at 39°C. Gas pressure 

was measured using a pressure transducer (Greisinger Electronic GMH 3111, Germany). To 

measure CH4, 5 mL of headspace gas was collected from each bottle, transferred to an exetainer 

tube (Labco Ltd, Lampeter, UK), and analysed by gas chromatography (Bruker Series 450 GC).  

 

Total Volume of Gas (TVM) in 120 mL serum vials = [(gas pressure (kPa) + 

101.3(kPa) x 70(mL)/101.3 (kPa)] 

Total Methane production (mL/g DM supplied) = TVM x Methane% x 0.5 

 

The serum bottles were then opened and the liquid portion of the incubation mixture was used 

to analyse total VFA, A:P ratio, and NH3 concentrations, as described by (Durmic et al. 2010). A 

liquid-phase aliquot (1 mL) was mixed with 200 µL 1M NaOH for VFA measurement, or with 200 

µL 2M HCl for NH3 measurement, and then stored at –20°C. The concentration of VFA was 

measured using the method of GC separation of VFA C2-C5 (Supelco Bulletin no. 749D, Supelco 

Inc., Bellefonte, PA). Briefly, 1 mL rumen fluid was centrifuged at 13000 rpm for 10 min, then 100 

µL supernatant was added to 1 mL internal standard (0.9 mM 3-Methyl Valeric acid in 2.24 w/v% 

phosphoric acid) and mixed. VFA were quantified by gas chromatography with flame ionization 

detection, using a capillary column HP-FFAP (30 m x 0.53 mm x 1.0 micron) and hydrogen as the 

carrier gas. The concentration of NH3 was measured using direct enzymatic method with ammonia 

reagent (Cat No.OSR61154; Beckman Coulter Australia Pty Ltd, Mount Waverley, Victoria, 

Australia) on an Olympus AU400 Auto Analyser (Beckman Coulter Australia Pty Ltd, Mount 

Waverley, Victoria, Australia). 
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5.2.5. Statistical analyses 

All data were analysed using JMP® software, with separate models used to assess the treatment 

effects on gas production, and the concentrations of VFA, CH4 and NH3. Each treatment had three 

replicates and data were analysed by one-way ANOVA, with treatment as a fixed effect: 

Yij=µ+Ti+Eij, where Yij was the observation, µ was the overall mean for each parameter, Ti was the 

effect of treatment and Eij was residual error. Least significant difference (LSD) was used to 

compare the treatments to respective controls and significant differences were declared at P < 0.05. 

5.3. Results 

5.3.1. Experiment 1: Combination of M. paradisiaca (banana) waste and Leucaena 

For all levels of banana waste, there were no significant differences from Control values for DM 

content or hemicellulose content (Table 5.2). By contrast, CP content varied significantly among all 

levels of banana waste and, for all combinations, the values for CP were far lower than the value for 

100% Leucaena (Control). Effectively, there as a linear dilution effect as banana waste was added, 

so the lowest value was for 100% banana waste. The same basic pattern was evident for DMD and 

ME although the reductions were smaller than the reductions in CP. Values for NDF and ADF also 

significantly varied with level of banana waste, but in this case the relationship was reversed 

because the fibre content of 100% banana waste was higher than the fibre content of 100% 

Leucaena; importantly, in terms of selecting a mix that could be valuable as animal feed, the values 

for 25% banana waste were comparable to Control values. For fermentation (Table 5.3), adding 25-

75% banana waste did not change the outcomes for total gas production, or the A:P ratio, compared 

with 100% Leucaena (Control), and led to only minor reductions in the production of total VFA, 

acetate and propionate. On the other hand, 100% banana waste produced the lowest amounts of 

total gas and VFA (total and individual), and reduced A:P ratio. There were no significant 

differences in CH4 production or butyrate production among the treatments, but all levels of banana 

waste produced significantly greater amounts of NH3 during fermentation than the Control, with the 

highest values observed with 75% and 100% banana waste. 
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Table 5.2 Nutritive values of the combinations of banana waste (50:50 stems and leaves) and Leucaena that were subsequently used in 24-h 

batch culture fermentation. 

Treatments CP DM DMD NDF ADF Hemicellulose ME 

Leucaena 100% (Control) 260a 929 819a 419b 153c 267 12a 

Banana waste 100% 115e 946 546c 641a 411a 230 8c 

Banana waste 75% 131d 939 669b 488b 269b 220 9b 

Banana waste 50% 147c 936 709b 492b 229bc 263 10b 

Banana waste 25% 164b 929 741ab 481b 199bc 282 11ab 

Means 163 936 697 504 252 252 10 

SEM 17.06 2.61 26.67 19.60 25.91 8.82 0.46 

P value < 0.0001 NS < 0.005 < 0.02 < 0.01 NS < 0.005 

Crude Protein CP (g Kg-1 DM), Dry Matter DM (g Kg-1 DM), Dry Matter Digestibility DMD (g Kg-1 DM), Neutral Detergent Fibre NDF  

(g Kg-1 DM), Acid Detergent Fibre ADF (g Kg-1 DM), Hemicellulose (g Kg-1 DM), and Metabolisable Energy ME (MJ Kg-1 DM). All values were the mean of 2 laboratory replicates. Means within each 

row followed by different letters (a - c) are significantly different (Student t-test; P < 0.05). 
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Table 5.3 Fermentation characteristics and methane production with combinations of banana waste (50:50 stems and leaves) and Leucaena in 24-h 

batch culture fermentation. 

Treatments Total Gas CH4 VFA Acetate Propionate Butyrate A:P NH3 

Leucaena 100% (control) 90a 27a 93a 63a 18.54a 8.61a,b 3.38a,b 82d 

Banana waste 100% 79b 28a 84c 55c 17.10c 8.43b 3.22c 131a 

Banana waste 75% 88a 29a 88b 59b 17.76b 8.78a 3.35b 127a 

Banana waste 50% 92a 30a 89b 60b 17.54b,c 8.75a 3.41a 116b 

Banana waste 25% 93a 29a 89b 60b 17.76b 8.60a,b 3.39a 98c 

Means 88 27 89 59 18 9 3.0 111 

SEM 1.65 1.87 0.81 0.68 0.14 0.05 0.02 5.04 

P value < 0.018 NS < 0.0003 < 0.0001 < 0.0028 NS < 0.0001 < 0.0001 

Total gas (kPa), CH4 (mL g-1 DM), VFA (mmol L-1), A:P, acetate (mmol L-1), propionate (mmol L-1), butyrate (mmol L-1), NH3 (mg L-1). All values were the mean of 3 laboratory replicates. Means within 

each row followed by different letters (a - c) are significantly different (Student t-test; P < 0.05). 
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5.3.2. Experiment 2: Combination of P. guajava (guava) leaves and Leucaena 

There were no significant differences in the values for NDF, ADF and hemicellulose among all 

levels of guava leaves, or compared to the Control (Table 5.4). However, CP content varied greatly 

– as the proportion of guava leaves increased, CP content decreased. Total gas production and CH4 

production also varied significantly among the mixes (Table 5.5). The highest amount of gas was 

produced by Control treatment but the least amount of CH4 was produced with 50%-100% guava 

leaves. Indeed, 50% guava leaves reduced CH4 by 33%, although it also reduced total gas 

production by 48% and VFA production by 14%. Production of VFA (total and individual), the A: 

P ratio and NH3 production were highly significantly different among the treatments. However, 

with 25% guava leaves, there was only a minor reduction in VFA production (total and individual) 

and NH3 production, and values for CH4 production and A:P ratio were similar to Control values. 
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Table 5.4 Nutritive value of the combinations of guava leaves and Leucaena that were subsequently used in 24-h batch culture fermentation. 

Treatments CP DM DMD NDF ADF Hemicellulose ME 

Leucaena 100% (control) 260a 929c 819a 420 153 267 12a 

Guava leaves 100% 94e 954a 660b 434 261 173 10b 

Guava leaves 75% 115d 945ab 676b 454 252 201 10b 

Guava leaves 50% 136c 940bc 648b 492 298 194 10b 

Guava leaves 25% 158b 934bc 718ab 485 224 261 11ab 

Means 152.56 940.57 703.32 457.75 238.50 219.41 10.48 

SEM 28.98 3.07 22.37 10.25 19.07 16.99 0.38 

P value < 0.0001 0.02 0.06 NS NS NS 0.06 

Crude Protein CP (g Kg-1 DM), Dry Matter DM (g Kg-1 DM), Dry Matter Digestibility DMD (g Kg-1 DM), Neutral Detergent Fibre NDF (g Kg-1 DM),  

Acid Detergent Fibre ADF (g Kg-1 DM), Hemicellulose (g Kg-1 DM), and Metabolisable Energy ME (MJ Kg-1 DM).  

All values were the mean of 2 laboratory replicates.  

Means within each row followed by different letters (a – e) are significantly different (Student t-test; P < 0.05). 
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Table 5.5 Fermentation characteristics and methane production with the combinations of guava leaves and Leucaena in 24-h batch culture 

fermentation.  

Treatments Total Gas CH4 VFA Acetate Propionate Butyrate A:P NH3 

Leucaena 100% (control) 90a 27a 92a 63a 18.54a 8.61a 3.38a 82a 

Guava leaves 100% 52b 14b 69e 45e 15.11c 7.17d 2.98c 65b,c 

Guava leaves 75% 60a,b 18b 73d 48d 15.28c 7.35d 3.17b 63b,c 

Guava leaves 50% 47b 18b 79c 54c 15.77c 7.85c 3.40a 62c 

Guava leaves 25% 87a 24a 87b 59b 16.96b 8.32b 3.48a 67b 

Means 67 20 80 54 16 8 3.0 68 

SEM 6.25 1.37 2.31 1.76 0.35 0.15 0.05 1.97 

P value < 0.05 < 0.001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0002 < 0.0001 

Total gas (kPa), CH4 (mL g-1 DM), VFA (mmol L-1), A: P, acetate (mmol L-1), propionate (mmol L-1), butyrate (mmol L-1), NH3 (mg L-1).  

All values were the mean of 3 laboratory replicates. Means within each row followed by different letters (a - d) are significantly different (Student t-test; P < 0.05) 
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5.3.3. Experiment 3: Combination of banana waste, guava leaves and Leucaena 

There were no significant differences in DM or hemicellulose contents among the treatments (Table 

5.6). However, compared to the Control values, values for CP, DMD, NDF, ADF, and ME varied 

significantly among treatments. For DMD, the values for the combinations containing up to 45% 

banana waste were comparable to Control values. As the content of banana waste in the mixes 

increased, DMD values significantly decreased, whereas there were significant increases in NDF and 

ADF contents. For ME content, the values for the combinations containing 5% and 25% banana waste 

were comparable to Control values. Total gas production varied greatly among all banana waste 

treatments (Table 5.7), with the greatest amount observed with the Control. With 5% banana waste 

in the combination, only minor reductions below Control values were detected for total gas production 

(14%) and propionate production (8%). There were no significant differences in the production of 

CH4, total VFA, acetate, butyrate or NH3 among the treatments. However, propionate production and 

the A:P ratio varied significantly among all treatments – as the level of banana waste increased in the 

mixture, the amount of propionate decreased while the A:P ratio increased. 
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Table 5.6 Nutritive value of the combinations of banana waste, guava leaves and Leucaena in subsequently used in 24-h batch culture fermentation. 

Treatments CP DM DMD NDF ADF Hemicellulose ME 

Leucaena 100% (control) 179a 930 696ab 435c 169d 267 10ab 

BW 5% + GL 25% + L 70%  154b 970 731a 489bc 205cd 283 11a 

BW 25% + GL 25% + L 50%  142c 960 704a 500abc 231bc 269 11a 

BW 45% + GL 25% + L 30%  131d 970 661bc 543ab 279ab 264 10bc 

BW 65% + GL 25% + L 10%  123e 961 625c 566a 318a 248 10bc 

Means 145.95 933.67 683.70 506.72 240.59 266.13 10.14 

SEM 6.65 1.78 12.85 16.47 18.17 6.21 0.22 

P value < 0.0001 NS 0.008 0.03 0.004 NS 0.009 

Crude Protein CP (g Kg-1 DM), Dry Matter DM (g Kg-1 DM), Dry Matter Digestibility DMD (g Kg-1 DM), Neutral Detergent Fibre NDF (g Kg-1 DM), Acid Detergent Fibre ADF (g Kg-1 DM), 

Hemicellulose (g Kg-1 DM), and Metabolisable Energy ME (MJ Kg-1 DM). All values were the mean of 2 laboratory replicates. Means within each row followed by different letters (a - e) are 

significantly different (Student t-test; P < 0.05) 
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Table 5.7 Fermentation characteristics and methane production of combinations of banana waste, guava leaves and Leucaena in 24-h batch culture   

fermentation.  

