
Understanding the in vitro bioactivity of the forage legume Biserrula pelecinus 

L. - variability and mechanisms 

 

 

Bidhyut Kumar Banik  

Bachelor of Science in Microbiology, The University of Dhaka, Bangladesh 

Graduate Diploma in Science (Genetics and Breeding) and Master of Science (Genetics and 

Breeding), The University of Western Australia 

This thesis is presented for the degree of Doctor of Philosophy  

at The University of Western Australia 

2017 

 

 

 

 

 

Centre for Plant Genetics and Breeding and the UWA Institute of Agriculture 

UWA School of Agriculture and Environment 

Faculty of Science 

The University of Western Australia 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii | P a g e  

 

SSTTAATTEEMMEENNTT  OOFF  CCAANNDDIIDDAATTEE  CCOONNTTRRIIBBUUTTIIOONN  

 

The research presented in this thesis is an original contribution towards greater 

understanding of the in vitro methanogenic potential and mechanism of action of the 

annual pasture legume, Biserrula pelecinus L. 

I, Bidhyut Kumar Banik, declare that this thesis is my own work and does not contain any 

material that has been accepted for award of any other degree or diploma in any 

university or other tertiary institute. To the best of my knowledge it contains no copy or 

paraphrase of materials previously published by any other person or myself, except where 

due reference is made. 

I, Bidhyut Kumar Banik, carried out the design and conducted the glasshouse and 

laboratory work related to this thesis solely by myself after consultation with my 

supervisors. The thesis is presented as a series of independent research papers (published 

or to be published), proceeded by a general introduction chapter, and followed by general 

discussion. The central chapters of this thesis are written and presented as separate 

manuscripts, so some unavoidable repetition of basic information (especially introduction 

and materials and methods) does occur. The publications or submitted publications 

preparing this thesis were written by myself and the co-authors were involved in planning, 

discussion of results, structure of the papers and editorial comments to finalize them. 

 

 

Bidhyut Kumar Banik 

December 2016 

 
 
 
 
 
 
 
 
 
 
 
 



iv | P a g e  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

I dedicate my thesis to  

my little princess, beloved wife, 

parents, younger brother and my 

supervisors 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



v | P a g e  

 

AABBSSTTRRAACCTT  

Methane is a potent greenhouse gas (GHG) that affects the environment as a global 

warming agent. It is a 20 times more potent GHG than carbon dioxide and it has a 

relatively short life in the atmosphere, making mitigation strategies for reducing methane 

emission more effective than for other greenhouse gasses. A major anthropogenic source 

of methane is agriculture, in particular ruminant livestock, where an abundant amount of 

gas is produced and expelled into the environment during fermentation of food in the gut. 

The amount of methane produced is directly linked to the animal diet, so dietary 

manipulation, including the use of bioactive forage plants can be a useful mitigation 

strategy. Recently, the annual forage legume Biserrula pelecinus L. (biserrula) was found 

to offer an exciting prospect as a bioactive plant, as it results in 7 to 10 times less methane 

than other forage legumes when fermented in vitro by rumen microbes. There is a critical 

need to progress knowledge on the nature of this anti-methanogenic effect, as well as 

how it might be influenced by various plant and environmental factors. 

The focus of this thesis was to investigate the mechanism(s) of the anti-methanogenic 

property of biserrula and to understand how different types of plant stress (physiological 

and environmental) affect the activity of this pasture species towards rumen microbes. In 

total, seven in vitro experiments were conducted to examine effects on fermentation, 

microbial ecology and persistency of the anti-methanogenic bioactivity. Subterranean 

clover was used as a standard to benchmark the effect in all experiments. Briefly, Chapter 

3 describes exploration of the mechanism of anti-methanogenic bioactivity through 

fractionation of plant extracts and testing these fractions against pure cultures of key 

rumen methanogens; this is followed by Chapter 4 that describes experiments in batch 

and continuous culture that evaluated the persistency of biserrula over time and when 

mixed with subterranean clover. Finally, Chapters 5 and 6 deal with the persistency of the 

bioactivity of biserrula when the plants are exposed to nutritional and physiological 

stresses. 

The key findings are that the anti-methanogenic bioactivity of biserrula persists over time, 

and/or when mixed with another plant (subterranean clover), in vegetative and 

reproductive growth stages, and when the plant was defoliated or exposed to a gradient 

of soil phosphorus (P). It was also shown that the plant was targeting methanogens 
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directly, as a significant reduction in total methane production occurred without 

hampering key fermentation parameters in a continuous culture system. This effect was 

also confirmed in pure culture, where the bioactive fractions from biserrula reduced 

methane production and cell growth of the main rumen methanogens. Chemical profiling 

indicated the presence of flavonoid glycosides as a major component of these fractions. 

It was revealed that the influences of plant stress on anti-methanogenic bioactivity in this 

plant were limited. The physical damage of biserrula via defoliation at the reproductive 

stage reduced methanogenic potential in vitro. However, only one genotype of biserrula, 

2004ERI1PEL, showed a decrease in methanogenic potential at a P level of 96 mg P/kg in 

the soil, while two other genotypes showed no change. While there was some genotype 

effect within biserrula for methanogenic potential in response to these stressors, this was 

small compared to the species effect (i.e. the comparison with subterranean clover). All 

biserrula treatments consistently produced greater anti-methanogenic bioactivity 

compared with subterranean clover, regardless of the genotype, stage of growth or type 

of stress. 

Overall, the research showed the effectiveness and consistency of the anti-methanogenic 

bioactivity of biserrula and the effect is reliant on specific chemical compounds within the 

plant that target rumen methanogens. Stresses imposed on the plant do not markedly 

reduce the potency of the anti-methanogenic bioactivity of biserrula. These results offer 

encouragement for further experimentation i.e. in vivo to assist the development of 

grazing strategies and potentially novel plant-based feed additives to manipulate enteric 

methane production. 
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1.1. INTRODUCTION 1 

Greenhouse gas (GHG) emissions have drawn recent attention because of the 2 

understanding of their effects on global warming and climate change. Enteric methane 3 

emission from ruminants is one of the most significant sources of GHG production from 4 

the agricultural sector (Garnaut 2011) and it contributes half of the anthropogenic 5 

methane emissions in Australia. This GHG, methane, emitted from ruminants also 6 

represents a major energy loss from the gross energy intake from feedstuffs 7 

(Beauchemin et al. 2008; Flachowsky & Lebzien 2012). Populations of specialized 8 

anaerobic methanogenic archaea (methanogens) in the rumen use carbon dioxide (CO2) 9 

and hydrogen (H2) to produce methane as the end product of microbial fermentation 10 

(Thauer et al. 2008). Reducing the activity of these methanogens is a powerful approach 11 

to lower ruminant methanogenic potential (Wright et al. 2004; Jeyanathan et al. 2011; 12 

Cieslak et al. 2013).  13 

Diet and nutritional management have proven to be one of the best approaches 14 

to reduce methane production from the rumen (Moss et al. 2000; Beauchemin et al. 15 

2008; Buddle et al. 2011) and it has the lowest impact on the environment. This includes 16 

the feeding of high quality of feedstuff such as concentrates (Lovett et al. 2006), legumes 17 

(McCaughey et al. 1999; Waghorn et al. 2002), adding specific plant secondary 18 

compounds (PSCs) in the feed (Patra et al. 2006), using bioactive plants (Bodas et al. 19 

2008; Soliva et al. 2008), using dietary supplements such as enzymes, and more recently, 20 

improved pasture management through the exploitation of plants with lower 21 

methanogenic output when fermented by rumen microbes (methanogenic potential) 22 

(Beauchemin et al. 2008). 23 

Australian animal production systems have largely been based on the extensive 24 

grazing of ruminants utilizing annual and perennial pastures (Morley & Katznelson 25 

1965). Legume pastures have traditionally been based on subterranean clover (Trifolium 26 

subterraneum L.) and annual medics such as burr medics, barrel medics etc. More 27 

recently, some new species of annual legumes have been domesticated in Australia to 28 

address specific edaphic and farming system challenges such as soil acidity and 29 

intensification of cropping (Loi et al. 2005). Biserrula (syn. Astragalus) pelecinus L. 30 
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(biserrula, Fig 1.1) was introduced to southern Australia as an alternative pasture species 1 

to subterranean clover (Ghamkhar et al. 2012) because of its adaptation to sandy soils 2 

and persistence in cropping systems. In my previous work, it has been found to be one 3 

of the most bioactive forage species that can reduce rumen methane production up to 4 

8 times compared to subterranean clover (Banik et al. 2013a; Banik et al. 2013b). 5 

However, any environmental effect for low methanogenic potential within biserrula and 6 

the mechanism of its bioactivity is still unknown. 7 

 8 

Figure 1.1. Biserrula pelecinus (biserrula) cv. Casbah (Photo Banik, 2014). 9 

There is little research on factors such as, environmental stress, plant physiology 10 

and genotype that may affect the activity of bioactive plants. Environmental conditions 11 

such as, grazing or defoliation (Chaichi & Tow 2000) and extremes in nutritional supply 12 

(Pang et al. 2010; Maxwell et al. 2012) can influence the overall growth of plants. Such 13 

stresses are likely to influence the nature and activity of plant secondary compounds 14 

(PSCs) and variation in PSCs can affect the fermentability and methanogenic potential in 15 

the rumen (Patra et al. 2006). Biserrula has been associated with a primary 16 

photosensitivity in sheep (Swinny et al. 2015), indicating the possible presence of a 17 

range of PSCs. Although anti-methanogenic PSCs, including saponins, alkaloids and 18 

proanthocyanidins have been reported in Astragalus species (Aerts et al. 1999; Pistelli 19 

2002), anti-methanogenic PSCs have not yet been isolated from biserrula (Swinny et al. 20 
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2015). Further, the persistency of the activity in the rumen system and associated 1 

changes in the population of rumen microbiota over time is rarely reported.  2 

The focus of this thesis is on understanding the plant and environmental effects 3 

on the anti-methanogenic bioactivity of biserrula. This further includes whether the 4 

bioactivity of biserrula in feed mixture or as a sole substrate can persist over time in the 5 

rumen and effect the composition of ruminal methanogenic populations. Plant stress 6 

factors such as nutritional extremes and defoliation are investigated to examine their 7 

impacts on nutritional value (NV), fermentability and anti-methanogenic bioactivity. 8 

Effort is also directed towards identification of the anti-methanogenic effect of 9 

biserrula, particularly a search for PSCs that may alter the composition and activity of 10 

rumen microbiota especially methanogens. Hence, the following thesis focuses on 11 

procedures used to understand the mechanism and persistency of the anti-12 

methanogenic bioactivity of biserrula (Fig. 1.2). 13 

 14 

Figure 1.2. Diagram depicting the procedures in the thesis to understand anti-15 

methanogenic bioactivity in biserrula where dotted lines represent mechanisms and 16 

dashed lines represent persistency of the anti-methanogenic bioactivity in biserrula. 17 

 18 

Anti-methanogenic (AM) bioactivity of Biserrula pelecinus 

AM Mechanism AM Persistency 

PSC Methanogen Defoliation Over time P gradient 
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The thesis is divided into seven chapters: 1 

In Chapter 1, I outline the context of the study, introduce the research topic and describe 2 

the thesis structure. In Chapter 2, I provide a critical study of the background on 3 

methane production from Australian farming systems, a brief history of the 4 

domestication of biserrula in southern Australia, highlight the research gaps in our 5 

understanding about the anti-methanogenic properties of biserrula and present a range 6 

of research questions. 7 

In the first experimental section (Chapter 3), I describe work on bioactive fractions from 8 

biserrula that were extracted and tested against key rumen methanogens in pure 9 

culture. Following this, I investigated the addition of biserrula substrate to a continuous 10 

culture fermentation system (RUSITEC) for its effect on the persistency of methane 11 

reduction (Chapter 4). 12 

In Chapters 5 and 6, I describe the results of experiments investigating the variability of 13 

biserrula bioactivity when grown under environmental stress. In the first of these 14 

experiments (Chapter 5), the effect of growth stage and defoliation of biserrula at three 15 

growth stages on shoot biomass, nutritive value, in vitro fermentation and methane 16 

production was examined. In Chapter 6, the effect of varying phosphorus supply on 17 

biserrula growth and morphology, nutritive value and in vitro fermentative parameters 18 

including methane production was investigated. 19 

In Chapter 7, I integrate and discuss the overall findings in terms of their practical 20 

application and implications for future research. 21 

This thesis is completed from individual manuscripts that were either already published, 22 

accepted or submitted in peer-reviewed journals. While every attempt has been made 23 

to minimize repetition of text in the thesis, some repetition between chapters - 24 

especially in the Introduction and Materials and Methods - was unavoidable. 25 

 26 
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2.1. OVERVIEW 1 

This thesis describes a comprehensive study on the anti-methanogenic properties of 2 

biserrula {Biserrula (syn. Astragalus) pelecinus L.}, an annual forage legume species used in 3 

grazing systems of southern Australia. Emphasis was placed on the mechanism of the anti-4 

methanogenic bioactivity, the influence of environmental factors that affect plant growth 5 

and how these may affect anti-methanogenic bioactivity in biserrula. This literature review 6 

first outlines the biology and consequences of methane production from livestock. Next, it 7 

focuses on methane as greenhouse gas (GHG), methanogen and the pathways for methane 8 

production in the rumen, as well as some current mitigation strategies in livestock. This is 9 

followed by an overview on pasture legume use, including biserrula, in Australia and the 10 

potential to use feed for methane mitigation in livestock.  It has investigated factors that 11 

may affect growth, physiology and consequently fermentation patterns and methane 12 

production in forages when ingested by ruminants. The review concludes with a discussion 13 

on gaps in knowledge on potential mechanisms of anti-methanogenic bioactivity in 14 

biserrula, and on the effects that environmental stresses may have on growth and 15 

fermentative properties. 16 

 17 

2.2. METHANE AS A GREENHOUSE GAS 18 

There is major concern over greenhouse gas (GHG) emissions because of their effects on 19 

global warming and climate change, and consequently on regional, global ecological and 20 

socio-economic vulnerability (IPCC 2014). Methane is one of the main greenhouse gases 21 