Treatments Total Gas CH4 VFA Acetate Propionate Butyrate A:P NH3 

Control (Leucaena) 77a 16 80 52.41 17.74a 7.30 2.94b 61 

5% BW + 25% GL + 70% LL 66b 14 78 52.16 16.27b 7.45 3.21a 62 

25% BW + 25% GL + 50% LL 59b,c 14 79 52.95 16.37b 7.43 3.24a 66 

45% BW + 25% GL + 30% LL 54c,d 23 73 48.37 15.01c 7.31 3.23a 69 

65% BW + 25% GL + 10% LL 53d 19 71 46.64 14.67c 7.43 3.18a 71 

Means 61.65 17.16 76.36 50.51 16.01 7.42 3.15 66 

SEM 2.43 2.11 1.62 1.17 0.37 0.10 0.04 1.84 

P value < 0.0001 NS NS NS < 0.03 NS < 0.01 NS 

Total gas (kPa), CH4 (mL g-1 DM), VFA (mmol L-1), A:P, acetate (mmol L-1), propionate (mmol L-1), butyrate (mmol L-1), NH3 (mg L-1).  

All values were the mean of 3 laboratory replicates. Means within each row followed by different letters (a, b) are statistically significantly different (Student t-test; P < 0.05) 
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5.4. Discussion 

 

Our hypothesis was rejected for banana waste because CH4 production was not significantly 

reduced, for any combinations that included banana waste. On the other hand, all combinations 

containing guava leaves above 25% reduced CH4 production but, unfortunately, they also 

compromised fermentability. Importantly, banana waste, in combination of with Leucaena only, or 

in combination with guava leaves and Leucaena, seems to be a good energy source and therefore a 

viable alternative feedstuff. Indeed, there is every indication that a Leucaena-based diet could 

contain up to 75% banana waste, or 25% guava leaves, or a combination of 5% banana waste plus 

25% guava leaves, without major detrimental effects on fermentability. This study is based on 24-h 

in vitro batch culture, but nevertheless we have been able to identify combinations with optimum 

levels of inclusion of horticultural harvest waste with a high-quality feed source that will not have a 

major disruptive effect on rumen fermentation. They should be tested further. 

 

Banana waste and Leucaena 

As expected, from the nutritional point of view, adding up to 25% banana waste to a Leucaena 

‘diet’ led to an improvement in nutritional value. However, more banana waste can be used as an 

alternative feedstuff – up to 75% banana waste is still useful, judging from the DM content 

presented here, and by other studies with animals in Indonesia (Administrator 2016): in cattle, 50% 

dried banana waste mixed with 50% Leucaena increased weight gain by 290 g/day, and 75% sun-

dried ground banana stems mixed with 25% Leucaena increased weight gain by about 400 g/day. 

As we discovered in Chapter 4, it is unlikely that a diet of 100% banana stems will be fed to 

animals because of the poor nutritive value and poor in vitro DM digestibility. In the present study, 

this situation was not improved by combining 50% stems with 50% leaves – when using this waste 

as the sole substrate, nutritive values and in vitro DM digestibility were still poor. However, it is 

possible that this outcome was due to the advanced maturity of the banana plants that we used, 

leading to slow degradation of the carbohydrate in the substrate (Khan et al. 2017; Bodas et al. 

2008). Banana stems and leaves will probably only ever be available from mature trees, after the 

fruit has been harvested, so we need to find ways to overcome their poor nutritional value. Among 

the options are ensilage (Ujianto 2003; Sutowo, Adelina & Febrina 2016) and the addition of 

supplements of nitrogen, sulphur and phosphorus (Rochana et al. 2017). On the other hand, it is 

clear from the present study that banana waste could be combined with a high-quality fodder, an 

approach that has been used for other poor feedstuffs (Capstaff & Miller 2018; Durmic et al. 2010). 
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The CP content of our 100% banana waste was slightly lower (11.5 vs 12.7%) than the value 

reported by (Amarnath & Balakrishnan 2007). This difference could reflect variation among 

varieties, geographical locations, soil types, seasons, plant treatments, and the parts of the plant 

tested (Bodas et al. 2008). Such factors would also influence the nutritive value of Leucaena, and 

would help explain the differences in CP content between the Leucaena used in Experiments 1/2 

and that used in Experiment 3, as well as the content we obtained for the Indonesian cultivar 

(Chapter 3).  

When William Cavendish banana was used as the sole substrate (Chapter 4), CH4 production 

was 28 mL/g DM, similar to the value measured in the present study (28-30 mL/g DM) with the 

banana-Leucaena mix. When the proportion of banana waste was increased up to 75%, fermentation 

was maintained, suggesting a conducive environment for rumen microbiota. However, with 100% 

banana waste, there was a significant reduction in acetate and propionate formation, implying a 

reduction in hydrogen production as fibre degradation slowed. The inhibition of fibre-degrading 

bacteria with 100% banana probably reflects an excess of slowly degradable complex carbohydrate 

in the substrate, as well as secondary metabolites that are not ‘rumen friendly’. William Cavendish 

leaves contain pheromones, methyl salicylate, limonene and alpha beta pinene, that function as anti-

fungal and anti-microbial agents, as well as lignins, many of which make degradation difficult and 

fermentation slow (Preethi & Murthy 2013; Van Soest 1994). The addition of Leucaena would 

dilute these negative factors in banana waste, and thus present the rumen microbiota with a 

combination of complimentary factors from both forages. 

As a sole substrate, banana waste reduced fermentation (total gas and VFA production) and 

increased NH3 production, compared to the mixed substrates. The low fermentability suggests that 

banana waste would reduce energy intake and therefore reduce production. In the rumen, 

accumulation of N-ammonia that would be lost to the environment (Poppi 1997), or would lead to 

elevated blood NH3 that would have a deleterious effect on brain function. The accumulation of 

NH3 in the rumen, along with low levels of gas production, also suggests that the microbial 

populations were unable to effectively utilize the NH3 because the substrate is poorly fermentable. 

The balance of fermentability and NH3 production is important because the end products are 

required for both rumen bacteria and the host animal. Microbial protein synthesis supplies protein to 

be absorbed in the small intestine which, again, depends on the nutrient content in the feed and the 

efficient of utilization of the feed by the rumen bacteria (Bach, Calsamiglia & Stern 2005). To 

confirm this effect, further investigation is warranted. 
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Guava leaves and Leucaena 

With guava leaves, the values for NDF, ADF and hemicellulose were comparable to Control values, 

as were the DMD and ME values for 25% guava leaves. Even though there was great variation 

among the combinations in CP content, these observations suggest complementary nutritional 

benefits from the mix of guava and Leucaena, as observed with the mix of banana and Leucaena. 

The fermentation outcomes also suggest that guava leaves and Leucaena make similar amounts of 

energy available to the animal. However, among all the guava-Leucaena mixes, only with 25% 

guava leaves seems to be worthy of consideration for further testing. 

Guava is well known for its high content of phenolic compounds – the leaves contain anti-

microbial compounds that include tannins (9-12% DM), flavonoids and saponins (Barbalho & 

Farinazzi-Machado 2012), as well as essential oils (Ji et al. 1991; Chen et al. 2007; Rosidah & 

Afizia 2012). Additionally, guava leaves have anti-helminthic and anti-diarrhoea properties (Ismail, 

Minhas & Khanum 2012; Sinaga 2007; Chang et al. 2014). Tannins and saponins, when presented 

together in the diet, are also anti-methanogenic yet with no apparent harmful effects on rumen 

function (Benchaar, McAllister & Chouinard 2008; Bodas et al. 2012). If high-phenolic plants are 

mixed with a high-quality forage, we would expect a reduction in CH4 production without 

disrupting the harmony of the rumen microbiota (Jayanegara et al. 2011). Indeed, in the present 

study, guava leaves significantly reduced CH4 production but, unfortunately, they also depressed 

VFA production, suggesting a depression in the activity of the fibre-degrading bacteria. These 

effects increased as the guava content of the mixture increased. Anti-methanogenic compounds that 

affect fermentability have also been reported in other in vitro studies (Soliva et al. 2008; Li 2013; 

Oskoueian, Abdullah & Oskoueian 2013; Wencelová et al. 2014). 

Gas production fell by 48% with 50% guava leaves, and problem became worse as the 

proportion increased, so it is clear that guava inhibits fibre digestion. However, with 50% guava, 

there was a 33% reduction in CH4 production, whereas VFA production fell by only 14%, 

suggesting that guava has some value. Indeed, our observations suggest that fermentability is 

maintained with 25% guava/75% Leucaena. Moreover, with 25% guava leaves, protein degradation 

and fibre degradation were potentially balanced, perhaps leading to better energy utilization and 

better animal performance. These outcomes led us to use 25% guava leaves in our 3-way mixes 

with banana waste and Leucaena in Experiment 3. 

Combination of banana, guava and Leucaena 

Among all proportions of the banana plant waste tested, 5% produced the best nutritional value. As 

the proportion of banana waste increased, the amounts of NDF/ADF also increased, suggesting that 
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the substrate was becoming less degradable and, indeed, digestibility fell. Interestingly, this 

outcome was not evident when the diet only contained banana and Leucaena, implying that the 

presence of guava leaves reduced digestibility, perhaps by increasing the total tannin concentration 

in the mix (Jayanegara, Leiber & Kreuzer 2011). In the present study, we did not analyse the tannin 

content of the mixes, but such measurements are clearly required in future studies. 

When banana waste was combined with guava and Leucaena, there was a tendency for CH4 

production to be reduced (range 14-23 mL/g DM) compared to the levels when only banana waste 

was mixed with Leucaena (range 27-30 mL/g DM). Variation in CH4 production during the 

fermentation of a substrate in the rumen is determined by the structure of the phenolic compounds, 

the activities of each phenolic source, the percentage of the phenolic compounds in the substrate, 

and the interaction among the phenolic compounds (Makkar 2003). Additionally, it has been 

reported that CH4 production is closely related to the total amount of tannins and non-tannin 

phenolic compounds in the plants (Jayanegara et al. 2011). However, the lower CH4 value in the 

banana-guava-Leucaena mix was not significant, contrary to reports that both banana waste and 

Leucaena contained tannins which have anti-methanogenic properties  (McNeill et al. 1998; 

Wadhwa & Bakshi 2013; Walton 2003). Additionally, the observations in Chapters 3 and 4 suggest 

that guava leaf was a potent anti-methanogenic agent, and both banana waste and Leucaena reduced 

CH4 production. We therefore assumed that, if we combined all three materials, CH4 production 

would be reduced, and that one of the combinations would not depress fermentation. This 

discrepancy between expectations and findings might be explained by the following possibilities: i) 

The total content of tannin or non-tannin phenolic compounds in our banana waste was insufficient 

to reduce CH4 production (Jayanegara et al. 2011); ii) Interactions among the secondary metabolites 

in the mixture of banana and Leucaena prevented a specific targeting of methanogens; iii) Our 

banana waste had a low content of hydrolysable tannin (Makkar 2003) or condensed tannin (Walton 

2003) – hydrolysable tannin reduces CH4 production more than condensed tannin but, if they are 

both present, the reduction is greater (Jayanegara et al. 2011) ; iv) The closed system fermentation 

model, with no in-flow or out-flow, led to the accumulation of fermentation products that influence 

methanogens. To separate these options, we need further studies involving fractionation of the 

secondary compounds in banana waste, or testing the mixes in a bigger fermentation system. 

Fermentation of the mixes seemed to be modulated by banana waste and guava leaves because 

total gas production decreased as the proportion of waste increased. Additionally, in Experiment 1, 

with up to 75% banana waste, gas production remained comparable with Control values, in contrast 

to the outcome when banana was combined with guava and Leucaena. These observations imply a 

non-mutual interaction among the secondary metabolites in banana and guava that depressed rumen 
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bacteria, with the depression becoming greater as the level of banana waste increased. On a positive 

note, the reduction in gas production was not accompanied by a decrease in VFA production, a 

situation that has been reported in other studies (Li 2013; Banik et al. 2013b). Perhaps, at a suitable 

proportion of banana waste, the harmful effects of the compounds in the mixes are diminished. As 

evidence, we can see that the amount of propionate was comparable, implying the production of a 

similar amount of energy, for the control and 5% banana. A high level of banana waste mixed with 

guava and Leucaena is not likely benefit the animals, but there could be a level of inclusion where 

harmful effects are compensated by strong fermentation. 

Overall, it seems that a Leucaena-based diet can contain up to 75% banana waste, or 25% 

guava leaves, or 5% banana waste plus 25% guava leaves, without depressing fermentability. These 

combinations revealed a confincing level to be further tested in a bigger system for several reasons: 

i) The CP content was lower with 75% banana waste than with 100% Leucaena, but the 

fermentability was maintained and more N-ammonia was provided, offering potential benefits 

for microbial protein production that would advantage the host animal; 

ii) 25% guava leaves caused only minor reduction in nutritive value and fermentability; 

iii) The addition of 5% banana waste to the mixture of guava and Leucaena produced only a minor 

reduction in nutritive value, but offers an alternative energy source. 

The 24-h batch culture system is beneficial for rapidly screening a large number of candidate 

feed sources. However, to investigate the relationship between fermentability and CH4 production 

in depth, we need longer periods of incubation in an open system with in-flow and out-flow for 

addition of saliva and fermentation liquid, and where accumulation of the end-products of 

fermentation is avoided, and the dynamics of the processes can be studied. 

 

5.5. Conclusion  

For ruminant diets, banana waste (stem plus leaves) and guava leaves can be mixed with Leucaena. 

This study suggested that up to 75% of banana plant waste can be used as alternative feed 

component mixed with Leucaena. Similarly, with 25% guava leaves mixed with 75% Leucaena, and 

5% banana plant waste can be incorporated into the mixture. Those combinations produced similar 

amounts of CH4 to 100% Leucaena, but fermentability was not compromised. Further study in a 

bigger fermentation system which more closely mimicks the conditions in the rumen, is required to 

understand the overall effects of those combinations to the fermentation process. It is necessary to 

do this before testing the new diets in animals. 
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Chapter 6: The waste of M. paradisiaca and P. guajava leaves reduce methane 

production in a continuous culture fermentation system (Rusitec) 

 

Abstract 

M. paradisiaca (leaf and stem) and P. guajava (leaf) waste have been demonstrated to have low 

methanogenic potential in an in vitro batch culture fermentation system, suggesting they may be 

valuable feedstuffs for ruminants. In this study, I tested the hypothesis that mixtures of banana and 

guava waste with Leucaena as a base substrate, would reduce methane production without affecting 

overall fermentability and that these effects would persist during continuous culture in the Rusitec. 

The three mixed-substrate treatments tested were guava leaf waste added at 25 g/100 g substrate 

(G25L75); banana plant waste (leaves and stems) added at 75 g/100 g substrate (B75L25); and the 

combination of banana plant waste added at 5 g/100 g, and guava leaf waste added at 25 g/100 g 

(B5G25L70). The treatments were compared to Leucaena 100g/100g substrate as the control. The 

experiment lasted for 20 days, with a 7-day acclimatization period prior to the start of the 

measurement period. End products of fermentation (VFA, total gas, and methane production), pH 

and substrate disappearance (CP, DM, and NDF) were measured over a 13-day measurement period 

in the Rusitec system (from Day 8 – Day 20). Methane production was significantly inhibited (P < 

0.0001) in treatment G25L75 and B5G25L70 with no apparent effect on fermentability. G25L75 

reduced methane by 45% and B5G25L70 by 71% compared to the Control and persisted after two 

weeks in the Rusitec. B75L25 reduced CH4 by 89% soon after it was introduced, but also depressed 

total gas after two weeks in the Rusitec and generated the highest amount of ammonia. G25L75 had 

highest total gas production, 17% above the control, after being variable for the first week and then 

increasing over the last week of measurement. There was a minor reduction in gas production for 

B5G25L70 compared to the Control, but there was a gradual increase on the last week of 

measurement, similar to the Control and G25L75. There were no significant differences in total 

VFA production amongst the treatments, but it varied across days of measurement (P < 0.0003), 

with an indication of microbial adaptation after Day 11 for G25L75, and after Day 14 for 

B5G25L70. There was a gradual and persistent decrease in total VFA and individual VFA in 

treatment B75L25 after two weeks in Rusitec, which remained lower compared to the other 

treatments. The ration of acetate to propionate varied (P < 0.006) amongst the treatments, with 

B75L25 being the lowest. Ammonia production also varied among the treatments (P < 0.003), with 

the highest amount being produced in B75L25. Compared to the Control, there was a 15% 
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reduction in DM disappearance for B5G25L70, but not for G25L75 and B75L25. NDF 

disappearance was greater (31%) for B75L25 compared to the Control. CP disappearance varied 

among the treatments (P < 0.0001) with a minor reduction in G25L75 compared to the Control. pH 

values varied across days of measurement (P < 0.002), but remained stable after two weeks. NDF 

disappearance and pH differed across days of measurement but not CP and DM disappearance, 

which were lower after Day 11 for all the treatments. My results confirm that combinations of 

guava, banana waste and Leucaena, G25L75 and B5G25L70 in particular, can reduce methane 

production without compromising fermentability in the Rusitec. In contrast, when high levels of 

banana waste are used in relation to Leucaena, fermentability is reduced and the anti-methanogenic 

effects are less persistent. The results from this study provide further evidence that M. paradisiaca 

waste and P. guajava leaf could be valuable components of the diets in Indonesian ruminants 

because they could help mitigate methane emissions without reducing productivity. 

 

Keywords: Rusitec, banana, guava, total gas, methane, VFA 
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6.1. Introduction 

Ruminants in tropical countries generally consume low quality diets, which generate more methane 

(CH4) emissions because they are utilized less efficiently. CH4 is a direct contributor to global 

warming and is a normal end-product of fermentation in ruminant livestock. The amount of CH4 

produced depends on the number and types of species of microorganisms in the rumen that are 

hydrogen producers and hydrogen utilizers (Hungate 1966). Hydrogen and CO2 are released during 

the formation of acetate and butyrate, whereas hydrogen is absorbed during the formation of 

propionate (Knapp et al. 2014). When ruminants consume low quality forages continuously, the 

microbial population generates more hydrogen that can be accessed by the methanogen population 

in the rumen, leading to more methanogenesis (Broucek 2015). Diet manipulation is a practical way 

to modify the fermentation characteristics in the rumen and reduce CH4 production (Soliva et al. 

2008), particularly if the dietary manipulation includes adding plants that contain antimicrobial 

properties. This was demonstrated in Chapter 5, where mixing horticultural harvest waste such as 

banana leaves and stems or guava leaves, which have antimicrobial properties, with a high quality 

feed source (Leucaena), changed the fermentation products and reduced methane production 

(Chapter 5). There are a number of other examples in the literature where plants with known 

antimicrobial secondary compounds have been demonstrated to modulate rumen fermentation and 

reduce CH4 production (Durmic et al. 2014; Banik et al. 2013b). 

Banana and guava plant waste is widely available in Indonesia, and it would be cost-effective 

for the local livestock farmers to use this waste to feed their animals. However, very few of the 

local farmers understand how to best utilize the horticultural harvest waste as an alternative feed 

source for their animals, because there is very little information about the nutritional value of the 

waste. Recently, the use of banana and guava waste to supplement the diets of cattle, goats and 

lambs has been investigated (Wadhwa & Bakshi 2013), but the work has mainly focused on ways to 

enhance nutritional quality through sun-drying or ensiling with molasses (Administrator 2016). 

There has been no investigation of the capacity of these waste products to reduce CH4. 

Leucaena is rarely fed as the sole diet to ruminants because of the different responses of 

ruminant species and breeds and the ecology of rumen microorganisms to the mimosine toxicity 

(Barros-Rodríguez et al. 2014). Leucaena was fed in various level: up to 30% to Angora and 

Spanish doelings (Barros-Rodríguez et al. 2014); 80% to crossbred Bos Taurus x Bos indicus cattle 

in Mexico (Piñeiro-Vázquez et al. 2018); 80% - 100% to ‘Bali’cattle in Nusa Tenggara Barat, 

Indonesia (Panjaitan et al. 2014); 100% fresh Leucaena to local goats in Bogor, Indonesia but this 

limited the performance (Yates 1982). Leucaena has been incorporated safely at 25% into the diet 
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of goats mixed with 50% Manihot esculenta leaves (Harun et al. 2017), and at 60-70% to ‘Kacang’ 

goats in Banda Aceh, Indonesia (anecdotal evidence). We found in our in vitro study that using 75% 

Leucaena mixed with both banana leaves and stems or guava leaves was likely to be ‘safe’ for 

ruminants based on the characteristics of rumen fermentation. 

Banana leaf and stem and guava leaf are both by-products from the Indonesian horticulture 

industry. Approximately 7 million tonnes of this waste is produced annually and, rather than 

‘waste’, it should be seen as a resource that is underutilised because nutritional analysis 

(Promosiana & Atmojo 2015) , and the results from batch culture (Chapter 5) suggest these 

products could be valuable as low-cost supplements in ruminant feeds. Batch culture work is 

limited to 24 hours but is nevertheless a rapid, low-cost first step for screening potentially useful, 

novel, feed sources (Vercoe, Makkar & Schlink 2010). The batch culture results in chapter 5 

demonstrated that mixtures of guava-Leucaena, and guava-banana-Leucaena, all had potential to 

reduce CH4 and this conclusion would be further tested to identify the persistency of the effects in 

continuous culture. There is a risk in extrapolating from batch culture to animal feeding, so it is 

essential to use Rusitec studies as an intermediate step because it better simulates the complex and 

dynamic in vivo system. Compared to animal studies, the Rusitec is inexpensive with much lower 

impact on animal welfare, so represents a valuable pre-requisite before testing novel diets in vivo.  

The issue of impact on animal welfare or ‘cost’ to the animal is important, because researchers have 

a duty of care to assess novel feeds for detrimental effects on rumen fermentation and health before 

feeding them to animals. 

In this chapter, I focused on combinations of the substrates that were identified in chapter 5 as 

being able to reduce CH4 production without compromising fermentability (B75L25, G25L75, 

B5G25L70), and investigated the persistency of those effects in a Rusitec, a continuous culture 

fermentation system. I tested the hypothesis that the mixed substrates (B75L25, G25L75, and 

B5G25L70) reduced methane production without disrupting fermentation process in continuous 

culture (Rusitec system) and the anti-methanogenic properties would persist over time.  

 

6.2. Materials and Methods 

6.2.1. Experimental design 

Continuous in vitro fermentation was conducted in a Rusitec. Four treatments of mixed substrates 

(banana leaves and stems, guava leaves and Leucaena) were tested and compared to the control 

substrate (Leucaena only). The fermentation period lasted for a total of 20 days, with a 7-day 

acclimatisation period, followed by a 13-day (beginning from Day 8) measurement period. Samples 
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were taken daily to measure the following end products of fermentation; Total gas, total VFA and 

individual VFA (acetate, propionate, butyrate), CH4, and NH3 production, acetate to propionate 

ration (A:P ratio), pH, DM disappearance, CP and NDF disappearance. 

 

6.2.2. Plant materials 

M. paradisiaca variety William Cavendish (leaves and stems) and P. guajava variety Mexican 

(leaves) were supplied by Tass 1 Trees nursery farm in Middle Swan, Perth (coordinates 31.8558°S, 

116.0452°E). They were collected during March-April 2018, when the local temperature was 

around 32°C. Banana plants were at fruiting stage and guava trees were at drying stage. The 

samples were bulked, sealed in plastic bags, and then stored in a cool bag for transfer to the 

laboratory. The samples were freeze-dried at – 43°C for 72 h (Freeze Dryer Javac LD-5 for the 

pump and the machine is Labconco FreeZone 4.5) for P. guajava and M. paradisiaca leaves, and 96 

h for M. paradisiaca stems. The samples were then ground to pass through a 4 mm screen (Grinder 

type Polymix: PX-MFC 90D).  

Leucaena samples were collected and bulked from one commercial variety (Leucaena leucocephala 

Ssp. Glabrata) from the Department of Primary Industries and Regional Development research site 

at Wallal Station, WA when the local temperature was around 43°C on 21-22 March, 2018 and 

average stage of growth was between fruiting and drying off stage. The samples were then freeze-

dried at - 43°C for 72 h using the same freeze drier as was used for the guava leaves and banana 

waste. The samples were then ground to pass through a 4 mm screen.  

 

6.2.3. Preparation of rumen inoculum 

The use of cannulated sheep for their rumen fluid was approved by the Animal Ethics Committee of 

The University of Western Australia (RA/3/100/1424) and the work was conducted according to the 

recommendations of the Australian National Health and Medical Research Council. The sheep were 

fed oaten chaff and lupin grain - ad libitum (1 kg oaten chaff + 250 g lupins + 25 g mineral mix) for 

2 weeks prior to the experiment, with unlimited access to water. Rumen fluid was collected 3 h after 

feeding from five ruminally-cannulated adult Merino weathers (mean bodyweight 65.4 ± 2.01 kg). 

Rumen fluid was collected using a vacuum pump and a wide bored tube that allowed collection of 

both the liquid and solid phase. Material was collected into thermos flasks and transported to the 

laboratory within 20 min of collection. Rumen samples from each sheep were pooled and strained 

through two layers of nylon bag (pore size 100 µm) to separate the liquid and solid portions.  
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6.2.4. Treatments 

The four treatments used in this study were: 

T1 = Leucaena 100 g/100 g substrate (control forage) 

T2 = Banana waste 75 g/100 g + Leucaena 25 g/100 g substrate (B75L25)  

T3 = Guava leaves 25 g/100 g + Leucaena 75 g/100 g substrate (G25L75)  

T4 = Banana waste 5 g/100 g + Guava leaves 25 g/100 g + Leucaena 70 g/100 g substrate 

(B5G25L70)  

The nutritional content of each substrate for the Rusitec experiment is presented in Table 6.1. Each 

value were the mean of two laboratory replicates. 

 

Table 6.1.  Nutritional values of the treatments that were tested in the Rusitec. 
  

Treatments CP DM DMD NDF ADF Hemicellulose ME 

Control 179 930 697 436 169 267 10.35 

B75L25  131 939 670 488 269 220 9.90 

G25L75  158 935 718 484 224 261 10.73 

B5G25L70 154 970 731 489 206 283 10.96 

Mean 156 933 704 474 217 258 10.48 

Concentrations (g kg-1 DM) of crude protein (CP), dry matter (DM; laboratory based), organic matter (OM), neutral 

detergent fibre (NDF), acid detergent fibre (ADF), hemicellulose, dry matter digestibility (DMD); and metabolisable 

energy (ME) concentration (MJ kg-1 DM)  
 

 

6.2.5. Rusitec fermentation 

The in vitro continuous fermentation system was carried out using Rusitec, as described by 

Czerkawski and Breckenridge (1977) and optimized in our laboratory by Li et al. 2014; Ghaffari et 

al. 2015, and Garcia et al. 2018. Two units of Artificial Rumen Rusitec S apparatus (Sanshin 

Industrial Co. Ltd, Takada-higashi, Kanagawaken, Yokohama, Japan) were used. One Rusitec unit 

contains 6 fermentation vessels, each with an effective volume of 680 mL, immersed in a water bath 

maintained at 39 °C. The system was acclimatised for 7 days (Day 1 – 7) prior to a 13-day 

measurement or experimental period (Day 8 – 20). 