(GHG) contributing 15-20 % of total GHG emissions (Beniston 2000) (Fig. 2.1 a). The initial 22 

finding of methane production from ruminants was in search of a waste of energy loss 23 

from fed intake (Blaxter and Clapperton, 1965). Atmospheric methane emissions are from 24 

enteric fermentation, rice cultivation, decomposition of manure, burning of oil, gas and 25 

coal, waste landfill and some other agricultural and non-agricultural sources (Allen et al. 26 

2011) (Fig. 2.1 b). In Australia, agricultural methane emission contributes approximately 27 

65 % of total methane production (Fig. 2.1 b), which makes up about 10 % of national 28 

emissions (DCC 2009). Enteric fermentation followed by methane eructation from the 29 

rumen is the largest source of methane emission in the agricultural sector (Moss et al. 30 

2000), 31 
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 1 

 2 

( a )  3 

 4 

( b )  5 

 6 

Figure 2.1. (a) Labelled percentage of national greenhouse gases in Australian atmosphere 7 

and (b) different sectors responsible for methane emission in Australia (Garnaut, 2008a). 8 
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Methane has 28 times more global warming potential than carbon dioxide, but 1 

its half-life in the atmosphere is only 12 years (compared to 100 – 300 years for carbon 2 

dioxide) (Blasing 2016). One study reported that the total contribution of methane from 3 

cattle in relation to the total methane produced and released into the atmosphere 4 

appears to be small (Hironaka et al. 1996), whereas other researches showed the contrary 5 

(Donald et al. 1996; Garnaut 2008). The warming influence of methane is three times 6 

greater than estimates from the IPCC’s report published on 2008 (UNEP 2009), turning it 7 

into the second most important climatic agent (Ramanathan & Carmichael 2008). 8 

Collectively it is, thus, a potent, but relatively controllable GHG (McSweeney et al. 1999; 9 

Steinfeld et al. 2006; McSweeney & Mackie 2012). 10 

Australia is among the larger methane contributing countries globally producing 11 

more than 21 % of the national GHG emission as methane (Fig. 2.1 a), whereas the world 12 

average methane production is 17 % of the total GHG emission (Allen et al. 2011). The 13 

higher agricultural methane production in Australia is mostly due to the sheer number of 14 

ruminants (27.4 million cattle and 73.02 million sheep and goats in comparison with 15 

worldwide 1522 million cattle and buffaloes, and 1851 million sheep and goats) and also 16 

to the fact that majority are kept in extensive system where methane production is 17 

elevated (FAO 2006; Zervas & Tsiplakou 2012; ABS 2016). 18 

 19 

2.3. METHANE PRODUCTION IN THE RUMEN 20 

Most of the world's domesticated livestock are ruminants (sheep, goat, camel, cattle, and 21 

buffalo) that have a unique, four-chambered stomach or rumen, where specific 22 

microorganisms break down food to provide energy for the animal (Johnson & Johnson 23 

1995). The ingested feed is converted to volatile fatty acids (VFAs - mainly acetate, 24 

propionate and butyrate) and further to hydrogen (H2) and carbon dioxide (CO2). The VFAs 25 

are other end-products of fermentation in the rumen that are absorbed across the rumen 26 

wall and serve as a major source of energy and source of carbon for ruminants (McDonald 27 

et al. 1988; Moss et al. 2000) (Fig. 2.2). The H2 and CO2 are utilized mainly by specialized 28 

microbes called methanogens to produce methane, and only a small portion is captured 29 

in some other pathways such as reductive acetogenesis (Leclerc et al. 1997; Nollet et al. 30 

1997). Some of the H2 and CO2 removed as intermediate equivalents such as malate and 31 



CHAPTER 2.     LITERATURE REVIEW 

 

13 | P a g e  
 

formate (Attwood & McSweeney 2008), or small portion of H2 converted to ammonia 1 

(Shibata 1994). While these pathways may compete with methanogens for H2, the 2 

methanogens’ affinity for H2 is always stronger (Strocchi et al. 1994; Kotsyurbenko et al. 2001). 3 

Methane is then released into the environment by eructation. This is a normal 4 

physiological process that starts very soon after birth (approximately four weeks after 5 

when solid feeds are retained in the reticulorumen) (Anderson et al. 1987). Under normal 6 

grazing conditions the rumen produces gases comprising 65 % carbon dioxide, 27 % 7 

methane and 8 % other gases such as small and varying proportions of H2, oxygen (O2) 8 

and nitrogen (N2) (Johnson 1966; Sniffen & Herdt 1991). The gas composition is mainly 9 

controlled by the type of feed ingested that in turn dictates the profile of the microbial 10 

community and metabolic pathways in the rumen (McDonald et al. 1988). 11 

The rumen biosphere comprises a mixture of species of bacteria, methanogens, 12 

ciliate protozoa, bacteriophage and anaerobic fungi (Sejrsen et al. 2006). Methanogens 13 

are a phylogenetically distinct group of very strict anaerobes in the domain Archaea and 14 

Phylum Euryarchaeota (Ashby et al. 2001), with a metabolism that relies on CO2, H2, 15 

acetate, formate and methylated compounds as sole energy source, resulting in the 16 

formation of methane (Denman et al. 2007; Thauer et al. 2008; Jeyanathan et al. 2011). 17 

The simplest pathway used by most methanogens is to use H2 (and/or formate) as their 18 

energy sources and used the electron derived from H2 (or formate) to reduce CO2 to 19 

methane (CH4) (Janssen & Kirs 2008; Ushida 2011). The simple form of the equation of 20 

methane formation is: 21 

CO2 + 4H2 → CH4 + 2H2O 22 

Some methanogens are also able to grow on methyl groups such as methanol, tri-23 

methyl amine, isoleucine, acetate and methyl-sulfides, oxidizing some to CO2 to produce 24 

electrons that are used to reduce further methyl groups to methane (Van de Wijngaard 25 

et al. 1991; Fricke et al. 2006; Janssen & Kirs 2008). Some organic acids (such as acetic 26 

acid, formic acid) and carbon dioxide can also be converted to methane by methanogens 27 

inside the rumen and the hindgut.  28 
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Methanogens are found in variety of environmental areas including the human 16 

and animal gut (Miller & Wolin 1986; Hobson & Stewart 1997). In the rumen, 17 

methanogens typically represent less than 4.0 % of the total microbial population 18 

(Yanagita et al. 2000). The most commonly detected ruminal methanogens belong to the 19 

family Methanobacteriaceae - mostly the genus Methanobrevibacter (Skillman et al. 20 

2004; Wright et al. 2004) and the major phylogenetic groups belong to 21 

Methanobrevibacter (61.6 %), Methanomicrobium (14.9 %) and the uncultured rumen 22 

group termed ‘rumen cluster C’ (RCC, 15.8 %) (Janssen & Kirs 2008; Jeyanathan et al. 23 

2011). One distinct feature of all methanogens in the rumen is the presence of the 24 

coenzyme F420 (a necessary cofactor for hydrogenase and formate dehydrogenase), but 25 

some (i.e. Methanobacter spp.) also have coenzyme M (2-mercaptoethanesulfonic acid) 26 
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Figure 2.2. Diagrammatic representation of some rumen end-products (circled) after 

digestion, the highlighted lines (dashed arrows) show the end products of microbial 

fermentation where H2 and CO2 are converted to acetate by homo-acetogens or to 

methane by methanogens (dotted arrows). The thick boundary indicates the ruminant 

digestive tract, and animal compartments are in bold text (Buddle et al. 2011). 
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which helps to produce methane from a methylated substrate (Rouviere & Wolfe 1988; 1 

Hook et al. 2010). 2 

 3 

2.4. MODIFICATION OF ENTERIC METHANE EMISSION 4 

The amount of methane has doubled from the beginning of the twentieth century due to 5 

agriculture, mainly livestock used for world population (Beniston 2000; Wassman et al. 6 

2000). In livestock, especially ruminants, enteric methane production is also responsible 7 

for up to 15 % energy loss from the total feed intake (McDonald et al. 1988). Therefore, 8 

reducing methane emissions from ruminants is highly desirable because it will 9 

simultaneously reduce GHG pollution and also improve the efficiency of feed utilization. 10 

Hence, major efforts are focused on reducing methane emissions from this source. 11 

Many factors such as feed intake, type of feed, forage processing, type of animal, 12 

addition of feed-additives, alteration of ruminal microbial flora are responsible for 13 

methane production from the rumen (Johnson & Johnson 1995); hence, several 14 

strategies have been proposed to reduce/modify enteric methane emission (Moss et al. 15 

2000). Methane production may be inhibited or reduced by using methane analogues 16 

and related derivatives (Van Nevel & Demeyer 1996), ionophoric antibiotics (Van Nevel 17 

& Demeyer 1992), propionate enhancers (Lopez et al. 1999), stimulating acetogens, using 18 

methane oxidizers, probiotics, defaunation, and even immunization of ruminants against 19 

their own methanogens (Moss et al. 2000). However, the most effective, sustainable and 20 

economically feasible way of mitigating methane is through altering animal diet. Dietary 21 

manipulation can result in direct effects on rumen methanogens, indirect effects on other 22 

rumen microbes or improved production, hence methane intensity (methane production 23 

per kg of animal product) is lower (Moss et al. 2000; Eckard et al. 2010). Nutritional 24 

strategies have the highest possibility to reduce enteric methane emission with the 25 

lowest impact in the environment. Also, any approach having adverse effect on animal or 26 

human health will not be selected as a ruminal methane mitigation strategy. For example, 27 

a reduct ion in  methane output can be achieved using sub-therapeutic  doses of in-28 

feed antibiotics (McGuffey et al. 2001), but Russell & Houlihan (2003) reported that this 29 

practice has recently been  banned  in  the European Union because of its negative effect 30 

on human health. This emphasizes the potential of natural anti-methanogens such as 31 
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plants and plant extracts to replace antibiotics as safer alternatives (FDA 2004; Busquet 1 

et al. 2006). In particular, bioactive forage plants may offer a sustainable solution, as they 2 

can achieve without major changes in management practices and may have multiple 3 

benefits such as initiation of new species, reduction of weeds and improvements in 4 

animal health (Revell & Revell 2006). However, measuring methanogenic potential was 5 

questionable until In vitro fermentation techniques (IVFT) first used. IVFT involves 6 

incubation of substrates with rumen fluid to evaluate the nutritive and fermentative 7 

parameters of the ruminant feeds. This technique has been used from 1970’s as a rapid 8 

and less expensive alternative to the in vivo techniques with experimental animals 9 

(Yáñez-Rutz et al., 2016). Recently, IVFT system has been used to assess diet, dietary 10 

ingredients and to modify rumen fermentation to reduce methanogenic potential (Bodas 11 

et al., 2008; Durmic et al. 2010). However, several aspects need consideration in IVFT 12 

technique for appropriate measurement of methanogenic potential (Yáñez-Rutz et al., 13 

2016), such as, 14 

a) Donor animal species and animal number 15 

b) Donor animal diet 16 

c) Rumen fluid sampling 17 

d) Substrate and incubation buffer 18 

e) Incubation procedure 19 

f) Headspace gas measurement 20 

g) Measurement of methanogenic potential 21 

2.5. FORAGE LEGUMES IN AUSTRALIA 22 

In Australia ruminants are largely raised in extensive g raz in g  systems, where animals 23 

utilize grass and legume forages, supplemented with chaff, straw, hay and grain. 24 

Pasture legumes have been used widely in Australian farming systems since 1930 (Morley 25 

& Katznelson 1965) because of their ability to increase animal production from greater 26 

levels of digestibility and crude protein concentration (Doyle et al. 1993). They are also 27 

valued for their ability to improve soil- fertility and fix atmospheric nitrogen (Reeves & 28 

Ewing 1993), break disease and pest life cycles in crop rotations (Howieson et al. 2000) 29 

and in some situations to help manage weeds through manipulating animal preference 30 
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(Revell & Thomas 2004). Different pasture legumes in Australian farming system have 1 

become established depending on climate, soil type and farming system (Nichols et al. 2 

2007). The southern part of Western Australia and east of South Australia are 3 

characterized by Mediterranean type hot, dry summers with rainfall concentrated in the 4 

cooler winter-spring season. Hence, winter-dominant annual pasture legumes native to 5 

the Mediterranean Basin have been widely distributed in the Mediterranean and quasi-6 

Mediterranean climate zones (south-west Australia). At the same time, the summer-7 

dominant tropical annual and perennial legumes have spread over the sub-tropics in 8 

Australia (Nichols et al. 2007). Pasture legumes have potency to grow in the infertile and 9 

shallow, sandy or stony type of soils with slightly acidic to neutral pH of surface and sub-10 

surface layers (Puckridge & French 1983). Pasture legumes have become widely 11 

distributed in the sheep – wheat region between high-rainfall pasture zone and the arid 12 

pastoral zone (Fig. 2.3) (McCann 2005). One of the traditional farming systems in 13 

southern Australia is ley pasture farming system, where the pasture species are allowed 14 

to produce a seed bank that is able to persist through years of cropping and the species 15 

can regenerate without re-sowing (Puckridge & French 1983). In late 1980’s, the 16 

occurrence of new plant diseases, insect pests, increased soil acidity, reduced fertilizer 17 

inputs, variable seasons, poor grazing management and low seed banks led to a reduction 18 

in the productivity of annual pasture legumes (Carter et al. 1982; Wheeler 1986; Reeve 19 

et al. 2000) and increased popularity of grain legumes (mainly lupin and field pea) 20 

(Nichols et al. 2012). However, consumption of grain as food source for human and 21 

monogastric animals, as well as significant increase in demand for meat and wool in 22 

international plus domestic markets (Anon. 2011; Barker 2012) is likely to translate into 23 

a renewed interest and increased demand for improved pasture legumes (Nichols et al. 24 

2012). Traditional widespread annual pasture legume species include annual medics such 25 

as burr medic (Medicago polymorpha L.), lucerne (M. sativa L.), annual clovers such as, 26 

subterranean clover (Trifolium subterraneum L.) and relatively new but widely used 27 

pasture species such as, French serradella (Ornithopus sativus Brot.) and biserrula have 28 

been studied to achieve a sustainable environment in southern Australian farming 29 

system (Loi et al. 2005; Nichols et al. 2007; Nichols et al. 2012). 30 

 31 
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 1 

Figure 2.3. Location of sheep – wheat zone at the end of twentieth century between the 2 

high-rainfall pasture zone and the arid pastoral zone (McCann 2005). 3 

Biserrula is a forage legume native to the Mediterranean region of Europe and 4 

North Africa (Fig. 2.4) that was introduced to Australia in the 1990’s as an alternative 5 

pasture species to subterranean clover (Howieson et al. 1995). Biserrula is a valuable 6 

pasture species due to its adaptation to acidic, sandy and infertile Australian soils 7 

(Howieson et al. 1995; Carr et al. 1996), high seed production and persistence (Malo & 8 

Suarez 1995), its capacity to develop a long-l ived seed bank (hard-seeds), 9 

drought tolerance and natural control of weeds in a  farming system with livestock (Loi 10 

et al. 1995a), deep root system compared to other annuals (Loi et al. 1995b), often as a 11 

companion plant to subterranean clover and serradella (Ornithopus spp.) (Howieson et 12 

al. 1995) and as an alternative to grain legumes such as l upins (Loi et al. 2010). These 13 

features, combined with the ability to grow in low rainfall areas (< 400 mm) make it a 14 

suitable pasture (Loi et al. 2010), where it has been estimated to sow across 300000 ha 15 

in southern Australia (Swinny et al. 2015).  16 

Several hundred biserrula accessions have been collected from countries in the 17 

Mediterranean basin (Ewing & Howieson. 1987; Ewing & Fortune 1991; Howieson & Loi 18 

1994; Nutt et al. 1996) (Fig. 2.4). As a result two cultivars of biserrula have been 19 
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commercia l i zed  –  cu lt ivar  Casbah was collected from Morocco in 1991 and 1 

introduced into Western Australia (WA) in 1997 (Howieson et al. 1995; Carr et al. 1996), 2 

while cultivar Mauro was collected from Sardinia in 1995 and released in WA in 2002 3 

(Loi et al. 2006). A core collection of biserrula compromising 30 accessions has been 4 

developed as a limited set of accessions representing the genetic diversity of the species 5 

with minimum phenological repetitiveness (Ghamkhar et al. 2012). In preliminary 6 

screening of the biserrula core collection, significant variation for both morphological and 7 

in vitro ruminal fermentative characteristics was found (Banik et al. 2013b). This is 8 

discussed in the following sections on enteric methane production and its manipulation. 9 

 10 

 11 

 12 

Figure 2.4. Geographical distribution of different accessions (black dots) and the selection 13 

areas of the core collection of Biserrula pelecinus L. it (white circle) (Ghamkhar et al. 14 

2012). 15 

 16 

2.6. VARIABILITY IN RUMINAL FERMENTABILITY AND METHANE EMISSION AMONGST 17 

FORAGES 18 

Large-scale plant screening i n  t h e  European Union program – ‘Rumen-Up’ 19 

demonstrated that there are bioactive plants (Beauchemin et al. 2008) with anti-20 
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methanogenic properties, and plants with the potential are useful to reduce methane 1 

emissions from livestock (Wallace 2004; Bodas et al. 2008; Kamra et al. 2012). Effective 2 

anti-methanogenic compounds in plants and plant extracts have been found to vary 3 

depending on their source, type and concentration (Patra et al. 2006). More recently, anti-4 

methanogenic plants have been identified among commercially-used pasture species 5 

(Hammond et al. 2013) in addition to Australian native legumes (Durmic et al. 2010). 6 

Resulting this, a more comprehensive screening of a range of Australian annual and 7 

perennial pastures for in vitro rumen fermentability and methanogenic potential was 8 

conducted (Banik et al. 2013a). There was considerable variation amongst the pasture 9 

species, with biserrula strikingly producing 7 - 8 times less methane than oth er  10 

common species such as lucerne or clovers (Fig. 2.5). 11 

 12 

 13 

Figure 2.5. In vitro methane production (mg/L DMi) among common pasture species in 14 

Australia at seven and eleven weeks (7 W and 11 W, respectively) after sowing (Banik et 15 

al. 2013a). 16 

standard error bars represent SE of means (n = 4). 17 
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While these preliminary results were encouraging, it opened several researchable 1 

questions – what is the mechanism(s) of the anti-methanogenic properties of biserrula 2 

and does it persist within the species and over a range of conditions? While in 3 

subterranean clover, the methanogenic potential varied significantly in hybrid population 4 

(Banik et al. 2012), analysis of 30 accessions in biserrula core collection showed 5 

consistently low in vitro methane production patterns (Banik et al. 2013b), indicating that 6 

methanogenic potential in biserrula is heritable. Since the heritability of methanogenic 7 

potential was greater that of any other fermentative trait, it was concluded that there 8 

might be a specific mechanism in the pasture for this trait. 9 

Further, when testing anti-methanogenic properties it is important to confirm 10 

that the effect is not variable and sustains in various conditions. For example, it is 11 

important to achieve the effect that is actually bacteriostatic instead of bactericidal, but 12 

many plants failed to exert activity under these restrictions (Tavendale et al. 2005). The 13 

anti-methanogenic effects a l s o  fluctuated over time and in some cases disappeared 14 

altogether. For example, the extracts from garlic (Allium sativum L.), cinnamon 15 

(Cinnamomum verum L.), yucca (Yucca aloifolia L.), anise (Pimpinella anisum L.), oregano 16 

(Origanum vulgare L.) and pepper (Piper nigrum L.) showed modification in ruminal 17 

fermentation in the continuous rumen stimulation technique (RUSITEC) system, 18 

but microflora were adapted to some extracts after 6 days of fermentation (Cardozo et 19 

al. 2004), while another  study reported a recovery of methane production from 20 

Frangula alnus Mill. after 15 days fermentation in the RUSITEC (García-González et al. 21 

2006). It is therefore essential to confirm the persistence of bioactivity and 22 

microbial fermentation and methane production of any anti-methanogenic 23 

agent. The RUSITEC system also offers the opportunity to examine changes 24 

over time in populations of methanogenic archaea in the rumen and to study the 25 

specificity of the anti-microbial effects of the target plant. It also has been reported that 26 

the reduction in methanogenic cell growth results decreased methane emission from the 27 

rumen (Yanagita et al. 2000; Janssen & Kirs 2008), but there is some indirect evidence 28 

that methane can be reduced without affecting cell viability (Li et al. 2014). It is unknown 29 

whether the variation in methane production is due to environmental effects or microbial 30 

alteration of the ruminal microbial population. This reinforces the need to investigate 31 
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mechanism in biserrula and confirm whether it has a persistent cidal effect on 1 

methanogens. 2 

 3 

2.7. POTENTIAL MECHANISM OF ANTI-METHANOGENIC EFFECT 4 

The mechanism of low methanogenic potential in biserrula is unknown, but it is likely to 5 

be linked as in other bioactive plants to its chemical composition. Primary plant 6 

compounds including fibre, ash, and digestible organic matter vary between pasture 7 

species (Fulkerson et al. 2007; Norman et al. 2010), and in particular fibre, crude protein 8 

(CP) content and metabolisable energy differ between legumes and grasses (Fulkerson et 9 

al. 2007). There are limited studies that examine links between plant primary compounds 10 

and methanogenic potential, as only selected components such as fibre and/or ash were 11 

analysed in this respect, and failed to capture the differences in plants due to other 12 

chemicals such as soluble sugars or oligosaccharides (Hatfield 1996; Banik et al. 2013a). 13 

Pasture growth is highly influenced by the growing environment and growth stage. 14 

Mature pasture plants differ in chemical composition (i.e. nutritive values) and in 15 

fermentability from vegetative stage plants (Ugherughe 1986; Beever et al. 1989). Studies 16 

on the environmental stresses over pasture growth include defoliation on subterranean 17 

clover (Collins et al. 1983). Nutrient stress studies also found such as lack of soil 18 

phosphorus (P) effect on perennial legumes (Pang et al. 2009), water tolerance or 19 

drought/flood tolerance on tall fescue endophyte (Arachevaleta et al. 1989), 20 

temperature, light and frost stress on tropical pastures (Ludlow 1980) and growth of 21 

pasture in Fe or Cd contaminated area (Madejón et al. 2012). Pasture legumes, when 22 

under environmental stress (e.g. lower or higher nutrient status, defoliation, moisture 23 

deficit) in general produce in smaller plants and less herbage accumulation of dry matter 24 

(DM) (Langer 1966; Turner et al. 1978; Fulkerson & Donaghy 2001).  25 

As stated earlier, ruminal fermentability and methane production from ruminants 26 

is strongly related to nutritive value of the forage plant and subsequent substrate 27 

degradation by rumen microbes (Beauchemin & McGinn 2006b; Beauchemin & McGinn 28 

2006a; Soliva et al. 2008). While some plant species promote fermentation and reduce 29 

methane production because of their higher degradability (Broudiscou et al. 2000; 30 
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Broudiscou et al. 2002), there are others that may be involved in direct anti-1 

methanogenic effect by plant secondary compounds, PSC (Sliwinski et al. 2002; Wallace 2 

2004; Patra et al. 2006; Patra & Saxena 2010). These PSCs are not required for plant 3 

growth or metabolism; but they are present in plants as protection against predation,  as 4 

a toxin to herbivores, parasites and microbes (Villalba & Provenza 2009; Kamra et al. 5 

2012). More than 200,000 defined structures of PSCs have been identified and the most 6 

common identified PSCs are lignins, tannins, saponins, essential oils, alkaloids and 7 

flavonoids (Hartmann 2007). Recently some of these, in particular tannins, saponins and 8 

essential oils are found to modulate rumen microbiota including methanogens (Patra et 9 

al. 2006; Denman et al. 2007; Patra & Saxena 2009; Patra & Saxena 2010). The 10 

occurrence, type and concentration of PSCs depend primarily on the plant species, but 11 

may also be influenced by the stage of growth (Nichols et al. 2010), environmental 12 

stresses such as soil nutrition (Marshall & Parkin 1970) or defoliation (Chaichi & Tow 13 