Each vessel was filled with 400 mL of the liquid portion of strained rumen fluid and 200 mL of 

McDougall’s buffer (McDougall 1948). On Day 1, the solid portion of rumen digesta (after 
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straining rumen fluid) was aliquoted (50 g/fermentor) into clean nylon bags (100 μm pore size, 8 x 

15 cm) and placed in each fermentor alongside a bag containing ground oaten chaff (15 g dry 

matter/bag) to help maintain microbes attached to the fibrous portion of the digesta (Czerkawski & 

Breckenridge 1977). On Day 2, the bag containing the solid portion of the rumen fluid was replaced 

with a new bag containing ground oaten chaff and, on Day 3; the original oaten chaff bag from Day 

1 was replaced with a new oaten chaff bag. After the first 3 days of acclimatization, bags containing 

the treatments were used to replace the oaten chaff bags to introduce the treatment for the final four 

days of the acclimatization period. 

Adjustment of pH was carried out during the acclimatisation period (Day 1 – Day 7).  On Day 

1, pH was measured hourly and buffer flow to the system was adjusted to maintain pH at about 6.7 

in each fermentor vessel. Day 1 until Day 3 was used to adapt the microbial population in the 

inoculum from the donor sheep to the system. The microbial population was adapted to the 

treatment substrates from Day 4 – 7 by replacing the oaten chaff bags with bags containing 15 g 

DM of treatment substrate. Experimental treatments were distributed in a completely randomized 

design, across 12 fermentation vessels (4 treatments x 3 replicates, with 6 vessels per water bath), 

and Leucaena as 100% of the substrate was used as a control throughout the experiment. 

From Day 2 – 20, feedbags were replaced every two days, i.e. bags that had remained in the 

vessel for 48 h were replaced with a new feedbag. Therefore, at any time in each vessel, two bags 

were present, and each feedbag was fermented for 48 h before being replaced with a new one. The 

flow through the fermentor vessels was maintained by continuous infusion of McDougall’s buffer at 

a rate of 600 mL/day. Total effluent from each vessel was collected into Duran bottles (Schott 

Labware, North America Inc., NY, USA) that were placed in a portable freezer (Engel Chest 

Fridge-Freezer MT60FCP, Engel, Castle Hill, Australia) in order to stop any secondary microbial 

fermentation in the overflow. To maintain an anaerobic environment in the vessels, each vessel was 

flushed with nitrogen (N2) during every bag exchange. During this period, pH, gas and overflow 

liquid were monitored daily to adjust the system’s buffer flow as required. 

 

6.2.6. Sample collection and analysis 

Total gas and methane production  

Microbial gas was collected continuously into a gas-sampling bag (Wine bladder 4L, Scholle 

Industries, code #800320, South Australia) and the bag was replaced daily before replacing 

substrate bags. The collection and replacement of gas-sampling bags started on Day 7 and 

continued until Day 20. Methane was analysed by gas chromatography (GC) by connecting the gas-

sampling bags directly to a Micro GC Chromatograph, CP-4900 (Varian, Palo Alto, USA) using a 
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PoraPlot Q 0.25 mm ID, 10 m capillary column and helium as the carrier gas, pressure at 100 kPa. 

At each sampling time, a 2 mL sample of gas was pumped into the GC where the injector and 

column temperatures were a constant 47 °C and 60 °C, respectively, while the thermal conductivity 

detector temperature was fixed at 60 °C. Gas volume in the bag was then measured using a dry test 

gas meter (Shinagawa Corporation, Tokyo, Japan) that depressurized the bags with a BÜCHI Vac V 

– 500 pump (BÜCHI Laboratory, Flawii, Switzerland) connected with a gas volume indicator. Total 

gas and methane production were calculated and expressed as mL/day. 

 

Measurement of pH, VFA and ammonia concentrations  

During the experimental period (Days 8 – 20), fermentation liquid was sampled daily three hours 

after changing feed bags and pH was measured using a portable pH meter (Oakton pH 110, Thermo 

Fisher Scientific, Scoresby, Australia). One mL of the fermentor liquid was aliquoted for each of 

the VFA (mixed with 200 µL of 1M NaOH) and NH3 (mixed with 2M HCl) analyses, and three mL 

for was used to measure pH. The 1 mL samples were immediately stored at -20°C. The 

concentrations of VFA were determined by GC using an Agilent 6890 series GC (Agilent 

Technologies, Palo Alto, CA, USA) equipped with an HP 6890 injector, HP-FFAP capillary column 

(30 m x 0.53 mm x 1 μm), FID detector and HP Chemstation software using the standard procedure 

for separation of VFA (Supelco Bulletin No. 749D, Supelco Inc., Bellefonte, PA, USA). Hydrogen 

gas was used as a carrier at 6.6 mL/min and the temperatures of injector, oven and detector were 

260, 240 and 265 °C, respectively. An enzymatic assay was used to determine ammonia 

concentration using Infinity TM Ammonia Liquid Stable Reagent (Cat No. TR60101, Beckman 

Coulter Australia Pty. Ltd.) on the Olympus AU400 Auto-analyser (AHL NTM-56; Olympus, 

Mount Waverly, VIC, Australia). The measurements were conducted on Days 8, 11, 14, 17 and 20.  

 

Apparent disappearance of dry matter (DDM) 

The DM content of residual substrate was determined after 48-h of fermentation, collected from 

Day 8 (represent the DDM from substrate for Day 7), until Day 21 (represent DDM from substrate 

for day 20). The feedbags were immediately placed on ice to stop further microbial activity and 

then rinsed under running tap water for 3 – 5 minutes and oven dried at 65 °C for 48-h. The weight 

of these bags was recorded after cooling them down in desiccators for 30 minutes. The DDM was 

calculated as follows (Garcia et al. 2018): 

DDM = (1-
Residual DM

Feed DM
) x1000 
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Where feed DM is the initial feed dry weight (g/Kg DM), residual DM is the final dry weight (g/Kg 

DM) of feed and DDM is the disappearance of dry matter (g/Kg DM) after digestion for 48-h. 

Chemical profile of residual digesta  

The chemical profiles of residual digesta were measured after fermentation (experiment). For these 

analyses, the DM was measured by placing 0.5 – 1.0 g of residue in a pre-weighed porcelain 

crucible in an oven at 90 °C overnight. Organic matter (OM) and inorganic matter (ash) were 

analysed according to Australian Fodder Industry Association approved methods (AFIA 2003). 

Nitrogen content was analysed by total combustion (AOAC 1990) using Elementor Nitrogen and 

Carbon Determinator (Elementor, VarioMacro, Regenstauf, Germany). Crude protein (CP) was 

calculated by multiplying nitrogen content by 6.25 according to McDonald (McDonald, Edwards & 

Greenhalgh 1988). Fibre contents (NDF, ADF and hemicellulose) were determined by using the 

ANKOM method (AFIA 2003).  

 

6.2.7. Statistical analyses 

All data were analysed using JMP® software (JMP Statistical DiscoveryTM from SAS 2015), with 

separate models used to assess the treatment effects on gas production, and the concentrations of 

VFA, CH4 and NH3. Each treatment had three replicates and data were analysed by one-way 

ANOVA, with treatment as a fixed effect. In addition, the data obtained from the treatment period 

(Days 8 – 20) and the chemical profile of rumen digesta including CP, DM and NDF disappearance 

(Days 8, 11, 14, 17, 20) were analyzed separately using Residual Maximum Likelihood (REML) 

and a full-factorial design mixed model using JMP® software for repeated measurements. The 

model included days as within-subject factors and treatments as between-subject factors, 

fermentation vessel as a random effect and all variables as the response. The interaction between 

feed treatments, vessels and day was also included. Least significant difference (LSD) was used to 

compare the treatments to respective controls and significant differences were declared at P < 0.05.  

 

6.3. Results 

The treatments G25L75 and B5G25L70, but not B75L25, reduced CH4 production without 

compromising the overall fermentation process (gas production, total VFA, A:P ratio, NH3 

production, pH, and substrates disappearance) in continuous culture (Rusitec system) and the anti-

methanogenic activities persisted over Days 9 - 13 and after Day 16 until the last day of the 

experiment.  
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6.3.1. Fermentability, methane production and pH 

Variation amongst the treatments 

Total gas and CH4 production varied significantly among the treatments (P < 0.0001; Table 6.2), 

with G25L75 generating the highest total gas production (mL/day) and B75L25 generating the least 

amount of CH4. All treatments reduced CH4 production compared to the Control, with B75L25 

reducing CH4 by 89%, B5G25L70 by 71% and G25L75 by 45%. However, the B75L25 treatment 

also reduced total gas production per day by 74% or 32% per g DM. B5G25L70 also reduced total 

gas production, but by only 18.7% (per day and per g DM). In contrast, G25L75 increased total gas 

production by 17% (per day and per g DM). There were no significant differences in pH values 

amongst the treatments. 

 

The persistency of the effects 

Total gas and CH4 production did not vary across the days of measurement (Table 6.2). However, 

gas production was variable during Day 8 to Day 14 (Figure 6.1a), and then gradually increased 

after Day 15 for G25L75, and B5G25L70 as well as for the Control. In contrast, gas production 

started to decline after Day 13 for B75L25. In general, CH4 production decreased in all treatments 

when they were introduced the inhibitory effects persisted throughout the measurement period.  In 

contrast, methane production in the Control tended to increase or be maintained at a higher level 

than the treatments over the same period (Figure 6.1b). CH4 production decreased in G25L75 from 

Day 9 – Day 13, and persisted after Day 17. B75L25 produced the lowest average value of CH4 

production from Day 8 to Day 20. pH values varied across days of measurement (P < 0.002; Table 

6.2). The lowest pH for all treatments was on Day 0 but was highest on Day 11 and 13 for G25L75 

(average daily pH 6.97), Day 12 for B75L25 (average daily pH 6.93), and Day 8 and 14 for 

B5G25L70 (average daily pH 6.93) (Figure 6.1e). 

 

6.3.2. Total VFA and ammonia production 

Variation amongst the treatments 

There were no differences in total VFA and individual VFA production amongst treatments, except 

for the A: P ratio and NH3 production (Table 6.2). However, there was a tendency towards a lower 

total VFA production for B75L25 (28%) compared to the Control. B75L25 resulted in the lowest A: 

P ratio and the highest amount of NH3.  
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The persistency of the effect during the measurement days 

Total VFA (Figure 6.1c) and individual VFA (propionate-Figure 6.1d; acetate, and butyrate-graph 

is not shown), A:P ratio and ammonia production varied across days of measurement (P < 0.0001 

for total VFA, acetate, propionate and ammonia production; P < 0.006 for butyrate; P < 0.0003 for 

A:P ratio; Table 6.2). Of the five sampling days (Day 8, 11, 14, 17, 20) total VFA and propionate 

were higher on Day 8 compared to the other days for all the treatments. Total VFA and individual 

VFA started to increase gradually after Day 11 for G25L75, were more variable across the 

measurement period for B5G25L70 and the Control, and showed a gradual decrease after Day 14 in 

B75L25 and remained lower on average when compared to the other treatments until Day 20.  

 

6.3.3. Chemical profile of residual digesta 

Variation amongst the treatments 

The DM, NDF and CP disappearance differed amongst the treatments (P < 0.0001; Table 6.3), with 

the highest amount was for the control. However, there was only minor reduction in the DM 

disappearance for G25L75 and B75L25 compared to the Control. The lowest NDF disappearance 

was for the Control, followed by G25L75 and B5G25L70. Crude protein disappearance was highest 

in the Control and lowest in B75L25.  

Hemicellulose and ME content of the residue varied amongst the treatments (P < 0.0001). The 

greatest amount of hemicellulose residue present in B75L25 (Table 6.3). The G25L75 and 

B5G25L70 treatments had comparable amount of hemicellulose in the residue as the Control. There 

were no differences in the DM and OM content of treatments. However, DMD varied amongst the 

treatments (P < 0.0001), and was highest in the Control. B75L25 reduced DMD by 21%. ME values 

were highest in the control and lowest in B75L25.  There was a 17% less ME in G25L75 and 

B5G25L70 compared to the Control. 

The persistency of the effect during the measurement days 

There were no differences in CP disappearance across the days of the measurement, but there were 

differences in DM and NDF disappearance (Table 6.3). NDF disappearance was highest on Day 

11(Figure 6.2c) for all the treatments, and then gradually declined on subsequent sampling days.  

There were no significant differences in the OM of residual digesta amongst the treatments. 