2000) and may also have a transient effect on methanogenesis (Moss et al. 2000; 14 

Hartmann 2007). 15 

Variety of anti-methanogenic PSCs, including saponins, phenolics, alkaloids and 16 

proanthocyanidins found in other Astragalus species (Aerts et al. 1999; Pistelli 2002).  17 

However, recently specific PSCs has been reported in biserrula revealing the presence of 18 

the flavones apigenin and luteolin (Swinny et al. 2015); and greater concentration of 19 

isoflavones (especially Biochanin A) (Visnevschi-Necrasov et al. 2015). There is anecdotal 20 

evidence that sheep grazing biserrula as a sole diet can develop photosensitivity, often 21 

at the commencement of flowering and seed set time (Hogg et al. 2010). The relative 22 

unpalatability and photosensitivity in sheep indicates that a range of bioactive PSCs 23 

present in biserrula (Hackney et al. 2007) that might be responsible for the anti-24 

methanogenic properties of this pasture legume. The role of these or any other PSC in 25 

anti-methanogenic effect in biserrula is unknown. 26 

 27 

2.8. PERSISTENCY OF ANTI-METHANOGENIC EFFECT 28 

When investigating plant bioactivity, it is important to demonstrate that the effects 29 

persists over a range of conditions. Different stages of growth and environmental stresses 30 

induce plants to modify one or more of their metabolic or physiological pathways to cope 31 
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with the change/stress (Hogg et al. 2010). Pasture species differ in their ability to cope 1 

with nutrient deficiencies and nutrient toxicities (Moe & Tyrrell 1979) and it appears that 2 

phosphorus (P) is the most critical element in this respect. Other stresses may involve 3 

physical stress such as grazing or defoliation (Chaichi & Tow 2000). While there is a well-4 

established relationship between nutrient availability and plant growth (Brady & Weil 5 

2002) (Fig. 2.6), there are no studies on the effects of environmental stress and plant 6 

methanogenic potential. In this thesis, focus will be on plant growth stages, and P 7 

nutrition and defoliation as some major environmental factors that may affect plant 8 

growth and as such plant methanogenic potential. 9 

 10 

 11 

 12 

 13 

2.8.1. Pasture physiological growth stage 14 

The nutritive value of pasture plants varies markedly as they mature from the vegetative 15 

to the reproductive stage (Ugherughe 1986). Fermentation of cell wall fibre in the 16 

vegetative stage yields lower methane production along with a greater acetate to 17 

propionate ratio; however, plant carbohydrates and simple sugars (mostly present in 18 

mature plants) increase methane production and reduce propionate yields (Moe & Tyrrell 19 

1979; Beever et al. 1989). Compositional change such as maturity of pasture legumes 20 

increases structural fibre by polymerization and lignification (Sarwar & Ajmal Khan 2003; 21 

Figure 2.6. Relationship between plant growth and nutrient (P) availability (Brady & Weil 

2002; McCauley et al. 2009). 
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Nisa et al. 2004), decreases plant cell content (Jones & Wilson 1987) and reduces leaf to 1 

stem ratio (Hides et al. 1983) leading to reduced pasture intake and digestion by livestock 2 

(Ayres et al. 1998; Sarwar et al. 2006). Therefore, morphological traits such as leaf 3 

width, leaf/stem ratio can  also influence the digestibility of pastures (McDonald et al. 4 

1988) and may ultimately correlate with the plant’s methane output from the rumen. 5 

Differences in NV are well established for main pastures in crude protein (CP) and organic 6 

matter (OM) between clovers, medics and lotus (Cassida et al. 2000; Norman et al. 2010), 7 

or in hemicellulose and metabolisable energy (ME) between grasses and legumes 8 

(Fulkerson et al. 2007). In pasture, the cellulose, hemicelluloses and lignin contents 9 

increase with plant maturity resulting in lower digestibility of the feedstuff (McDonald et 10 

al. 1988). In young pasture 80 % cellulose may be digestible, whereas in older pasture 11 

only 60 % is digestible (McDonald et al. 1988). Fermentation of cell wall fibre yields 12 

greater acetate to propionate and greater methane losses (Moe & Tyrrell 1979; Beever 13 

et al. 1989). In the early stage of plant growth, the stem is more palatable than leaf but 14 

as it matures, the stem become less palatable than leaves (McDonald et al. 1988). The 15 

stage of growth (vegetative or reproductive) also may influence PSCs concentrations such 16 

as saponin in spotted medic (Pecetti et al. 2010), which might have some effect on rumen 17 

fermentability as well. As stated before, PSCs may be responsible for anti-methanogenic 18 

potential of the plants (Patra & Saxena 2010; Kamra et al. 2012; Bhatta 2015) and the 19 

PSCs found at different growth stages of plants might result in variability in methanogenic 20 

potential of the plant. 21 

 22 

2.8.2. Plant defoliation as external environmental stress  23 

Forage quality is strongly affected by defoliation timing and frequency in some pastures 24 

(Warner & Sharrow 1984; Sarwar et al. 2006), but not in others (Collins et al. 1983). 25 

Defoliation can encourage branching in prostrate pasture legumes (Rossiter 1976), which 26 

may alter the leaf to stem ratio and production of PSC in individual branches (Chaichi & 27 

Tow 2000). Consequently, these physiological changes may be reflected in nutritive value 28 

and pasture fermentability modifications when ingested by ruminants (Okello et al. 2005; 29 

Pinares-Patiño et al. 2007), but there are no studies available on such effects in biserrula. 30 

Apart from NV, the profiles and amounts of PSCs in pasture forages are associated 31 



CHAPTER 2.     LITERATURE REVIEW 

 

26 | P a g e  
 

with plant growth and development (Bernhoft 2010). Plants produce these compounds 1 

as defense mechanisms, and consequently in forage plants, grazing or repetitive 2 

defoliation may promote production of PSCs to deter herbivory (Briske & Richards 1995; 3 

Hendrickson & Olson 2006). Grazing of annual pasture legumes can alter plant growth 4 

habit (Chaichi & Tow 2000), which in turn may induce some changes in PSCs. However, 5 

studies are lacking to establish a link on the effect of defoliation on plant growth, NV, 6 

fermentability and anti-methanogenic bioactivity. In order to design appropriate grazing 7 

management strategies for biserrula at the farm scale to optimize its anti-methanogenic 8 

properties, it is important to understand how defoliation affects these traits. 9 

 10 

2.8.3. Phosphorus content in the soil as an environmental stress  11 

Phosphorus (P) is critical for plant growth – especially in nitrogen-fixing legumes, so low 12 

concentration of P in the soil can induce nutritional stress; however, it can also have a 13 

toxic effect at higher concentrations in the plant (Pang et al. 2010). Working with 11 14 

perennial pasture species in Australia, Pang et al. (2010) found that there was variation in 15 

seedling growth; differences in some morphological and physiological parameters in 16 

response to increasing concentration of phosphorous application. In P deficient soil, 17 

pasture legumes showed dark green, small leaves along with reddening of the petioles 18 

and grew poorly. Old leaves eventually become chlorotic and are shed (Bolland 1985; 19 

McCauley et al. 2009). Increased herbage yield of annual pasture legumes has been found 20 

when soil P application increased (Durrant 1958; Austin 1966; Bolland & Baker 1988; 21 

Bolland & Paynter 1990) which in turn improved the digestibility of plants (Bolland & 22 

Baker 1988; Liao et al. 2008). As stated earlier, improved digestibility directly linked with 23 

low methane production from the ruminants, but there are relatively fewer studies for 24 

effects on digestibility; and apparently no studies of the effects on rumen fermentability. 25 

Toxic effects of P have been documented with early leaf senescence and necrotic regions 26 

on leaves (Rossiter 1952; Rossiter 1955). The growth response of pasture legumes such as 27 

subterranean clover to P has been widely studied in the glasshouse and in the field 28 

(Paynter 1990; Paynter 1992; Paynter 1993), but no reports found on digestibility or 29 

fermentability. However, it was reported that P supply in the soil can affect the production 30 

of PSCs i.e. increasing P supply lowered the concentration of coumestrol in strand medic 31 
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(Medicago littoralis Rhode ex Loisel) (Marshall & Parkin 1970). Western Australian (WA) 1 

soil had P deficiency in much of the farming land, hence, farmers applied higher quantities 2 

of soluble P to the soil (Bolland et al. 1997). Given the importance of P to pasture legume 3 

growth and the variable P range in Australian soils, there is a clear knowledge gap relating 4 

to how P supply affects the fermentability and anti-methanogenic bioactivity of biserrula. 5 

 6 

2.9. CONCLUSION 7 

Biserrula has emerged as an important pasture species in southern Australia and 8 

compliments subterranean clover. Anti-methanogenic properties of biserrula are making 9 

this forage even more attractive, as it may contribute to a reduction in the overall GHG 10 

emission in Australia through lower enteric methane production. While there is some 11 

evidence that specific anti-methanogenic mechanisms exist in biserrula, the exact type 12 

and extent of such an effect is still unknown. Although biserrula has the capacity to grow 13 

in harsh environmental condition, the bioactive effect may be hindered by some 14 

environmental stresses and it is important to confirm whether the anti-methanogenic 15 

effect persist under various conditions. Plant growth stage or environmental influences 16 

such as P stress or defoliation stress found to effect on overall plant growth, but their 17 

influence on fermentability and anti-methanogenic potential on this plant is yet to 18 

confirm for the persistency on anti-methanogenic bioactivity. This Thesis will provide a 19 

better understanding of plant physiology and/or environmental interactions that affect 20 

rumen methanogens responsible for methane production from sheep grazing biserrula.  21 

 22 

2.10. HYPOTHESIS AND AIMS 23 

The overall hypothesis of this Thesis is that the anti-methanogenic bioactivity in biserrula 24 

is a consequence of change in rumen microbiota, especially rumen methanogens, but 25 

some of the variation may exist in relation to environmental stresses. 26 

 27 

The main objectives and aims of this thesis are: 28 

• to confirm that the anti-methanogenic bioactivity is linked to extractable 29 

compounds 30 
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• to identify the major anti-methanogenic fractions or PSCs (if possible) in biserrula 1 

through bio-assay guided fractionation of plant extracts  2 

• to identify the mechanism and persistency of anti-methanogenic bioactivity in 3 

vitro 4 

• to examine the in vitro effect of physiological stage of growth, defoliation stresses 5 

and nutrient gradient on the variability in biomass, NV, fermentability and anti-6 

methanogenic properties of biserrula 7 

 8 
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Bioactive fractions from the pasture legume Biserrula pelecinus L. have an 1 

anti-methanogenic effect against key rumen methanogens 2 

 3 

SUMMARY 4 

Methanogenic archaea (methanogens) are common inhabitants of the mammalian 5 

intestinal tract. In ruminants, they are responsible for producing abundant amounts of 6 

methane during digestion of food, but selected bioactive plants and compounds may 7 

inhibit this activity. Recently, we have identified that, Biserrula pelecinus L. (biserrula) is 8 

one such plant and the current study investigated the specific anti-methanogenic activity 9 

of the plant. Bioassay-guided extraction and fractionation, coupled with in vitro 10 

fermentation batch culture were used to select the most bioactive fractions of biserrula. 11 

The four fractions were then tested against five species of methanogens grown in pure 12 

culture. Fraction bioactivity was assessed by measuring methane production and 13 

amplification of the methanogen mcrA gene. Treatments that showed bioactivity were 14 

subcultured in fresh broth without the bioactive fraction to distinguish between static and 15 

cidal effects. All four fractions were active against pure cultures, but the F2 fraction was 16 

the most consistent inhibitor of both methane production and cell growth, affecting four 17 

species of methanogens and also producing equivocal-cidal effects on the methanogens. 18 

Other fractions had selective activity affecting only some methanogens, or reducing either 19 

methane production or methanogenic cell growth. In conclusion, the anti-methanogenic 20 

activity of biserrula can be linked to compounds contained in selected bioactive fractions, 21 

with the F2 fraction strongly affecting key rumen methanogens. Further study is required 22 

to identify the specific plant compounds in biserrula that are responsible for the anti-23 

methanogenic activity. These findings will help devise novel strategies to control 24 

methanogen populations and activity in the rumen, and consequently contribute in 25 

reducing greenhouse gas emissions from ruminants. 26 

Key words: Biserrula pelecinus L., bioactivity, methane, methanogens, pure culture 27 

 28 
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3.1. INTRODUCTION 1 

Methanogenic archaea (methanogens) are phylogenetically distinct group of very strict 2 

anaerobes, with a metabolism that relies on CO2, H2 and methylated compounds as sole 3 

energy source, resulting in formation of methane (Thauer et al. 2008). Methanogens live 4 

in variety of environments, including human and animal gut (Miller & Wolin 1986; Hobson 5 

& Stewart 1997), and in ruminants, they are responsible for producing abundant amounts 6 

of methane during digestion of food (Johnson & Johnson 1995). This represents a 2 – 15 7 

% loss of total energy from the feed (Beauchemin et al. 2008), but methane is also a 8 

potent greenhouse gas, with half of the methane emissions from the agricultural sector 9 

coming from ruminal enteric fermentation (Garnaut 2008). In the rumen, methanogens 10 

are present at approximately 107 – 108 cells/g of rumen content (Newbold et al. 1995), 11 

and the major phylogenetic groups belong to Methanobrevibacter (61.6 %), 12 

Methanomicrobium (14.9 %) and the uncultured rumen group termed ‘rumen cluster C’ 13 

(RCC, 15.8 %) (Janssen & Kirs 2008; Jeyanathan et al. 2011); while Methanosphaera and 14 

Methanobacterium are present in smaller numbers (Knight et al. 2011). 15 

Methanobrevibacter gottschalkii, Methanobrevibacter ruminantium, Methanobacterium 16 

bryantii, Methanosphaera stadtmanae and Methanoplasma sp. are considered as key 17 

methanogen species in the rumen of cattle and sheep (Wright et al. 2004; Wright et al. 18 

2006; Denman et al. 2007). 19 

Plant and plant secondary compounds (PSCs) are known to have anti-microbial 20 

properties and some have the ability to modify the amount of methane produced when 21 

the plant is fermented by the rumen microbes (Patra & Saxena 2010). These may act 22 

indirectly on rumen methanogenesis for example simply because of poor digestibility of 23 

the plant or by affecting non-methane producing microbes in the rumen that 24 

methanogens rely on, e.g. protozoa (Newbold et al. 1995). Direct effect on rumen 25 

methanogenesis occurs found when the plant itself or the PSCs from the plant specifically 26 

target methane-producing microbes (Cieslak et al. 2013) and there are numerous reports 27 

of plants (Li et al. 2014b), plant extracts or fractions (combination of PSCs) with anti-28 

methanogenic bioactivity (Broudiscou et al. 2000; Hart et al. 2008). In our recent studies, 29 

we found that a pasture legume Biserrula (Astragalus) pelecinus L. cv. Casbah (biserrula), 30 

when fermented by rumen microbes, have similar properties, as it produced nearly seven 31 
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times less methane than other key pasture legumes tested, which included subterranean 1 

clover (Trifolium subterraneum L.) and lucerne (Medicago sativa L.) (Banik et al. 2013a; 2 

Banik et al. 2013b). The effect on anti-methanogenic activity appeared to be specific to 3 

methanogens, because the overall microbial fermentation activity was unaffected. A wide 4 

range of anti-methanogenic PSCs, including saponins, phenolics, alkaloids and 5 

proanthocyanidins are found in Astragalus species (Aerts et al. 1999; Pistelli 2002), and a 6 

recent publication has revealed some PSCs in biserrula linked to another bioactive effect, 7 

photosensitivity (Swinny et al. 2015). However, specific PSCs responsible for low 8 

methanogenic potential and their effect on rumen methanogens have not been examined 9 

in this plant. 10 

The aim of this study was to explore the anti-methanogenic effect of biserrula 11 

fractions derived by chromatography of the plant extract and compare the activity of 12 

these fractions using five key rumen methanogen species.  The results will provide 13 

information on which fraction and which types of PSC’s of biserrula affect key 14 

methanogens, and whether the effect is cidal on those methanogen species. 15 

 16 

3.2. MATERIALS AND METHODS 17 

3.2.1. Experimental approach 18 

The study was conducted in three stages, a modification to a previously reported 19 

approach (Guo et al. 2008). First, a bioassay-guided extraction and fractionation, using an 20 

in vitro fermentation technique (IVFT), was applied to identify the most potent anti-21 

methanogenic extracts and fractions of biserrula. In the second stage, the three most 22 

potent fractions and one fraction found inactive in the IVFT were then tested against five 23 

key rumen methanogens in pure culture. Finally, in the third stage, growth from the most 24 

active treatments from Stage two was inoculated in fresh broth media not containing the 25 

anti-methanogenic biserrula fractions to distinguish between static and cidal effects 26 

against methanogens. 27 

 28 
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3.2.2. Plant material 1 

Biserrula pelecinus L. cv. Casbah was selected for the study as the most common biserrula 2 

cultivar. Plant samples were irrigated once in 24 hrs and harvested from a 0.2 ha plot at 3 

the University of Western Australia Field Station, Shenton Park, Western Australia 4 

(31°56’55.21′′ S, 115°47’33.99′′ E: with average annual rainfall of 722 mm) in early 5 

November 2013 during the vegetative growth stage. Randomly chosen leaf and stem 6 

material was cut 2 cm from the ground, immediately placed in plastic bags with dry ice 7 

and transported using a portable cold room facility. All the pooled plant materials were 8 

frozen together at < - 80° C until freeze dried. Plant samples were freeze-dried and ground 9 

to pass a 1 mm sieve. Material was stored at room temperature (22 °C) in sealed 10 

containers until analysis. 11 

 12 

3.2.3. Plant extracts and fractions 13 

A modified version of plant extraction (Billo et al. 2005; Geyid et al. 2005; Mothana & 14 

Lindequist 2005; Neto et al. 2005) was used with five different solvents – water (100 % 15 

v/v water), methanol (80 % v/v methanol/water), ethanol (70 % v/v ethanol/water), 16 

acetone (100 % acetone) and methanol/chloroform (50 %: 50 % methanol: chloroform) 17 

to obtain the crude extracts from biserrula (Banik 2011). The extract with the highest 18 

activity, i.e. 50 %: 50 % methanol/chloroform (Fig. 3.2) was subjected to further 19 

fractionation using silica gel chromatography. Separation was achieved using a column 20 

(30 × 1.5 cm) containing silica gel (15 g, Davisil silica, LC60A) (Grace-Davison, Columbia, 21 

USA) equilibrated with hexanes. The column was eluted with hexanes (100 mL) followed 22 

by solvent mixtures containing increasing concentrations of ethyl acetate in petrol to 100 23 

% ethyl acetate, followed by increasing amounts of methanol in ethyl acetate. This 24 

method afforded 10 fractions as shown in Table 3.1, which were then tested in the IVFT. 25 

Fractions were also examined by high performance liquid chromatography (HPLC). 26 

Briefly, a sub-sample of each fraction (ca. 10 %) was taken for the bioassay and 27 

evaporated under a stream of N2 (gas) to dryness. A sample of each fraction (~ 1 mg /mL 28 

in methanol) was analysed by HPLC using an Agilent 1200 HPLC with a photodiode array 29 

detector. Separation was achieved using an Apollo C18 reversed-phase column (250 × 4.6 30 

mm i.d., 5 µm) (Grace-Davison, Columbia, USA) with a 33 mm × 7 mm guard column of 31 
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the same material. The column was eluted at 1 mL/min with 1 % acetonitrile/ water 1 

increasing to 100 % acetonitrile/water over 30 min, and held for 5 min. Finally, the most 2 

active fractions were analysed by nuclear magnetic resonance (NMR) spectroscopy and 3 

assessed by using UV absorbance measured at wavelengths of 220 (shown in Fig. 3.1), 4 

254 and 280 nm. 5 

 6 

3.2.4. In vitro fermentation technique (IVFT) 7 

Plant extracts and fractions were tested in an in vitro batch fermentation system modified 8 

for testing of plant extracts (Durmic et al. 2008). Briefly, 2 hrs after feeding a general 9 

maintenance diet consisting of lupins and oaten chaff (1 kg oaten chaff, 250 g lupins and 10 

25 g mineral mix) to fistulated Merino wethers (mean body weight 65.4 ± 2.0 kg), rumen 11 

fluid was collected and transported to the laboratory with the minimal waiting period. It 12 

was buffered with 1: 1 rumen fluid: McDougall’s buffer (McDougall 1948); aliquots (100 13 

μL) of the extracts or fractions (dissolved in 70 % v/v ethanol/water) were mixed with 10 14 

mL of buffered rumen fluid and 0.1 g oaten chaff as substrate transferred to an anaerobic 15 

chamber (Coy Vinyl Anaerobic Chamber; Coy Laboratory Products Inc., Grace Lake, MI, 16 

USA) maintained at 39 °C and supplied with 80 % N2, 10 % CO2 and 10 % H2, to remove 17 

oxygen from the incubation. All treatments were prepared in triplicate and tubes were 18 

sealed with butyl rubber stopper, crimped and then incubated at 39 °C in a shaking 19 

incubator. The substrate (oaten chaff) alone was used as a batch control (PC) and the 20 

substrate mixed with 70 % ethanol was used as the solvent control, which was used as 21 

the control for the overall IVFT study. A whole biserrula plant (freeze-dried, ground) was 22 

also included in the assay to confirm the activity of the original sample. After overnight 23 

incubation, methane in the headspace was measured by gas chromatography (GC) as 24 

described previously (Durmic et al. 2010). Methane analysis was done by collecting 2 mL 25 

of headspace gas and analysed by GC (MicroGC Varian, Australia) using a PoraPlot Q 0.25 26 

mm × 10 m column (Varian, Australia) and Thermal Conductivity (TCD) detector, with 27 

column temperature kept at 50 °C and use Galaxie software (Varian, Australia). The 28 

methane production in the treatments was expressed as total methane produced 29 

(µmol) per culture (10 mL) Three highly potent fractions (i.e. achieving 50 % reduction 30 

in methane compared to the control) were identified (F2, F8 and F9) and tested further. 31 
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One fraction that appeared inactive in the IVFT (F3) was also included in further testing 1 

to reveal any discrepancy between two bioassays. , were used for further testing. 2 

 3 

3.2.5. Methanogen strains and cultures 4 

Methanobrevibacter gottschalkii HOT (DSM 11977), Methanobrevibacter ruminantium 5 

M1T (DSM 1093), Methanobacterium bryantii M.o.H.T (DSM 863),  Methanosphaera 6 

stadtmanae MCB-3T (DSM 3091) were obtained from the Leibniz-Institut DSMZ culture 7 

collection (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, 8 

Braunschweig, Germany). Methanoplasma gallocaecium strain DOK, belonging to the 9 

novel order ‘Methanoplasmatales’ in the RCC group of methanogens recently isolated in 10 

one of our laboratories (Padmanabha et al. 2013). These species/strains were selected on 11 

the basis that they were reported to be key rumen methanogens, and/or to maximize the 12 

diversity of methanogens tested (Wright et al. 2004; Janssen & Kirs 2008). The 13 

methanogens were grown in a modified Bryant and Robinson media (BRN) (Balch et al. 14 

1979) that contained, per liter, 6 g  sodium bicarbonate, 0.2 g each of yeast extract and 15 

peptone and 0.4 g L-cysteine HCl but lacked ammonium chloride, sodium acetate and 16 

sodium formate. The cultures were propagated under anaerobic conditions with a 17 

headspace of H2 and CO2 (150 kPa H2) at 39 °C. In addition, methanol and trimethylamine 18 

were added as substrate for the growth of M. stadtmanae and M. gallocaecium, 19 

respectively. 20 

 21 

3.2.6. Testing bioactivity in pure culture 22 

Actively growing cultures were inoculated into fresh modified BRN broth media and as the 23 

cultures reached the early exponential phase as determined by the optical density (OD) 24 

of the culture (i.e. OD600 0.15 – 0.5), measured on a Spectronic 200 (Thermo Scientific, 25 

Australia), the cell numbers were counted using a Thoma Counting Chamber (x 1000 26 

magnification). When the cell count was 1.0 – 3.0 × 107 cells/ mL aliquots of biserrula 27 

fractions (50 μL) added directly to 10 mL aliquots of the methanogenic culture. This 28 

concentration of fractions was selected based on preliminary IVFT test (data not shown) 29 

that implied that lower dose was ineffective and greater dose is affecting overall microbial 30 

fermentation. At the same time, one methanogenic culture per strain was inoculated with 31 
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100 μL 70 % ethanol and used as a control (control + ethanol) for that strain. All the 1 

treatments were run in triplicate. 2 

 3 

3.2.7. Methane measurements from pure culture 4 

Methane measurements were done at the end of incubation (> 72 hours). Headspace gas 5 

was analysed on a Shimadzu 2014 GC (Shimadzu Corporation, Japan) using a thermal 6 

conductivity detector. Gases were separated  using a Haysep-Q packed column (1.8 m × 7 

2.0 mm ID) at 38 °C (Injector at 75 °C and detector at 100 °C) with N2 as carrier gas with a 8 

total flow of 25.0 ml/min. Results were quantified by Shimadzu LabSolutions software 9 

using 5-levels of gas-mixture standards containing H2 and CH4 in nitrogen as standards. 10 

The methane production in the treatments was expressed as µmol per 10 mL of culture. 11 