Differences across days of measurement (Table 6.3) were detected for the values of DM (P < 

0.0001), Ash (P < 0.001), hemicellulose (P < 0.009) and ME (P < 0.001). There was a gradual 

increase in the DM content of G25L75 until Day 17, which then declined rapidly on Day 20 (Figure 
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6.3a). In contrast, the amount of DM residue for the Control and B5G25L70 increased until Day 14, 

and then declined. The DM residue content in B75L25 was variable but it was lower on average 

than in the other treatments after Day 14. DMD varied (P < 0.001) across the days of the 

measurement (Figure 6.3c), being highest on Day 20 for the Control, Day 8 for B75L25 and 

B5G25L70, and Day 14 for G25L75. The ash content of the residual digesta of all the treatments 

was lower on Day 8, increased on Day 11 and then remained steady. The Control had the greatest 

amount of ash followed by B5G25L70 and G25L75 (Figure 6.3d). There was a changing in the 

amount of hemicellulose of the residual digesta from Day 8 to Day 14 for all treatments, then 

significant increase on Day 14 for G25L75 and Day 17 for B5G25L70 and the Control, but the 

values were declined again after that. However, B75L25 showed averagely the greatest amount of 

hemicellulose of its residue amongst all sampling days compared to the other treatments. ME values 

of the residual digesta did vary across the days of the measurement, being averagely greater content 

was detected for the Control started from Day 11 until the last sampling days, then followed by 

G25L75 and B5G25L70. Even though ME values for residue of B5G25L70 was lower compared to 

the Control over five sampling days, but it showed a similar trend, unlike G25L75 of which the 

values were declined after Day 14. B75L25 had averagely lower amount of ME residue compared 

to the other treatments across the days of the measurement. 
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Table 6.2. Effects of the treatments: B75L25 (Banana waste 75% + Leucaena 25%), G25L75 (Guava leaves 25% + Leucaena 75%) and B5G25L70 

(Banana waste 5% + Guava leaves 25% + Leucaena 70%) on fermentability and methane production in Rusitec. 
  

Variable Pre-treatment Treatment P value 

Control B75L25 G25L75 B5G25L70 T D T x D 

Gas and CH4 Production    

Ph 6.66  6.92a  ± 0.03 6.93a ± 0.01 6.97a ± 0.03 6.93a ± 0.03 0.5420 0.0024 0.3029 

Gas (mL/d) 1120 1926b ± 144  505d ± 140  2255a ± 131 1565.38c ± 91.06 < 0.0001 0.0562 0.3424 

Gas (mL/gDMi) 74.72  128a ± 9.61 87b  ± 9.34 150a  ± 8.73 104b ± 6.07 < 0.0001 0.0562 0.3424 

CH4 (mL/gDMi) 0.36  2.07a ± 0.21 0.17d ± 0.04 0.81b ± 0.12 0.48c,d ± 0.04 < 0.0001 0.5808 0.6749 

  Total VFA (mmol/L) and ammonia (mg/L) production    

Total VFA  85.56a ± 11.26 62.0b ± 6.62 68.71a,b ± 8.97 67.62a,b ± 10.17 0.2318 < 0.0001 0.5800 

Acetate  57.72a  ± 7.26 38.17b ± 3.56 49.0a,b ± 6.01 47.31a,b ± 6.89 0.1424 < 0.0001 0.5546 

Propionate  17.65a  ± 2.49 15.24a,b ± 1.95 12.64a,b ± 1.98 11.54b ± 1.53 0.1005 < 0.0001 0.3203 

Butyrate  7.06a ± 1.0 5.19a ± 0.64 5.13a ± 0.64 6.17a ± 1.20 0.4460 0.0060 0.7977 

A : P  3.37b ± 0.09 2.64c ± 0.11 4.15a,b ± 0.17 4.21a ± 0.22 0.0060 0.0003 0.0131 

Ammonia  159.36b ± 14.47 215.68a ± 8.28 140.24b ± 13.79 146.32b ± 13.05 0.0029 < 0.0001 0.5070 

Values are means ± s.e.m. Pre-treatment values are averages across all fermentors (n = 12) on Day 0 (Day 7 of acclimatization). Treatment period: Days 

8, 11, 14, 17, 20 for NDF, CP disappearance, total VFAs, A: P ratio and ammonia production. Days 8-20 for the rest of the variables. Probabilities (F-

test) for treatment (T), sampling day (D), and their interaction (T x D) for the treatment period are shown. Means within each row during the treatment 

period followed by different letters (a, b) are statistically significantly different (student t-test; P < 0.05).  
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Table 6.3. Chemical profiles of residual digesta of the treatments in the Rusitec: B75L25 (Banana waste 75% + Leucaena 25%), G25L75 (Guava leaves 

25% + Leucaena 75%) and B5G25L70 (Banana waste 5% + Guava leaves 25% + Leucaena 70%). 

    Treatments    P value  

Variable Control B75L25 G25L75 B5G25L70 T D TxD 

DM (g/KgDM) 968± 3.8 967± 2.4 971± 3.2 966± 3.9 0.347 < 0.0001 0.373 

DMD (g/KgDM) 655a± 9.2 515c± 5.6 561b± 11.9 571b± 7.5 < 0.0001 0.0005 0.06 

NDFD (g/KgDM) 550c ± 10.44 720a ± 8.39 630b ± 6.75 620b ± 8.07 < 0.0001 0.0062 0.224 

CPD (g/KgDM) 270a ± 3.61 180d ± 5.40 240b ± 1.93 230c ± 1.72 < 0.0001 0.3833 0.179  

OMD (g/KgDM) 900± 4.5 916± 0.8 908± 5.5 908± 1.7 0.645 0.335 0.472 

Ash (g/KgDM) 99.83a± 4.5 82.86b± 0.9 91.59ab± 5.5 92.29ab± 1.7 0.014 0.001 0.177 

Hemicellulose (g/KgDM) 189.34b± 6.1 264.21a± 4.6 180.98b± 7.0 181.33b± 5.3 < 0.0001 0.009 0.270 

ME (MJ/KgDM) 9.65a± 0.1 7.25c± 0.1 8.04b± 0.2 8.20b± 0.1 < 0.0001 0.001 0.084 

                  DM (Dry Matter), DMD (Dry Matter Disappearance), NDFD (NDF Disappearance), CPD (CP disappearance), OMD (Organic Matter Disappearance). Values are means ± s.e.m. Treatment 

period: Days 8, 11, 14, 17, 20. Probabilities (F-test) for treatment (T), sampling day (D), and their interaction (T x D)   for the treatment period are shown. Means within each row during the 

treatment period followed by different letters (a, b) are statistically significantly different (student t-test; P < 0.05). 
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a  

b  

c  

 

Figure. 6.1 a-c. Total gas, methane and total VFA productions in fermentation vessels in Rusitec 

system in response to all the treatments, from Day 8 to Day 20.  The error bars 

represent the standard error of the mean (n = 3) 



 

93 
 

 

 

d   e    

  

 

 

f        g   

 

 

Figure. 6.1 d-g. Propionate production, pH, NH3 production and A:P ratio in fermentation   

vessels in Rusitec system in response to all the treatments, from Day 8 to Day 20.  

The error bars represent the standard error of the mean (n = 3) 
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Figure 6.3a-e. DM, OM, DMD, NDFD and CPD of the treatments across the days of measurement when 

tested in a Rusitec system. Bars represent standard error of the mean (n = 3).
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Figure 6.3. f-h. Ash, ME and hemicellulose residual digesta of the treatments across the days of 

measurement when tested in a Rusitec system. Bars represent standard error of the mean  

 (n = 3). 
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6.4. Discussion 

There are reports of plants that contain secondary compounds having anti-methanogenic effects 

(Wina 2012; Kamra, Agarwal & Chaudhary 2006; Kim et al. 2015; Jayanegara et al. 2011), and of 

feeding guava and banana waste to ruminants in a mixed diet. However, the present study shows 

that mixes of guava and banana waste with Leucaena lead to a persistent reduction in methane 

production without affecting overall fermentation in continuous culture in vitro. The outcomes of 

the different mixtures varied with respect to fermentation, but were generally positive, as long as 

the level of banana waste was not too high (i.e., above 5% of the diet when included with 25% 

guava leaves and 70% Leucaena). These findings suggest that it may be possible to make use of 

low-cost waste products from the guava and banana industries to improve the profitability and 

productivity of ruminants in Indonesia, while also helping Indonesia contribute towards the global 

efforts to reduce methane production. 

 

6.4.1. Variations of the effects amongst the treatments 

Incorporating guava at just 25 g/100 g of substrate in the mix with Leucaena (G25L75) increased 

gas production by 17% and reduced CH4 by 45% compared to control values. By adding 5 g/100 g 

substrate banana waste at the expense of Leucaena (B5G25L70), there was a 71% reduction in CH4 

with only a minor reduction in total gas production and no effect on total VFA production. 

However, there appears to be a limit to the amount of banana waste that can be incorporated. At 75 

g/100g substrate (B75L25), banana waste did not affect overall fermentation in batch culture but did 

have an adverse effect in the Rusitec. The strong (89%) reduction in CH4 production compared to 

the Control was accompanied by a 74% decline in gas production as well as 28% declines in VFA 

and NH3 accumulation. 

Clearly, inclusion of banana waste at 75% of the diet may not be safe for sheep. Interestingly, 

this conclusion differs from that from an in vivo study with goats in Indonesia where the animals 

were fed 75% dried grounded banana waste as a substitute for grass (Administrator 2016)  without 

harm. However, it was not clear whether the goats grew and produced. There are a number of 

potential explanations for these apparently conflicting conclusions including the manner in which 

the waste was dried or prepared, the difference between in vitro continuous culture and in vivo 

studies, the species of animal used, and the prior experience the animals had in consuming banana 

waste.  The other two main differences between the studies are the varieties of banana used and the 

time of year the banana material was collected, two factors that might influence the amount and 

type of bioactive secondary compounds present in the material. Banana leaf and stem have been 
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reported to contain flavonoids, pheromones, methyl salicylate, limonene and alpha beta pinene; the 

compounds that function as anti-fungal and anti-microbial agents (Berhal et al. 2017; Imam & 

Akter 2011). The leaf and stem contain lignins (Preethi & Murthy 2013) and tannins around 3.7% 

DM (Ally & Kunjikutty 2000), which influence the ability and speed that microbes degrade cell 

walls and can slow down the fermentation process (Van Soest 1994). Guava leaf is also known to 

contain tannins (9-12% DM), flavonoids particularly quercetin (Kamra, Agarwal & Chaudhary 

2006), and saponins (Barbalho & Farinazzi-Machado 2012; Rosidah & Afizia 2012), as well as 

factors that have anthelmintic properties (Ismail, Minhas & Khanum 2012). The type and structure 

of all those secondary compounds determines their effects on the rumen microbial population and 

therefore ruminal fermentation. It is possible that the banana material used in this study had high 

levels of secondary compounds that were more bioactive and general in their inhibition of the 

microbial community in the rumen.  Without feeding animals with the source of banana material 

used in the Rusitec experiment it is difficult to make a definitive conclusion about the strength of 

the bioactivity and whether it would cause and adverse effect.  However, there does appear to be a 

strong antimicrobial effect in the banana material used in this experiment that warrants further 

investigation through purification and identification of the active compounds.  

The reduction in fermentability as the level of banana waste was increased in the mixed 

substrate in continuous culture did not reflect the observations with batch culture (Chapter 5). In our 

batch culture, increasing the level banana from 25% to 50% and 75% did not affect gas production 

or A:P ratio and led to only a minor reduction in total VFA and propionate production. It seems 

likely that the nature of batch culture compared to the continuous culture could explain the 

difference between the results in this chapter with those in chapter 5. Batch culture is a closed 

system that only runs for 24 hours and the gas and other fermentation end products accumulate in 

the tubes. In contrast, the Rusitec is an open system that has a continuous inflow of artificial saliva 

buffer and outflow of gas and liquid from the fermentors with fresh substrate added each day. These 

conditions simulate the rumen more closely and it is possible that adding fresh substrate each day 

introduces fresh antimicrobial compounds each day causing a more persistent effect on 

fermentation. Similar differences in results between batch culture and Rusitec have been reported in 

other studies (Wei et al. 2019; Fraser et al. 2007; Li 2013; Banik 2017), and highlight the 

importance of treating batch culture testing as a quick, low-cost, screening tool that should only be 

used as a guide for testing in the Rusitec. 

The reduction in methane production in all treatments more than the reduction in total gas and 

VFA production, suggest that these substrates have a more targeted effect on the methanogens than 

a more general effect on the ruminal bacteria responsible for fermentation. Similar effects were 
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reported in another Rusitec study that tested Biserrula pelecinus and Eremophila glabra, where the 

anti-methanogenic properties in those plants mainly targeted methanogens  (Li 2013; Banik 2017). 

In contrast, the B75L25 treatment produced the least amount of CH4 as well as other key end 

products of fermentation that may have been the result of a direct and more general inhibition of the 

total microbial community in the rumen.  

For G25L75 and B5G25L70, values for total VFA production and propionate production were 

comparable to values for the Control, suggesting that these substrates are likely to be as fermentable 

and energetically valuable as Leucaena for the animal. This may not be surprising considering their 

nutritional values (DM, DMD and ME) were comparable to those for the Leucaena control. 