 12 

3.2.8. Methanogenic cell growth in pure culture 13 

Methanogenic cell growth was estimated by mcrA gene amplification, measured by 14 

quantitative real-time PCR (qPCR) with a modified method of Denman and McSweeney 15 

(Denman & McSweeney 2006) and Denman et al., (Denman et al. 2007). Briefly, at the 16 

end of incubation, aliquots (1 – 2 mL) of culture were collected into QSP or Sarstedt 2 mL 17 

screw-capped tubes and the genomic DNA was extracted using a bead-beating method 18 

with Zirconium beads (1: 1 (w/w) mix of 1 mm + 0.1 mm; ~ 200 – 250 mg) and the Fast 19 

Prep-24 Instrument (MP Biomedicals Australasia Pty Ltd Seven Hills, Australia). 20 

Primers designed for the detection of methanogenic Archaea target the methyl 21 

coenzyme-M reductase (mcrA) gene sequence (Tatsuoka et al. 2004; Denman et al. 2007), 22 

which is unique to methanogens (Springer et al. 1995; Thauer 1998; Luton et al. 2002). 23 

The forward primer (qmcrA-F) 50- TTCGGTGGATCDCARAGRGC targeting the conserved 24 

amino acid sequence FGGSQR and the reverse primer (qmcra-R) 50-25 

GBARGTCGWAWCCGTAGAATCC targeting the GFYGYDL conserved amino acid sequence 26 

(Denman et al. 2007) were used to amplify sequences which were then analysed with an 27 

ABI PRISM 7900HT Sequence Detection System (Applied Biosystem, USA). The assays were 28 

set up using 35 µL of reaction mixture that included 16.5 µL SensiFast SYBR Green qPCR 29 

Lo-ROX Mix (Invitrogen), the primers (both forward and reverse, 1.32 µL each), distilled 30 

water (12.86 µL) and gDNA template (1.40 µL). The cycle conditions were as follows: 50 31 
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°C for 2 min and 95 °C for 2 min for initial denaturation, 40 cycles at 95 °C for 15 sec and 1 

60 °C for 1 min for primer annealing and product elongation, and 95 °C for 2 min, 60 °C 2 

for 15 sec and 95 °C for dissociation analysis of the melt curve (Denman et al. 2007). All 3 

methanogenic archaeal DNA from sampling time points was diluted 1: 10 before use. 4 

The bioactive effect was calculated by relative quantification of the amplification 5 

of mcrA gene products between solvent control (culture grown in presence of 70 % 6 

ethanol) and treatments using the 2-ΔΔCT method and comparing relative CT values (Livak 7 

& Schmittgen 2001). The relative quantification of CT values termed relative expression 8 

(ΔCT) is well documented (Livak & Schmittgen 2001; Denman & McSweeney 2005) and in 9 

this study the following formula was used to calculate the amount of target gene products 10 

(Pfaffl 2001; Denman & McSweeney 2005), 11 

��������	
�	���	�������	��
�� = 2����� 12 

          Where, ΔΔCT = (ΔCT. Sample - ΔCT. Control) 13 

                  = ((CT. Sample. Time × - ΔCT. Sample. Time 0) - ((CT. Control. Time × - ΔCT. Control. Time 14 

0)) 15 

Treatments were calculated by comparing the fold reduction or fold increment in relation 16 

to the control. This approach follows the assumption that control qPCR ΔΔCT fold change 17 

= 1.0, meaning ‘no change’, any value below 1.0 is considered as growth reduction, while 18 

value above 1.0 is growth stimulation. 19 

 20 

3.2.9. Methano-static or methano-cidal effect 21 

An aliquot (200 µL) of the methanogenic culture grown in the presence of an active 22 

fraction was inoculated into fresh broth media to check the recovery of microbial growth. 23 

The culture was grown in the same environment as previously described and methane 24 

was measured at the end of the incubation (i.e. late log phase). A methano-cidal effect 25 

was defined as no visible microbial growth and no detection of methane in the headspace; 26 

an equivocal methano-cidal effect was arbitrary selected when there was some/visible 27 

microbial growth but the methane production < 70 µmol (which is less than 50 % methane 28 

production from corresponding methanogen species controls); and a methano-static 29 

effect was defined as > 70 µmol methane production and/or normal microbial growth. 30 

 31 
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3.2.10. Statistical analysis 1 

The JMP® 11.0.0 (JMP Statistical DiscoveryTM from SAS 2013) was used to perform one-2 

way analyses of variance (ANOVA) for all experiments. We have examine the assumptions 3 

of the residuals to confirm the normal distribution of the data used in this study. Mean 4 

separation was done by using least significant differences (L.S.D) at the 5 % level. 5 

 6 

3.3. RESULTS 7 

3.3.1. Bioassay guided fractionation and HPLC of biserrula fractions 8 

The HPLC chromatogram of the methanol: chloroform (50 %: 50 %) crude extract of 9 

biserrula (Fig. 3.1) indicated that it contained a complex mixture of different compounds. 10 

To simplify the mixture, the crude extract was chromatographed on silica gel using 11 

mixtures of solvents with increasing polarity (from hexanes to ethyl acetate to methanol) 12 

to give 10 fractions. Out of these 10 fractions, 40 % EtOAc: Petrol (F4) and 100 % MeOH 13 

(F10) yielded (510 and 380 mg, respectively) as the highest extracted yields from HPLC 14 

chromatogram (Table 3.1). The three fractions found active in the subsequent IVFT (Fig. 15 

3.3) had yield of 50 mg (F2 and F8) and 170 mg (F9), but there was no direct link between 16 

yield and activity. The HPLC of these fractions revealed that each active fraction still 17 

contained a mixture of compounds (Fig. 3.1). Fraction F8 and F9 contained similar 18 

compounds and NMR spectroscopy suggested the presence of flavonoid glycosides in 19 

these two fractions. Fraction F2 on the other hand was quite different and based on UV 20 

detection profile seemed to still contain a large number of compounds. 21 

  22 
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 1 

Table 3.1. Yields (mg) from silica gel fractionation of biserrula crude extract methanol: 2 

chloroform (50 %: 50 %). 3 

Fraction Elution solvent Yield (mg) 

Initial extract  1490 

F1 100 % Petrol 60 

F2 20 % EtOAc: Petrol 50 

F3 20 % EtOAc: Petrol 10 

F4 40 % EtOAc: Petrol 510 

F5 60 % EtOAc: Petrol  5 

F6 80 % EtOAc: Petrol  7 

F7 100 % EtOAc  6 

F8 20 % MeOH: EtOAc  50 

F9 50 % MeOH: EtOAc  170 

F10 100 % MeOH  380 

Recovered   1248 

 4 

EtOAc, ethyl acetate; MeOH, methanol 5 

 6 
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 1 

Figure 3.1. HPLC chromatograms of biserrula crude extract (50 %: 50 %) methanol: 2 

chloroform compared with active fractions F2, F8 and F9. 3 

 4 

3.3.2. Bioactivity of biserrula extracts and fractions in IVFT 5 

Three crude extracts (ethanol, methanol and 50 %: 50 % methanol: chloroform) produced 6 

less methane (P< 0.05) when compared with the solvent control (Fig. 3.2). The highest 7 

anti-methanogenic activity was found in the 50 %: 50 % methanol: chloroform extract 8 

and the activity was comparable to the plant itself. These were the reasons why this 9 

extract was selected for further separation.  10 
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Figure 3.2. In vitro methane production (mean ± SEM) of biserrula extracts, plant 2 

(Biserrula pelecinus) and assay controls. 3 

PC – substrate only control; PC + 70% EtOH – substrate + ethanol solvent control; Means 4 

that do not share common superscripts are different (P < 0.05); the standard error bars 5 

represent SE of means (n = 3) 6 

 7 

 Further IVFT testing of the 10 fractions obtained by silica gel fractionation 8 

revealed that F2, F8 and F9 were the most active fractions (P< 0.05), reducing 50 % 9 

methane production compared with the solvent control, PC + 70 % EtOH (Fig. 3.3). Whole 10 

plant and fraction F2 had the lowest methane values and these were comparable to each 11 

other. These were the reasons for selecting these fractions for further testing in pure 12 

culture. The fraction with the highest methane was F3 and it was also selected for further 13 

testing, for the reasons stated earlier. 14 



CHAPTER 3.     BISERRULA FRACTIONS EFFECT ON RUMEN METHANOGENS 
 

56 | P a g e  
 

Treatments

PC

PC + 70 %
 EtO

H

Bise
rru

la pelecin
us F1 F2 F3 F4 F5 F6 F7 F8 F9

F10

Methane 

(µmol/10 mL)

0

50

100

150

200

250

300

a a
a

a a

a
a a

a

c

b

d
d

 1 

Figure 3.3. In vitro methane production (mean ± SEM) of biserrula fractions (F), plant 2 

(Biserrula pelecinus) and assay controls. 3 

PC – substrate only control; PC + 70 % EtOH – substrate + ethanol solvent control; Means 4 

that do not share common superscripts are different (P < 0.05); the standard error bars 5 

represent SE of means (n = 3) 6 

 7 

3.3.3. The activity of fractions against pure cultures 8 

3.3.3.1. Methane production 9 

In pure cultures of M. stadtmanae [Fig. 3.4 (e)], two fractions (F2and F9) of biserrula 10 

reduced methane production (P < 0.05) when compared to the control, whereas in M. 11 

gallocaecium and M. ruminantium cultures only F2 showed a reduction in methane 12 

production (P < 0.05) [Fig. 3.4 (b) and (d), respectively]. However, M. bryantii was affected 13 

by all four biserrula fractions tested [Fig. 3.4 (a)] and M. gottschalkii was unaffected   [Fig. 14 

3.4 (c)]. 15 

 16 
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 2 

Figure 3.4. Methane production in headspace (mean± SEM) in pure cultures of selected 3 

methanogens (a) M. bryantii, (b) M. gallocaecium, (c) M. gottschalkii, (d) M. ruminantium 4 

and (e) M. stadtmanae, when exposed to different fractions of biserrula. 5 

Control, methanogen grown in presence of EtOH; * lower than control (P < 0.05, n = 3) 6 

 7 
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3.3.3.2. Methanogenic cell growth/qPCR of mcrA gene products 1 

As judged by a reduction in mean qPCR ΔΔCT fold changes in gene amplification product 2 

compared with corresponding controls, all four fractions tested showed 0.4 to 0.6 fold 3 

reduction of mcrA gene amplification products (microbial cell growth) in M. ruminantium 4 

[lowest in F8 and highest in F2; Fig. 3.5 (d)]. Two other methanogens, M. bryantii and M. 5 

gallocaecium were sensitive to most of the fractions. These methanogens showed 0.2 to 6 

0.9 and 0.7 to 0.9 fold reduction (lowest to highest fold differences, respectively) in mcrA 7 

gene amplification products [Fig. 3.5 (a) and (b), respectively] of the biserrula fractions 8 

compared with corresponding controls (P < 0.05). However, a 0.5 and 0.2 fold reductions 9 

of mcrA gene amplification product was found in biserrula fraction F9 tested on M. 10 

stadtmanae and M. gottschalkii [Fig. 3.5 (e) and (c), respectively]. In these two 11 

methanogens, the rest of the fractions had stimulated methanogenic microbial growth, 12 

as their mcrA gene amplification products were 1.4 to 3.9 fold greater than the control. 13 

     14 
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 2 

Figure 3.5. The fold change in mcrA gene amplification product (mean± SEM, n = 3) of 3 

selected methanogens (a) M. bryantii, (b) M. gallocaecium, (c) M. gottschalkii, (d) M. 4 

ruminantium and (e) M. stadtmanae, when compared with control of methanogenic pure 5 

cultures exposed to biserrula fractions. 6 

The x axis crosses at the value for control (= 1.0, no change), so negative values (below 7 

1.0) indicate reduction compared to control and positive values (above 1.0) indicate 8 

stimulation 9 
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 1 

3.3.3.3. Methano-static or methano-cidal effect 2 

Based on their effect on methanogens in pure culture, all fractions except for F8 were 3 

selected for further testing of their static/cidal activity. None of the fractions showed total 4 

inhibition (cidal activity) on the pure cultures of methanogens, as methane was detected 5 

in the headspace of all the treatments (Fig. 3.6). However, F2 showed a strong reduction/ 6 

equivocal cidal effect (i.e. methane < 70 µmol), but only for M. stadtmanae, M. bryantii 7 

and M. gallocaecium. Other active fractions showed a static effect (i.e. methane > 70 8 

µmol). 9 

 10 
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Figure 3.6. Methane production in headspace (mean± SEM) from cultures of methanogens 12 

sub-cultured in fresh media after being exposed to active fractions F2, F3 and F9. 13 

Line crossing at 70 µmol/10 mL distinguishes static and below equivocal cidal (strongly 14 

reduced) effect; the standard error bars represent SE of means (n = 3) 15 

 16 
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There were only selected treatments that reduced methane and mcrA gene 1 

amplification products simultaneously, with F2 also being effective in producing an 2 

equivocal cidal effect (Table 3.2). 3 

 4 

Table 3.2. Summary of the inhibitory effects on methane production, mcrA gene 5 

amplification product and type of effect (where tested) in pure culture of methanogens 6 

exposed to selected fractions of biserrula. 7 

 8 

Methanogens Fractions    

 F2 F3 F8 F9 

M. bryantii methane methane methane methane 

 
mcrA gene 

amplification 

mcrA gene  

amplification 

mcrA gene  

amplification 

mcrA gene  

amplification 

 e/cidal static not tested static 

M. gallocaecium methane 

No effect 
mcrA gene  

amplification 

mcrA gene  

amplification 
 

mcrA gene   

amplification 

 e/cidal 

M. gottschalkii No effect No effect No effect 
mcrA gene  

amplification 

M. ruminantium methane methane methane methane 

 
mcrA gene  

amplification 

mcrA gene  

amplification 

mcrA gene  

amplification 

mcrA gene  

amplification 

M. stadtmanae methane methane 

No effect 

methane 

 No effect No effect 
mcrA gene   

amplification 

 e/cidal static static 

e/cidal – equivocal cidal effect 9 

 10 
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3.4. DISCUSSION 1 

In this study, we found that selected extractable compounds and fractions derived thereof 2 

from biserrula had potent anti-methanogenic effect on methane production in batch 3 

fermentation as well as on key rumen methanogens, by affecting their methane 4 

production and in some instances their cell growth. The effects varied between 5 

methanogens and the fractions. While none of the treatments produced complete cidal 6 

effects, one fraction had a very strong close to inhibitory effect. Reductions in methane 7 

production from the rumen have been well documented when plant extracts/compounds 8 

are used as anti-methanogenic agents (Patra & Saxena 2010; Bodas et al. 2012; Kamra et 9 

al. 2012; Bhatta et al. 2013), and this is the first report of presence and anti-methanogenic 10 

action of extractable compounds in biserrula. 11 

The very low methane production observed with biserrula fractions in this 12 

research is comparable to results from other studies (Banik et al. 2013a; Banik et al. 13 

2013b), and this study demonstrated a link between its fractions and low methane 14 

production in vitro, confirming our first aim. However, we noted that the effect of the 15 

plant extracts varied according to the type of extraction solvents, in accordance to other 16 

literature reports (Banik 2011). In the IVFT test, the highest activity that was found in the 17 

50 %: 50 % methanol: chloroform extract, which may be explained by the fact that this 18 

solvent mixture has both hydrophilic and hydrophobic activity, so it captures diverse 19 

compounds from the plant sample. Out of the 10 fractions tested in the IVFT, only three 20 

showed more than 50 % reduction in methane production compared to the control, and 21 

these were considered for pure culture testing. Since little is known about the PSCs 22 

present in biserrula, we adopted an approach to test a broader mix of compounds present 23 

in biserrula by testing multiple fractions to maximise the possibility of finding those that 24 

were active in reducing methane production. This study demonstrated that three 25 

different fractions of biserrula have an anti-methanogenic effect and these differed in 26 

their chemical composition, suggesting that three different types of PSCs in biserrula are 27 

responsible for reducing rumen methane production.  28 

Our results also showed that the anti-methanogenic bioactivity of biserrula 29 

fractions varied between the different key methanogens tested in pure culture, with some 30 

demonstrating broad acting effects, whereas others showed a more specific effect. In 31 
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terms of methane production, M. bryantii was affected by all four fractions, while M. 1 

gottschalkii was unaffected by any of the fractions tested. Previous studies have shown 2 

the predominant methanogens in the rumen are the species within the genus 3 

Methanobrevibacter (Janssen & Kirs 2008; Jeyanathan et al. 2011), so it is promising that 4 

M. bryantii was affected by biserrula. However, as there was no single fraction that 5 

affected methane production against all of the methanogens tested, it highlights the 6 

complex nature of plant bioactivity and it is possible that artificial inhibitors (additives) 7 

will require a combination of compounds to be completely effective which might have a 8 

direct effect i.e. affecting broad range of methanogens. Once the PSCs of each effective 9 

fraction are identified, this could be examined by mixing several combinations of those 10 

PSCs and re-testing them in pure culture. 11 

The F2 fraction appeared to produce the most potent and diverse effect – it was 12 

the most potent fraction in the IVFT, and in pure culture, reducing both metabolic (i.e. 13 

methane production) and growth (i.e. mcrA gene amplification in qPCR) activities in the 14 

majority of methanogens tested, and producing a near-cidal effect. The HPLC analysis of 15 

F2 revealed a number of compounds are still present in this fraction and this is receiving 16 

attention.  The F9 was the only fraction that resulted in a reduction of microbial growth 17 

activity of all key methanogens, while interestingly, some fractions such as fraction F8 18 

actually stimulated growth of specific methanogens. Given that the latter fraction, F8 was 19 

active in a mixed rumen population but not active in pure culture, an explanation may be 20 

that this fraction has only an indirect effect on methanogens. The HPLC comparison of F8 21 

and F9 showed that they contain some common compounds, but also unique compounds, 22 

so it is difficult to suggest the same compound is active in both fractions at this stage. 23 

Flavonoid glycosides detected by NMR spectroscopy in both fractions, are also known 24 

components of related species and have been implicated in anti-methanogenic activity 25 

(Patra & Saxena 2010; Li et al. 2014a). Fractions F8 and F9 could be a combination of 26 

different flavonoid glycosides that are responsible for their differing activities in the pure 27 

cultures since flavonoid containing plants are known to inhibit methanogenic activity in 28 

rumen (Patra & Saxena 2010).  29 

The consequence of the other fractions generally appeared to be limited to effects 30 

on microbial metabolic activity rather than targeting microbial growth activity, which 31 

would be a more desirable effect. In practical terms, this implies that methanogens are 32 
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reduced but not killed, and hence may be able to resume their activity upon removal of 1 

the active plant fraction. Developing an additive to modify rumen microbial populations 2 

and their activity, persistency and cidal effect were considered in many studies (Preuss et 3 

al. 2005; Okigbo & Omodamiro 2007). Many attempts, including the use of antibiotics 4 

have failed for this reason, because they leave behind viable cells that eventually lead to 5 

resistant microbes (Moss et al. 2000). In the current study, none of the fractions tested 6 

were lethal for the methanogens, and the culture re-grew when the active fraction was 7 

removed from the media with methane-producing activity returning to normal. Dose-8 

dependent effect on microbial growth has been observed with other known anti-9 

methanogenic PSCs/ agents such as essential oils, bromo-chloromethane and chloroform 10 

(McIntosh et al. 2003; Denman et al. 2007; Durmic et al. 2008; Knight et al. 2011; Cieslak 11 

et al. 2013). It is reasonable to expect that a cidal effect on methanogens might occur with 12 

increased concentrations of the bioactive fractions from biserrula. While, we have 13 

conducted a preliminary study with some greater doses to find adequate dose to test in 14 

the current study, we have found detrimental effect (low gas and VFA production) on 15 

microbial fermentation with these greater concentration. Further studies will be 16 

underway to establish more potent and cidal concentration and assess whether these 17 

cidal effects are likely to occur at concentrations that are practical for use as a feed 18 

additive. 19 

Another interesting finding was that the F9 fraction caused a reduction in 20 

methanogenic cell growth in all methanogens, but it was coupled with a reduction in 21 

methane for only three methanogens. Although it is assumed that reduced methanogenic 22 

microbial growth will result in overall low methanogenic activity, it apears that this is not 23 

always the case. Methane accumulates in the headspace and it remains there until the 24 

end of incubation. It is possible that if the fraction is slow-acting, it will only start to 25 

eliminate cells after certain period of time. Consequently, at the end of incubation, 26 

methane will still be detected inside the experimental unit but cell number will be lower 27 

than the control.  We suggest additional time-course studies are required to examine 28 

these effects, but in practical terms, it means that there may be a lag time in the effect. 29 

It is notable that assessing the anti-methanogenic effect of the fractions based on 30 

methane production during IVFT or metabolic and growth activities, or recovery of 31 

methanogenic cells after exposure to fractions might give contrasting results. For 32 
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example, the fraction found inactive in IVFT, F3, showed its potency in pure culture, 1 

inhibiting cellular growth activity of three methanogens. Some of these differences may 2 

be explained by the variation in the methodologies and their limitations. While IVFT is a 3 

rapid screening tool used to narrow down treatments to be tested further, it is focused 4 

primarily on methanogenic metabolic activity and does not take into account 5 

methanogenic cellular growth activity.  Pure cultures, conversely do not take into account 6 

indirect effects and the microbial interactions that may occur in a mixed rumen 7 

population. Both testing systems are artificial, IVFT represents the microbial diversity and 8 

cell numbers that are closer to what is found in the rumen, whereas testing of purified 9 

fractions on methanogen pure cultures is a more controlled way to study both metabolic 10 

and growth effects which should eventually help to elucidate the anti-methanogenic 11 

bioactivity of biserrula fractions. Overall, it is important that the testing of fractions is 12 

conducted in both systems to improve the probability of identifying and confirming 13 

bioactivity, but it is imperative to take this testing further and confirm responses in vivo. 14 

It is also clear that the mechanism of the anti- methanogenic effects needs to be studied 15 

at more sophisticated level at population or cellular level. 16 

It is worth noting that in the current study, we focused on five rumen methanogens, 17 

and the effect was equally evaluated, but recent studies have revealed that a greater 18 

diversity of methanogens exists than was originally thought. For example, one study 19 

showed that sheep in Western Australia were dominated by members of M. gottschalkii 20 

(Wright et al. 2004), whereas sheep in Queensland had archaea related to the RCC group 21 

and had fewer members of the M. gottschalkii clade (Wright et al. 2006). This is of a 22 

particular importance when developing anti-methanogenic methodologies, as it appears 23 

that there may not be a ‘blanket’ approach for all methanogens and reiterates that a mix 24 

of compounds (or even plant species) rather than a single compound may have better 25 

prospects in this regard.  26 

The methodological approach presented in the current study may also become 27 

useful in human studies. The use of gene amplification as an indicator of methanogenic 28 

growth has been well documented (Luton et al. 2002; Denman & McSweeney 2005; 29 

Denman & McSweeney 2006; Guo et al. 2008) and in the current study, we have found 30 

the suitability to test plant bioactivity over a range of methanogenic species. This 31 

approach may also become useful to supplement other conventional methods commonly 32 
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applied to test anti-microbial susceptibilities in methanogens (Khelaifia & Drancourt 1 

2012), or for other strict anaerobic microorganisms where classical anti-microbial 2 

methods are not suitable.  3 

 4 

3.5. CONCLUSION 5 

The current study demonstrated that the anti-methanogenic effect of biserrula is 6 

mediated through its extractable compounds/fractions  that affect the activity and growth 7 

of rumen methanogens. However, the effect depends on both the type of plant fraction 8 

and the type of methanogen. Further study is needed to explore the actual basis of low 9 

methane production when methanogens are grown in the presence of selected fractions 10 

from biserrula. Two of the fractions suggest the presence of flavonoid glycosides where 11 

as one fraction (F2) needs to undergo further study. Overall, the findings in the current 12 

study suggest further investigation of F2 fraction, for the isolation of pure 13 

antimethanogenic compounds. Developing novel plant-based feed additives to mitigate 14 

methane from the rumen will ultimately contribute to improved animal productivity and 15 

environmental health. 16 
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CCHHAAPPTTEERR  44..  SSUUBB--CCHHAAPPTTEERR  AA::  1 

BBIISSEERRRRUULLAA  PPEELLEECCIINNUUSS  LL..  SSHHOOWWEEDD  DDOOSSEE--DDEEPPEENNDDEENNTT  RREESSPPOONNSSEESS  OONN  2 

RRUUMMIINNAALL  FFEERRMMEENNTTAATTIIOONN  GGAASS  AANNDD  MMEETTHHAANNEE  PPRROODDUUCCTTIIOONN  ((MMPP))  WWHHEENN  3 
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Biserrula pelecinus L. showed dose-dependent responses on ruminal 1 

fermentation gas and methane production when combined with Trifolium 2 

subterraneum L. in vitro 3 

 4 

SUMMARY 5 

In previous studies, we found that the annual forage legume Biserrula pelecinus L. 6 

(biserrula) reduced in vitro methane production when compared to mainstream pasture 7 

legumes in Australia. However, it also had an inhibitory effect on microbial gas production 8 

when included as a sole substrate in the system. The objective of this study was to 9 

determine if this negative effect could be diluted out, while still maintaining the reduction 10 

of methane. Feed mixtures containing 0.25 – 0.75 g/g of biserrula, in combination with 11 