However, these outcomes highlight the likelihood that the lack of effect on total VFA might be due 

to the adaptation of the total bacteria population compared to methanogens towards tannin and 

saponin containing plants. It has been reported that the population of methanogens and protozoa 

declined as the level of tannins and saponins in plants increased (Wanapat, Kang & Polyorach 2013; 

Bhatta et al. 2008; Anantasook et al. 2013; Wallace et al. 2002), while the population of cellulolytic 

bacteria (F. succinogenes and R. flavefaciens) increased (Anantasook et al. 2013). 

VFA production, in particular propionate production, is a good indicator of hydrogen utilisation 

by fibre-degrading organisms because the organisms that generate propionate and other VFA 

compete for hydrogen with the methanogens. There is a lot of interest in feeds and/or supplements 

that favour a microbial ecology where more hydrogen is directed towards VFA production than 

methane.  CH4 reduction is often associated with an increase in propionate production (Hungate 

1966; Kamra, Agarwal & Chaudhary 2006), and is an indication of a more energy efficient diet. 

The lack of difference in VFA and propionate production with G25L75 and B5G25L70, compared 

to the Control, suggests that these treatments might offer similar energy values and encourages us to 

feed animals with Leucaena-based diets containing 25% guava waste with or without 5% banana 

waste. The lowest A:P ratio was detected for B75L25 and was associated with the least amount of 

CH4 produced, but there was a clear inhibition of fermentability. As mentioned previously, feeding 

75% banana waste has the potential to be risky depending on the source, but it would be interesting 

to test its effects in vivo. 

B75L25 increased NH3 production by 26% above Control values, whereas NH3 production 

with G25L75 and B5G25L70 was similar to Control values. The increase in NH3 production with 

B75L25 was followed by a significant reduction in total gas production. This suggests that the high 

level of banana waste disrupted the microbial ecology, favouring ammonia-producing bacteria such 

as Prevotella ruminantium and Prevotella bryantii and possibly hyper-ammonia producing bacteria 

Clostridium sticklandii or Clostridium aminophilum (Eschenlauer et al. 2002) and inhibiting fibre-
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degrading microorganisms (Bach, Calsamiglia & Stern 2005). Cellulolytic bacteria utilize N-NH3 as 

the sole nitrogen source for their metabolic activities (Cherdthong & Wanapat 2010) so, if they are 

inhibited by the substrate, NH3 accumulation is likely to increase. If this occurred in animals fed a 

diet containing 75% banana waste and 25% Leucaena, the resulting ammonia toxicity would cause 

a negative impact on animal health, welfare and production (Poppi 1997). The balance of rate of 

fermentation and NH3 production in the rumen is important, because the end products are required 

for the activity and the growth of rumen bacteria and the animal host (Ginting 2005; Makkar 2003). 

The difference in substrate disappearance between the Control, G25L75, and B5G25L70 

reflects differences in the extent of microbial degradation of the substrates. The lower value of 

substrate CP disappearance, for all the treatments compared to the Control, suggests a protective 

effect of tannins, perhaps because they are present in higher concentrations in G25L75 and 

B5G25L70. Tannins bind to dietary protein and thus protect it from degradation in the rumen (Wei 

et al. 2019). However, it also might simply be related to the lower CP content in G25L75 and 

B5G25L70, compared to the Control. Tannins that reduce CP disappearance might also related to a 

reduction in DM disappearance, particularly for B5G25L70, perhaps indicating less microbial 

concentration of the certain species due to the effects of tannins (Carro et al. 2005), but both 

G25L75 and B5G25L70 seem to be safe for the rumen, as evidenced by the end result of 

fermentation. NDF disappearance is an indication of potential digestibility of fiber and is an 

important fiber character because it will influence the turnover rate of ruminal fiber pools and it will 

determine the rate and final extent of ruminal fiber digestion (Soufizadeh et al. 2018). As in our 

B75L25, the value of NDF disappearance was the greatest, it might negatively affect the animal’s 

consumption and thus, feed efficiency. 

The chemical content of residual digesta is an important indicator of the digestibility of the 

substrate. The values for DM digestibility, hemicellulose and ME are useful for determining the 

nutritional content of the substrate in relation to the amount of energy available for the animal to 

utilise. My results show clearly that the control treatment (100% Leucaena) was the most digestible. 

However, there were only minor reductions in DM digestibility and ME content in G25L75 and 

B5G25L70 compared to the control. The significant reduction in DMD observed for the B75L25 

treatment is consistent with the reduction in overall fermentation parameters associated with the 

B75L25 treatment mentioned earlier.  These results add further evidence that B75L25 was a general 

inhibitory effect on the rumen microbial community that limited the fermentation and digestion of 

substrate in the Rusitec when compared to the other treatments and control.  It is possible that the 

banana waste I used had high tannins content and inhibited microbial attachment and or access feed 

particles and cell contents, which would be consistent with reports of high tannin concentrations 
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inhibiting the digestion of cellulose (McAllister et al. 1994), similar to incorporating higher amount 

of fibre (Lu, Kawas & Mahgoub 2005). This suggests that feeding this diet to the animals may 

reduce body weight and productivity (Poppi 1997; Buxton & Redfearn 1997; Knudsen 2001).  

 

6.4.2. Variations of the effects of treatments across the measurement period 

One of the main reasons for testing these substrates in the Rusitec was to test whether their effects, 

particularly on CH4 production, persisted over the length of the experiment, or whether the 

microbial ecology adapted over time and ‘restored’ methane production. Some Rusitec studies have 

reported a reduction in microbial diversity, particularly methanogens and certain species of rumen 

bacteria overtime, as response to changes in substrate (Johnson et al. 2009; Lengowski et al. 2016).   

However, in our study, the rumen microorganisms other than methanogens appears to have adapted 

to all treatments after two weeks in the Rusitec, supporting the view that the rumen microbiota 

requires time to adjust and build up numbers when they are exposed to a new feed (Czerkawski & 

Breckenridge 1977; Durand et al. 1988; Cardozo et al. 2004). 

The main effects of the treatments on fermentation in the Rusitec occurred around Day 13 and 

then persisted until the end of the experiment, 6 days later. The reductions in methane production 

for G25L75 (45%) and B5G25L70 (71%) occurred on Day 13 and persisted throughout the 

experiment. It appears that, after almost two weeks in Rusitec, the secondary compounds in the 

substrates were specifically shifting the rumen bacteria population but not disrupting the 

fermentation process.  In our study, the profiles of individual VFA changed over time, showing an 

increase in propionate for G25L75 and B5G25L70 after two weeks in the Rusitec along with a 

reduction in A:P ratio. Propionate production is an important indicator of the energy available to the 

animals, and this reduction in A:P ratio may reflect a shift in the dominant cellulolytic bacterial 

community present (Li 2013). These conditions, along with the change in chemical composition of 

the residual digesta across the measurement days, provide strong evidence that there was an 

adaptation of the rumen microbial population to the substrates over time.  It would be interesting to 

investigate whether this adaptation became more pronounced over a longer period of time.  This 

investigation would be best undertaken in vivo because there is a limit to the time substrates can be 

tested effectively in the Rusitec (Garcia et al. 2018; Wetzels et al. 2018; Wei et al. 2019) and 

extending the measurement time beyond what was tested here can be misleading. Most importantly, 

the methanogens did not appear to be able to adapt to the anti-methanogenic effects of the substrates 

over the 14 day period, although it is feasible that they were not able to compete for hydrogen as 

effectively as when they have access to Leucaena alone. In contrast, the banana waste in B75L25 
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was obviously inhibiting overall fermentation after one week and the decline continued until the last 

day of the measurement.  

Our results suggest that, as the experiment progressed, the rumen microorganisms adapted 

better to the Control substrate, followed by adaptation to G25L75 and B5G25L70. B5G25L70 did 

not have a significant harmful effect on overall fermentability, but its effects on CP and DM 

disappearance varied significantly throughout the measurement period, which suggests the ruminal 

microbial may not have adapted as quickly or effectively as the control or G25L75 treatment.  Since 

the banana waste appeared to be highly inhibitory at doses, it is possible that at the lower dose of 

5% the banana waste made it difficult to adapt. 

Overall, it is clear that we can pursue the use of low-cost waste products with the intention of 

reducing CH4 production from the Indonesian ruminant industries, without harmful effects on the 

fermentation processes in the rumen. The nature and extent of the benefits depend on the 

proportions of the different substrates in the diet, the animal’s exposure or experience to the 

horticultural harvest waste, and these aspects need to be measured through in vivo studies in 

Indonesia’s local ruminants.  

 

6.5. Conclusion 

The results in this Chapter confirm that 25% guava leaves in Leucaena based diet could reduce 

methane production without affecting overall fermentation processes in the rumen. Adding a small 

amount of banana waste to the guava-Leucaena mix might also be effective, perhaps with some 

small penalty for productivity. However, inclusion of too much banana waste is likely to reduce 

productivity to the extent that it negates the cost savings of the waste. Most importantly, these 

findings are exciting for Indonesia’s ruminant industries. There is a real opportunity to improve 

profitability by utilizing low-cost waste products from the guava and banana industries without 

reducing productivity, with the added benefit of reducing the methane emissions.  This will enable 

Indonesia to contribute to the global efforts to reduce the environmental footprint of ruminants and 

their contribution to greenhouse gas production. Utilization of the low-cost waste in animal feeds 

would also help reduce the ecological footprint of the horticultural industry by reducing the amount 

of methane and nitrous oxide generated landfill. The next step is to test these diets in vivo by 

feeding them to the various ruminants used in Indonesia (cattle, goats, sheep) and measuring 

productivity, methane emissions and effects on the rumen microbiome. 
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Chapter 7: General Discussion 

 

Because CH4 is a normal by-product from enteric fermentation, ruminants are a major contributor to 

greenhouse gas emissions from the agricultural sector. Moreover, they produce more CH4 when 

they are fed the low-quality forages typical for goats and cattle managed by Indonesian farmers, 

especially during the dry season. However, Indonesia produces large amounts of agricultural and 

horticultural harvest waste that could be utilized as an alternative component for ruminant feed, thus 

filling the dry-season feed gap. Moreover, using the waste in this way would divert waste from 

landfill where it would produce extra CH4. To date, this potential win-win opportunity has not been 

sufficiently explored. 

The general hypothesis for this thesis was that Indonesian horticultural harvest waste can be re-

purposed as an alternative source of feed for local ruminants, and that, as a component of the diet, it 

can reduce CH4 production without compromising rumen fermentation. The results support the 

hypothesis for banana waste and guava waste. 

The broad idea of alternative feedstuffs, whether it be horticultural harvest waste or alternative 

forage plants, and the possibility that such feedstuffs might inhibit CH4 production, needs to be 

coupled with a logical, cost-effective process for assessment of the candidates. Therefore, rather 

than progressing directly to animal experimentation, the first step needs to be use of in vitro 

techniques to measure fermentability and CH4 production. This approach allows us to ensure that 

only safe substrates with strong nutritional potential would be used in trials to test animal 

performance in vivo. 

I therefore started this research by surveying a wide variety of potential alternative feedstuffs in 

the province of Banda Aceh. Having produced a database of 40 plant species and their by-products, 

I then ranked the candidates on the basis of documented and local, anecdotal knowledge of 

agronomic properties, possible bioactivity, nutritive value, and toxicity. The best candidates were 

then screened by laboratory-based measurement of nutritive value, followed by in vitro assessment 

of fermentability and CH4 production using batch culture (Chapter 3). The list of candidates could 

thus be further reduced to a smaller list of best options that were screened again in batch culture, but 

with the parameters expanded to include assessment of varieties within the species, part of tree and 

season (Chapter 4). 

It had become clear at this stage that it was unlikely that the best candidates would be fed as a 

pure diet because of limitations in their nutritive values. This meant that they would probably be fed 

in combination with a high-quality forage, such as Leucaena. Therefore, the next step was to 
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formulate mixtures of Leucaena with different levels of the novel feedstuffs and study their 

performance in batch culture (Chapter 5). As a final stage before in vivo experiments, the best-

performing combinations of Leucaena and waste were assessed in the Rusitec, a continuous culture 

fermentation system (Chapter 6). 

The general hypothesis was supported by the following findings: a) some horticultural harvest 

wastes reduced CH4 production without depressing fermentation, but others depressed both; b) CH4 

reduction, fermentability and nutritive value varied with variety within species, part of tree and 

season; c) there are optimal combinations of banana and guava waste with Leucaena that present 

good nutritive value and also have the potential to reduce CH4 production without harming 

fermentation; the anti-methanogenic effects of the combinations of banana and guava waste with 

Leucaena persist for at least one week. 

In discussing these findings, I highlight the potential role of horticultural harvest waste in 

mitigating CH4 emissions from ruminants, as well as the value of the step-by-step screening process 

for deciding on the best combination of the substrates that could reduce CH4 production without 

disrupting the overall process of fermentation in the rumen.  

Some research has aimed at increasing the nutritional value of horticultural harvest waste in 

Indonesia, but few of those studies have considered the potential for CH4 reduction as a reason for 

assessment of the feedstuffs (Hifizah 2016). For Banda Aceh, we documented 40 plant species and 

their by-products, and reduced this list to 20 potential feedstuffs that fulfilled the criteria of good 

agronomic properties, possible bioactivity, good nutritive value, and low toxicity (Chapter 3). Of 

these 20 short-listed candidates, four (Annona muricata, Arachis hypogaega, Musa paradisiaca and 

Psidium guajava) seemed to be able to reduce CH4 production while maintaining fermentability in 

batch culture. These species are very well-known horticultural plants in Indonesia, and their waste 

is continuously available. 

Guava (Psidium guajava) leaf had a low CP content and poor fermentability, but was retained 

for further testing because it showed potent anti-methanogenic properties, seemed capable of 

providing energy at levels comparable to the other candidates (Chapters 3 and 4) (Hifizah et al. 

2018), was likely to have anti-microbial properties on the basis of its content of tannins (9-12% 

DM), flavonoids, and saponins (Barbalho & Farinazzi-Machado 2012; Rosidah & Afizia 2012), and 

might be anti-helminthic and thus beneficial to animal health (Dubey et al. 2012; Ismail, Minhas & 

Khanum 2012). Banana (M. paradisiaca) leaf and stem waste is widely available in Indonesia – in 

every cycle of fruit production, four times as much biomass is produced as waste, most of which is 

dumped into rivers or simply burned (Abdullah et al. 2014). We found that banana leaf had higher 

DM and CP content and stronger anti-methanogenic properties than either Annona muricata or 
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Arachis hypogaega (Chapter 3) and, particularly for the stem, it had potential as an energy source 

based on measures of fermentability and VFA production (Chapter 4). It also reported that banana 

leaf and stem contained flavonoids and tannins (Berhal et al. 2017; Imam & Akter 2011). 

In the end, only banana and guava were tested further because the supply of the other 

candidates was very limited in Western Australia. On the other hand, being restricted to two 

candidates allowed us to expand the assessment by considering how any anti-microbial and anti-

methanogenic properties were affected by part of tree (leaves or stems), variety, season, and 

variation among field replicates (Chapter 4). For banana waste, all of these factors affected nutritive 

value, fermentability and CH4 production, and there was interaction between part of tree and 

season. For guava, all varieties were similarly fermentable and produced similar values for methane 

production but, for crude protein, the significant 2-way interaction between variety and season 

showed that variety Mexican in autumn was better than the other combinations of variety and 

season. Seasonal and variety variations in nutritional values have also been reported in other studies 

with other plant species (Buxton & Redfearn 1997; Evitayani. et al. 2004; Durmic et al. 2017; 

Ververis et al. 2004; Bodas et al. 2008). Variation in nutritive value and fermentability is probably 

associated with changes in cell wall or tissue structure with plant maturation, root system, 

temperature and variety. Low CH4 production is usually related to low fermentability (Durmic et al. 

2010; Wina 2012; Janssen 2010), but William Cavendish banana leaf inhibited CH4 production 

while maintaining VFA production, suggesting a specific inhibitory effect on methanogens. This is 

feasible because specific inhibitory effects of plant secondary compounds on rumen 

microorganisms have been reported in other studies (Oskoueian, Abdullah & Oskoueian 2013; 

Wencelová et al. 2014; Li 2013). 

In addition, for nutritional value, William Cavendish banana waste fulfilled the criterion of an 

adequate dietary source of protein, being better than the Plantain banana. The higher CP content of 

William Cavendish leaf might be associated with a greater release of N-ammonia, a requirement for 

protein microbial synthesis during rumen fermentation (Ginting 2005). Our observation of more N-

ammonia production coupled with lower CH4 production during ruminal fermentation supports 

other studies (Park & Kim 2015; Knapp et al. 2014). Spring appears to be best season for ensuring 

low CH4 production from William Cavendish waste, and was also good for nutritional value. The 

stems were more fermentable than the leaves, so we combined the two parts of the plant as a single 

package (‘banana waste’) for further testing. For guava, we selected variety Mexican because its CP 

content was greater than for the other guava varieties, and there were no differences amongst the 

varieties in CH4 production or fermentability. However, the bottom line was that guava leaves 



 

106 
 

inhibit fermentability more than banana waste, perhaps due to high levels of anti-microbial and anti-

methanogenic compounds (Mailoa et al. 2013; Jayanegara, Leiber & Kreuzer 2011).  

The outcomes for nutritional value made it clear that, if they were to be fed to animals, these 

two horticultural harvest wastes would have to be mixed with a standard high-quality forage such as 

Leucaena. The big challenge is finding the right proportions of such mixtures that will reduce CH4 

production without harming rumen fermentation. In Chapter 5, we found that none of the 

combinations containing banana waste significantly reduced CH4 production, although there was a 

tendency for a reduction in the mixture with 5% banana waste plus 25% guava leaves plus 70% 

Leucaena. Many reports have shown that tannins are a major anti-methanogenic agent (Jayanegara 

et al. 2011; Wadhwa & Bakshi 2013; McNeill et al. 1998; Walton 2003) and the amount by which 

CH4 production is inhibited is determined by the total content of tannins and non-tannin phenolic 

compounds in the substrate (Jayanegara et al. 2011). Each component of the mix (banana, guava, 

Leucaena) has anti-methanogenic properties so the outcome with 5% banana/25% guava/70% 

Leucaena is probably explained by variations in the structure of the phenolic compounds, the 

activities of each phenolic source, the percentage of the phenolic compounds in the substrate and 

interactions among the phenolic compounds (Makkar 2003), (Chapters 3 and 4). 

Our batch culture study showed that rumen microorganisms can tolerate 25% guava as an anti-

methanogenic component of the diet (Chapter 5) – any further increase in the percentage of guava 

leaves in the mixture with Leucaena inhibited fermentation, suggesting that the rumen microbial 

population was disrupted by high levels of bioactive compounds in guava leaves. All of our 

treatments resulted a shift in fermentation end-products, so it is clear that banana waste and guava 

leaves modulate the fermentation process. It is thus essential to find a suitable level of inclusion of 

banana waste and guava leaves where the harmful effects of anti-methanogenic properties on the 

rumen are prevented, and animal productivity is maintained if not improved.  

From a nutritional perspective, particularly in the search for alternative sources of energy, our 

batch culture study demonstrated three combinations of substrates with potential for industry: i) 

B75L25, ii) G25L75 iii) B5G25L70. As expected, by mixing horticultural harvest waste with a 

good quality feed source, the nutritional content and digestibility were improved (Capstaff & Miller 

2018; Durmic et al. 2010). However, for B75L25, the Rusitec result did not agree with the batch 

culture result, possibly due to differences in the fermentation system that allowed greater anti-

methanogenic effects on both the methanogens and the fibre-degrading bacteria., As an open 

fermentation system, Rusitec does not allow fermentation products to accumulate inside the 

fermentation mix, in contrast to batch culture, probably affecting a broad variety of biochemical 

interactions among substrate compounds and the microorganisms. Another explanation might be 
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that 75% banana waste introduced a large amount of lignin and pectin to the system, thus inhibiting 

substrate degradation (Van Soest 1994), as well as flavonoids, pheromones, methyl salicylate, 

limonene and alpha beta pinene, compounds that function as an anti-fungal and anti-microbial 

agents (Berhal et al., 2017). Finally, the discrepancy between batch culture and Rusitec might be 

associated with certain flavonoids that, at high levels of banana waste, inhibit cellulolytic bacteria 

and reduce substrate digestibility, and therefore hydrogen production. Any reduction in hydrogen 

availability would affect methanogen population and activity. A reduction in hydrogen production 

has been reported to be a consequence of changes in the pathways of carbohydrate degradation to 

VFA (Knapp et al. 2014; Broucek 2015; Kamra, Agarwal & Chaudhary 2006). 

Reducing the amount of CH4 produced by shifting hydrogen pathways, either through direct or 

indirect actions on methanogen populations, would affect other rumen microorganisms – for 

example, increasing the population of cellulolytic bacteria (Li 2013), reducing the protozoa 

population (Martínez et al. 2010), increasing ammonia-producing bacteria, or inhibiting cellulolytic 

and amylolytic bacteria (Bach, Calsamiglia & Stern 2005). The daily patterns of production of CH4, 

total gas, VFA and NH3 reflect such changes in the populations or activities of the rumen microbes. 

In my final experiment (Rusitec; Chapter 6), all the mixture tested were based on the results in 

batch culture (Chapter 5) that indicated the safest mixtures for overall fermentation.  

My Rusitec experiment lasted for 20 days and allowed me to investigate the persistency of the 

anti-methanogenic properties of banana and guava. The most interesting findings were: G25L75 

reduced CH4 production by 45% and increased fermentability (gas production) by 17% compared to 

the Control; B5G25L70 reduced CH4 production by 71% but also caused a minor (18.7%) reduction 

in total gas production, without affecting the overall fermentation outcome; B75L25 dramatically 

reduced CH4 production by 89% soon after it was introduced into the system, but depressed the 

fermentation process. The anti-methanogenic effects persisted for two weeks in all treatments 

compared to the Control, and in the case of B75L25 the effects on CH4 were almost immediate and 

the total gas production dropped dramatically after one week of treatment. It appears that this high 

level of banana waste had a general antimicrobial effect on the ruminal microorganisms in the 

Rusitec. The effects on methane production may have been a result of a direct effect on 

methanogens and/or an indirect effect on the ruminal microorganisms generating hydrogen. The 

low total gas production clearly demonstrates that overall microbial fermentation was inhibited by 

B75L25. A reduction in A:P ratio can be linked to a reduction in CH4 (Knapp et al. 2014; Broucek 

2015; Hungate 1966; Kamra, Agarwal & Chaudhary 2006; Hook, Wright & McBride 2010).  The 

lower A:P ratio and CH4 production in B75L25 suggests that of the hydrogen produced, more was 
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being converted into propionate, suggesting that at least some of the methanogens may have been 

inhibited, or were less able to compete for the hydrogen.   

Guava and banana tree waste clearly contain general phytochemical compounds with anti-

methanogenic properties, as evidenced in the outcomes of batch culture. Guava, as sole substrate or 

in a mixture, strongly inhibits methane production and the fermentation process. Banana, on the 

other hand, appears to contain less anti-methanogenic compounds. As a sole substrate, banana leaf 

strongly inhibits CH4 production with only moderate effects on the fermentation process, and as 

part of a mixed substrate only moderately inhibits CH4 production. The role of phytochemical 

compounds as anti-methanogenic agents have been well documented (Kim et al. 2015; Jayanegara 

et al. 2011). On the other hand, our Rusitec results contrast with those recently reported 

(Administrator 2016) and also with anecdotal evidence from ruminant farms in Indonesia where 

animal performance is apparently not harmed by feeding 75% dried ground banana waste as a 

substitute for grass. The species of animal, the experience of the animals with the waste, the variety 

of banana, the time of harvest, and differences in the fermentation system might explain the 

discrepancies. Plant variety and time of harvest have bene reported to affect the secondary 

compounds in the substrate, the ruminal microorganism population and the fermentation process 

(Oskoueian, Abdullah & Oskoueian 2013; Jayanegara et al. 2011) 

Importantly, the CH4 production and fermentability results for 25% guava leaves (with or 

without banana waste) were comparable for batch culture and Rusitec. With two weeks in the 

Rusitec system, there was a significant reduction in CH4 production, a slow increase in the 

concentrations of total VFA and propionate, a lower NH3 concentration, and a lower A:P ratio with 

G25L75 and B5G25L70. There was some fluctuation in DM disappearance for B5G25L70, but 

otherwise a gradual decrease in DM disappearance and DM residual digesta for G25L75, and an 

increase in NDF disappearance for B75L25. However, for B5G25L70, DMD residual digesta 

showed a similar pattern to the Control – an increase after two weeks in the Rusitec. These 

observations all suggest that there is a recovery in the rumen microbial population, either as an 

adaptation of the ruminal microbial population to the new substrates, or through reductions in 

certain species of fibre-degrading bacteria. Adaptation of the ruminal microbial ecosystem to the 

anti-methanogenic properties over 2 weeks is consistent with other Rusitec studies (Goiri, Garcia-

Rodriguez & Oregui 2009; Li 2013). The next step is to test G25L75 and B5G25L70 in vivo, with 

the expectation of a minor reduction in the animal performance for B5G25L70. For B75L25, there 

is clearly a risk with in vivo studies, as evidenced by our Rusitec result. 

To conclude, it is clear that waste from the banana and guava horticultural industries has anti-

methanogenic properties but can still maintain rumen fermentation. The sequence of studies in this 
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thesis also demonstrates the value of a broad survey of potential alternative feedstuffs, followed by 

in vitro screening to assess nutritional value and anti-methanogenic activity. A series of in vitro 

assessments is especially critical for any substrates that have potent anti-methanogenic properties, 

particularly if there have been few studies of bioactivity in those substrates, to avoid adverse effects 

on the animal production, health and welfare. Moreover, the process is efficient because in vitro 

feed assessment requires small amounts of the potential feedstuff, costs are minimized, and a large 

number of treatments and scenarios can be assessed rapidly and simultaneously. 

From the studies described in this thesis, it is no possible to determine the mechanism by which 

microbial activity is affected by guava and banana waste. Further work is required to understand the 

mechanism of action at a microbial and cellular level. A complete metagenomics analysis of the 

ruminal microbial ecology is required to understand how the substrates affect hydrogen producers 

and hydrogen utilizers. However, from a practical prospective, we have revealed the anti-

methanogenic potential of horticultural harvest waste, and shown that banana and guava waste need 

not compromise overall fermentation characteristics. The results in this study have thus contributed 

to our understanding of the potential of horticultural harvest waste as anti-methanogenic dietary 

supplement for ruminants, and show that they warrant in vivo assessment. In the next stage of this 

research, we should return to Annona muricata and Arachis hypogaega, the other two candidates 

that showed early promise. 

From a broader perspective, this research offers guidance for the researchers and farmers, 

particularly in Indonesia, in how to address the possibility of utilizing horticultural harvest waste 

that might provide an extra source of feed, be safe for the rumen, and reduce methane emissions, 

directly from the rumen as well as from landfill. These feed sources are potentially beneficial for 

the animals and profitable for the farmers. In addition to offering a solution to the scarcity of forage 

during the dry season, horticultural harvest waste can support Indonesian’s contribution to global 

CH4 mitigation.  
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Appendix 

Table A. 3.1.  History as feed source and taxonomy of the 40 plant species in Aceh 

No Scientific Name Local Name T/C/F Fodder S/G/L       Taxonomy 

1 Salix tetrasperma Daun Jaloh Future Shrubs Kingdom = Plantae 

      Division = Tracheophyta 

      Class = Magnoliopsida 

      Order = Malpighiales 

      Family = Salicaceae 

      Genus = Salix 

      Species = Salix tetrasperma 

            

2 Azadirachta indica Juss. Daun Mimba Future Shrubs Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Dicotyledonae 

      Order = Rutales 

      Family = Meliaceae 

      Genus = Azadirachta 

      Species = Azadirachta indica Juss. 

3 Widelia biflora Daun Sernai Future Shrub Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Asterales 

      Family = Asteraceae 

      Genus = Wedelia 

      Species = Wedelia biflora (L).DC. 

4 Moringa oliefera Daun Nasi-nasi Future Legume tree Kingdom = Plantae 



      Division = Spermatophyta 

      Class = Dicotyledoneae 

      Ordo = Rhoeadales (Brassicales) 

      Family = Moringaceae 

      Genus = Moringa 

      Species = Moringa Oleifera  

5 Artocarpus heterophyllus Daun Nangka Current Crop tree Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Urticales 

      Family = Moraceae 

      Genus = Artocarpus 

      Species = Artocarpus heterophyllus 

6 Mangifera indica L. Mangga Arumanis Current Crop tree Kingdom = Plantae 

   (daun)   Division = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Sapindales 

      Fam = Anacardiaceae 

      Genus = Mangifera L. 

      Species = Mangifera indica L. 

7 Curcuma domestica Val. Kunyit Traditional Herbs/ Kingdom = Plantae 

     shrub Division = Spermatophyta 

      Class = Monocotyledonae 

      Order= Zingiberales 

      Family = Zingiberaceae 

      Genus = Curcuma 

      Species = Curcuma longa Linn. 

8 Pennisetum purpureum Rumput Gajah Traditional Grass Kingdom = Plantae 



      Division = Spermatophyta 

      Class = Monocotyledonae 

      Order = Poales 

      Family = Poaceae 

      Genus = Pennisetum 

          Species = Pennisetum purpureum 

9 

Pennisetum purpureum 

schumach 

Rumput Gajah 

Odot Current Grass Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Monocotyledonae 

      Order = Poales 

      Family = Poaceae 

      Genus = Pennisetum 

      

Species = Pennisetum purpureum 

schumacher 

10 Setaria sphacelata Rumput Lampung Current Grass Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Monocotyledonae 

      Order = Glumiflora 

      Family = Graminae 

      Genus = Setaria 

      Species = Setaria sphacelata 

11 Hibiscus tiliaceus Daun Waru Current Tree Legume Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Dicotyledonae 

      Order = Malvales 

      Family = Malvaceae 

      Genus = Hibiscus 

      Species = Hibiscus tiliaceus 



12 Hibiscus rosasinensis 

Daun Kembang 

sepatu Current Shrub Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Dicotyledonae 

      Order = Malvales 

      Family = Malvaceae 

      Genus = Hibiscus 

          Species = Hibiscus rosa sinensis L 

13 Averrhoa carambola L Belimbing Manis Future Crop Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Geraniales 

      Family = Oxalidaceae 

      Genus = Averrhoa 

      Species = Averrhoa bilimbi L. 

14 Lannea coromandelica Kudo Current Tree Legum Kingdom = Plantae 

       Division = Spermatohpyta 

      Class = Dicotyledonae 

      Order = Sapindales 

      Family = Anacardiaceae 

      Genus = Lannea 

      Species = Lannea coromandelica 

15 Ipomea batatas L. Ubi Jalar Current Crop Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Dicotyledonae 

      Order = Convolvulales 

      Family = Convolvulaceae 

      Genus = Ipomea 



      Species = Ipomea batatas L. 

16 Musa paradisiaca Daun Pisang Future Crop Kingdom = Plantae 

  (leaves and stems)    Division = Magnoliophyta 

      Class = Liliopsida 

      Order = Zingiberales 

      Family = Musaceae 

      Genus = Musa 

      Species = Musa paradisiaca 

17 Gliricidia sepium Gamal Traditional Legume Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Magnoliophyta 

      Order = Fabales 

      Family = Fabaceae 

      Genus = Gliricidia 

      Species = Gliricidia sepium 

18 Leucaena leucocephala Lamtoro Traditional Legume tree Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Eudicots 

      Order = Fabales 

      Family = Fabaceae 

      Genus = Leucaena 

          Species = Leucaena leucocephala 

19 Caliandra calothyrsus   Kaliandra Current Legume Kingdom = Plantae 

      Class = Eudicots 

      Order = Fabales 

      Family = Fabaceae 

      Genus = Calliandra 

      Species = Caliandra calothyrsus 



20 Arachis hypogaea L. Kacang Tanah Future Legume Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Dicotyledoneae 

      Order = Leguminales 

      Family = Papilionaceae 

      Genus = Arachis 

      Species = Arachis hypogaea L. 

21 Zingiber officinale Rosc. Jahe Future Herbs Kingdom = Plantae 

      Divisi = Magnoliophyta 

      Class = Monocotyledoneae  

      Order =Zingiberales 

      Family = Zingiberaceae 

      Family = Zingiberaceae 

      Genus = Zingiber 

      Species = Zingiber officinale Rosc. 

22 Annona muricata L Daun Sirsak Future Crop Kingdom = Plantae 

  (leaves)    Division = Spermatophyta 

      Class = Magnoliidae 

      Order = Magnoliales 

      Family = Annonaceae 

      Genus = Annona 

      Species = Annona muricata L. 

23 Piper aduncum L. Daun Sirihan Future Shrub Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Magnoliidae 

      Order = Piperales 

      Family = Piperaceae 

      Genus = Piper 



          Species = Piper aduncum L. 

24 Psidium guajava Jambu biji Future Crop Kingdom = plantae 

 (leaves)    Division = Spermatophyta 

     Class = Dicotyledoneae 

     Order = Myrtales 

     Family = Myrtaceae 

     Genus = Psidium 

          Species = Psidium guajava 

25 Eugenia aquea Jambu air Future Crop Kingdom = Plantae 

 (leaves)    Division = Magnoliophyta 

     Class = Magnoliopsida 

     Order = Myrtales 

     Family = Myrtaceae 

       Genus = Syzygium 

     Species = Syzygium aqueum 

            

26 Skin of Manihot utilissima  Kulit singkong Current Crop Kingdom = Plantae 

  

(leaves and the cover of 

the bulbs)    Division = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Euphorbiales 

      Family = Euphorbiaceae 

      Genus = Manihot 

      Species = Manihot utilissima Pohl 

            

27 Ficus fistulosa Ba' Medang Future Tree Legume Kingdom = Plantae 

      
Division =  Magnoliophyta 

      
Class =  Eudicots 



      
Order = Rosales 

      
Family = Moraceae 

      
Genus = Ficus 

              
Species = F. fistulosa 

28 Pterocarpus indicus Ba' Asan Current Tree Legume Kingdom = Plantae 

      Divisi = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Fabales 

      Family = Fabaceae 

      Genus = Pterocarpus 

      Species = Pterocarpus indicus Willd. 

29 Theobroma cacao L. Daun coklat Future Crop  Kingdom = Plantae 

  (leaves)     Division = Spermatophyta 

      Class = Magnoliopsida 

      Order = Malvales 

      Family = Sterculiaceae 

      Genus = Theobroma 

      Species = Theobroma cacao L. 

30 Seed cover of Theobroma Kulit buah coklat Current Crop Kingdom = Plantae 

  cacao L.    Division = Spermatophyta 

      Class = Magnoliopsida 

      Order = Malvales 

      Family = Sterculiaceae 

      Genus = Theobroma 

      Species = Theobroma cacao L. 

31 

Chromolaena odorata 

(L.)RM.King & H.Rob. Daun Kirinyuh Current Shrub Kingdom = Plantae 

      Division = Tracheophyta 



      Class = Magnoliopsida 

      Order = Asterales 

       Family = Asteraceae 

      Genus = Chromolaena 

      

Species = Chromolaena odorata 

(L.)RM.King & H.Rob. 

32 Zea mays L. Daun jagung Current Crop Kingdom = Plantae 

  (leaves, corncobs)    Division = Tracheophyta 

      Class = Magnoliopsida 

      Order = Poales 

      Family = Poaceae 

      Genus = Zea L. 

      Species = Zea mays L. 

33 Samanea saman Daun Trembesi Future Tree Legume Kingdom = Plantae 

      Division = Spermatophyta 

      Class = Dicotyledonae 

      Order = Fabales 

      Family = Fabaceae 

      Genus = Samanea 

      Species = Samanea saman 

        

34 

Colocasia esculenta L. 

Schott Talas  Future Crop Kingdom = Plantae 

  (bulbs)    Division = Spermatophyta 

      Class = Monocotyledoneae 

      Order = Arales 

      Family = Araceae 

      Genus = Colocasia 

          Species = Colocasia esculenta L. Schott 



35 

Sauropus androgynus (L.) 

Merr. Daun Katuk Current Shrub Kingdom = Plantae 

      Division = Magnoliophyta 

      Class = Magnoliopsida 

      Order = Malpighiales 

      Family = Phyllanthaceae 

      Genus = Sauropus 

      Species = Sauropus androgynus (L.) Merr. 

36 Ageratum conyzoides L. Daun Presiden Current Shrub Kingdom = Plantae 

      Division = Tracheophyta 

      Class = Magnoliopsida 

      Order = Asterales 

      Family = Asteraceae 

      Genus = Ageratum 

      Species = Ageratum conyzoides L. 

37 

Asystasia gangetica (L.)T. 

Anderson Bandotan Current Shrub  Kingdom = Plantae 

       Division = Spermatophyta 

       Class = Dicotyledonae 

       Order = Scrophulariales 

       Family = Acanthaceae 

       Genus = Asystasia 

      

 Species = Asystasia gangetica (L.)T. 

Anderson 

38 Saccharum officinarum L. Daun tebu Future Crop Kingdom = Plantae 

  (leaves, molasses)    Division = Magnoliophyta 

      Class = Liliopsida 

      Order = Poales 

      Family = Poaceae 



      Genus = Saccharum 

      Species = Saccharum officinarum L. 

39 Mikania micrantha Kunth Ba' uroh Future Shrub Kingdom = Plantae 

      Division = Tracheophyta 

      Class = Magnoliopsida 

      Order = Asterales 

      Family = Asteraceae 

      Genus = Mikania 

          Species = Mikania micrantha Kunth 

40 Brachiaria mutica Kolonjono Current Grass Kingdom = Plantae 

      Division = Spermatohpyta 

      Class = Monocotyledoneae 

      Order = Glumiflora 

      Family = Graminae 

      Genus = Brachiaria 

          Species = Brachiaria mutica 

 

 

 

 

 

 

 

 

 



Table A.3.2.  Twenty shortlisted candidates for IVFT batch culture from Aceh, Indonesia 

 

 

 

 



A.3.3. List of questions for the respondents in Aceh, Indonesia 

1. What is your name? 

2. How old are you? 

3. What’s the name of the districts (Desa, Kecamatan) where you live? 

4. How many livestock (cattle or goat) that you have? 

5. a. What kind of feeding management that you apply to your farm? 

    b. If your animals are grazed, what kinds of fodder that they consume? 

    c. If the forage needs to be cut and carry, how do you give it to your animals? 

6. a. How many times you feed your animals in a day?  

b. What kinds of feed that you currently give and what time do you feed your animals?   

(e.g. What time in the morning do you feed and what kind of feed, etc.). 

c. Why do you give such forage and with that portion to your animals? 

d. How about the palatability? 

e. Do you know anything about the nutritional values/contents of the forage? 

7. How far is the feed source from your farm? 

8. How accessible is it? 

9. How about its availability? 

10. Have you ever experienced that it is less available? If so, what do you optionally feed 

your animals and how do you give it? 

11. What kind of feed that you gave to your animals in the past? (Traditionally fed) 

12. Do you think there can be an optional/alternative feed that can be fed to your animals in 

the future? If so, what is it/are they and why do you choose it? 

 

Note: The questions can be developed as the conversation goes on. 

  



 