Trifolium subterraneum L. (subterranean clover), were tested in an in vitro batch 12 

fermentation system and compared to the control (subterranean clover as sole substrate). 13 

Both gas production and methane were reduced (P < 0.001) in mixture containing 14 

biserrula and the effect occurred in a dose-dependent manner (R² = 0.91, and 0.88, 15 

respectively). Methane production was reduced (P < 0.001), only when biserrula was 16 

included at concentration of 0.75 g/g and as a sole substrate (40% and 46% reduction 17 

respectively). These reductions were associated with a smaller but still decrease (P < 18 

0.001) in gas production (28% and 31%, respectively) which can be partially attributed to 19 

the reduction in methane production. These results confirm that biserrula retains its 20 

methane-mitigating potential when mixed with subterranean clover; however biserrula 21 

needs to dominate the ration in order to sustain the effect. The effective doses still 22 

reduced gas production (P < 0.001), so further research is required to narrow down the 23 

range of doses (i.e. between 0.50 – 0.75 g/g substrate) to find the optimal effective dose, 24 

as well as to reveal the exact mechanism behind this reduction. 25 

Key words: Biserrula pelecinus L., Trifolium subterraneum L., dose response, methane, gas 26 

production 27 

 28 
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4A.1. INTRODUCTION 1 

Bioactive plants offer a potent strategy for greenhouse gas mitigation in ruminants. 2 

However very often their effect is non-selective and targets not just methanogens, but 3 

other members of the rumen microbiome. This results in side-effects, for example 4 

interference with ruminal microbial fermentation leading to lower volatile fatty acid (VFA) 5 

production and reduced energy for the animal. Sometimes, these negative effects can be 6 

diluted by feeding only a small proportion of the bioactive component in the diet (Patra 7 

and Saxena 2010; Cieslak et al. 2013; Belanche et al. 2015; Patra and Yu 2015). For 8 

example, the effect can be reduced if a potent bioactive plant is offered in a mix with 9 

other forage (Li et al. 2014; Quinn et al. 2014). 10 

Recently, we discovered that the annual forage legume Biserrula pelecinus L. 11 

(biserrula) effectively reduces methane production when fermented by rumen microbes 12 

(Banik et al. 2013a; Banik et al. 2013b). However, this was linked with some reduction in 13 

microbial gas, which implies an overall negative effect on rumen microbes and 14 

fermentation. In the same study, we demonstrated that one of the key forage legumes in 15 

Australia, Trifolium subterraneum L. (subterranean clover) had six times more in vitro 16 

methane production than biserrula. As mentioned above, it is possible to maintain an anti-17 

methanogenic effect, while reducing negative effect on rumen fermentation, when 18 

potent plants are mixed with other substrates (García-González et al. 2008; Li et al. 2014). 19 

In biserrula, photosensitivity in sheep (Hogg et al. 2010; Loi et al. 2010) could be diluted 20 

out when grazed as mixed forage (Quinn et al. 2014; Swinny et al. 2015) and it is 21 

hypothesized that a similar effect may be found for its anti-methanogenic activity. 22 

The aim of this study was to determine if the anti-methanogenic bioactivity of 23 

biserrula can be maintained when used as mixed substrate combined with subterranean 24 

clover whilst reducing the negative effect on microbial gas production in vitro. 25 

 26 

4A.2. MATERIALS AND METHODS 27 

4A.2.1. Experimental design 28 

The use of animals was approved by the Animal Ethics Committee of the University of 29 

Western Australia (UWA) (RA/3/100/1171). Plant material of biserrula cv. Casbah and 30 
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subterranean clover cv. Dalkeith were grown in field plots at the UWA Shenton Park Field 1 

Station, UWA, Western Australia. Biserrula, subterranean clover and their combinations 2 

were tested as substrates using in vitro fermentation technique (IVFT) to compare their 3 

overall fermentability (as gas production) and methanogenic potential (i.e. amount of 4 

methane produced by rumen microbes when fermenting substrate). 5 

 6 

4A.2.2. Plant materials and treatments  7 

Plants were collected in vegetative (prior to flowering) stage, eight weeks post sowing for 8 

the IVFT analysis. The shoot material (leaf and stem > 2 cm above the ground) was 9 

collected from multiple plants and pooled, freeze-dried and ground to pass through a 1 10 

mm sieve. The material was then stored at room temperature (22 °C) in sealed containers 11 

until use. Five treatments consisted of either biserrula (BI) or subterranean clover (SC) as 12 

a sole substrate, plus three binary mixtures of biserrula and subterranean clover of 0.25 13 

BI, 0.50 BI and 0.75 BI (g/g substrate). 14 

 15 

4A.2.3. In vitro fermentation technique (IVFT) 16 

Plant material was tested in a IVFT batch culture system designed to mimic the rumen 17 

environment (Durmic et al. 2010). Briefly, under anaerobic conditions (Vinyl Anaerobic 18 

Chamber, Coy Laboratory Products Inc., Grass Lake, MI, USA) 0.5 g plant material was 19 

mixed with 50 mL of strained and buffered rumen fluid in 100 mL clear serum bottle 20 

(Supelco Code 22110 - U, Sigma Aldrich Pty Ltd, NSW, Australia). All treatments were 21 

prepared in triplicate and the sealed and crimped serum bottles were then incubated at 22 

39 °C in a shaking incubator (50 rpm) for 24 h. After incubation, rumen microbial 23 

fermentation was assessed by measuring headspace gas pressure using a pressure 24 

transducer (Greisinger Electronic GmbH, Regenstauf, Germany) and gas chromatography 25 

(GC) was used to analyse methanogenic potential from headspace gas using a Bruker – 26 

450 GC (Bruker Technologies, Australia). 27 

 28 
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4A.2.4. Statistical analysis 1 

Incubation serum bottles were used as the experimental unit in this experiment. One-way 2 

ANOVA for randomly distributed treatments was performed using JMP® 11.0.0 (SAS 3 

Institute Inc., USA 2013). The relationships between the treatments and gas pressure or 4 

methanogenic potential were explored by fitting them linear and nonlinear regression 5 

curves in GenStat version 15.2 (VSN International Ltd, UK 2012) and Tukey’s 5% 6 

confidence interval was used to differentiate between treatments for gas pressure and 7 

methanogenic potential. 8 

 9 

4A.3. RESULTS 10 

Gas pressure in treatments ranged from 93 kPa to 134 kPa, with a reduction occurring in 11 

0.75 BI and BI treatments (P < 0.001) when compared to SC and these values were 28 % 12 

and 31 % lower than that of SC (Table 4A.1). The methanogenic potential ranged from 24 13 

mL/g of dry matter incubated (DMi) to 44 mL/g DMi and was reduced only in the 0.75 BI 14 

and BI treatments (P < 0.001) and by 40 % and 46 % compared to SC. There was also a 15 

steady decrease in methane portion in total gas as biserrula proportion increased. Methane 16 

and gas reduction were equal in 0.5 BI, but methane reduction became consistently greater 17 

than gas reduction thereafter, with a steady shift towards methane reduction with increase 18 

of biserrula in the substrate.  19 

Regression analysis suggested that for gas pressure and methanogenic potential 20 

R2 was always higher in linear regression compared with nonlinear regression curve such 21 

as Mitsherlich-Menten curve (i.e. 0.71 and 0.74, respectively) or logistic (s-shaped) curve 22 

(i.e. 0.76 and 0.88, respectively). The linear regression analysis showed that there was a 23 

dose-dependent response of gas pressure (R2 = 0.91) and methanogenic potential (R2 = 24 

0.88) with increasing proportion of biserrula in the substrate (Fig. 4A.1). There was also a 25 

strong correlation between gas and methane production (R2 = 0.99, Fig. 4A.2). 26 

 27 
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Table 4A.1. In vitro gas pressure (kPa) and methane production (mL/g DMi) from biserrula 1 

(BI) and subterranean clover (SC) mixtures in IVFT (means, n = 6) 2 

Treatments Gas pressure 
Methanogenic 

potential 

Proportion 

of 

Reduction 

in gas/ 

reduction 

in 

methane 

 

kPa 

Reduction 

(%) 

mL/g 

DMi 

Reduction 

(%) 

methane 

in total gas 

(mL/mL) 

SC 134a 0 44a 0 0.33 N/A 

0.25 BI 128a 4 44a 0 0.34 N/A 

0.50 BI 122a 9 40a 9 0.33 0.99 

0.75 BI 96b 28 27b 39 0.28 0.73 

BI 93b 31 24b 46 0.26 0.67 

SEM 1.98 - 1.02 - - - 

 3 

a, b mean values within a column with different superscript letters are different (P < 0.001) 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 
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 1 

(a) 2 

 3 

 4 

(b) 5 

Figure 4A.1. Dose dependent response of gas pressure (a) and methanogenic potential (b) 6 

distribution in biserrula and subterranean clover mixture treatments fermented in IVFT. 7 

 8 
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 1 

Figure 4A.2. Distribution of gas pressure (kPa) and methane production (mL/g DMi) from 2 

biserrula and subterranean clover mixture treatments fermented in IVFT. 3 

 4 

4A.4. DISCUSSION 5 

The low methanogenic potential and gas production when biserrula was the dominant 6 

substrate in the mixture is consistent with previous studies (Banik et al. 2013a; Banik et 7 

al. 2013b). In this study, we have also found that the reduction in methanogenic potential 8 

was greater compared with the reduction in gas pressure, in particular as the proportion 9 

of biserrula in the substrate increased. This potentially means that biserrula is capable of 10 

specifically targeting methanogenic activity. This aligns with our most recent findings in 11 

pure culture where bioactive fractions of biserrula showed their anti-methanogenic effect 12 

on specific rumen methanogens (Banik et al. 2016). However, continuous culture 13 

(RUSITEC) studies and in vivo techniques are essential to observe the specific effect on 14 

methanogens but also other members of rumen microbiota. 15 

 In the current study, we were unable to identify an effective mixture of biserrula 16 

and subterranenan clover that would simultaneously maintain microbial gas production 17 

and reduce methane production. However, we have confirmed that in effective doses, the 18 

reduction in methane was a major cause of the reduction in gas pressure. Rumen gases 19 

usually contstitute of 27% methane (Sniffen and Herdt 1991), and we have found similar 20 

ranges in our treatments of this study too. Though, there were some small differences 21 
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between the treatments, i.e. in SC it was 33%, while in BI it was 26% and these small 1 

differences may have greater effects in live animal and on large scale and should be 2 

exploited further. Although with increasing biserrula concentrations both gas and 3 

methane reduced dramatically, the differences between their reduction were more 4 

prominent when biserrula was added as dominant substrate. However, proprtion of 5 

methane reduction compared with gas reduction were similar when 0.75 Bl or Bl was 6 

examined in vitro. 7 

In this current study, we found noticable methane reduction only when biserrula 8 

dominated the mixture in the substrate. We did not find a dose that would simultaneously 9 

maintain microbial gas production and reduce methane production, but we have noted 10 

that there were some sharp changes between 0.50 Bl and 0.75 Bl and it appears that there 11 

could be a point between these two that would act in desired manner. Further studies 12 

using mixtures within this range may be helpful to find a more optimal combination.  13 

Overall, our preliminary studies suggest the need for a higher proportion of 14 

biserrula in the substrate to achieve anti-methanogenic effect. In bioactive anti-15 

methanogenic plants, there is very limited data on the amounts required to achieve the 16 

effect and if the response is related to the dose. Recently, (Li et al. 2014) reported that 17 

bioactive plant Eramorphila glabra L. act in a dose-dependent manner and that is possible 18 

to reduce the methane production when only a small proportion of this plant is added to 19 

the fermentation substrate in RUSITEC. In our study, a similar type of response was found, 20 

but the effect was significant only when biserrula was added at more substantial  21 

concentrations. However, in E. glabra, the effect (81% reduction in methane) was always 22 

associated with a susstantial inhibitory effect on gas production (43% gas reduction), 23 

whereas in our study, 46% reduction in methane resulted only in 31% reduction in gas. In 24 

biserrula therefore, the effect on gas may be partially, if not all attributed to reduction in 25 

methane, which gives some good prospects into finding the right dose and/or extracting 26 

plant compounds that may be responsible for the specific effect and developing it into a 27 

feed additive.  28 

 It should be noted that in this study, the methanogenic potential of BI was only 29 

half of SC, where as earlier research showed six times less methane produced by biserrula 30 

compared to subterranean clover (Banik et al. 2013b). This difference in methanogenic 31 
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potential may be due to the growing environment of the plant material. In the earlier 1 

study, plants were grown in a controlled environment, i.e. in a glasshouse, whereas in the 2 

current study, plants were grown in the field. In that previous study, methane production 3 

found to differ significantly due to growing environment i.e. in glasshouse and in field 4 

plots. However, methane production from biserrula in our current study grown in 5 

different field environment, that showed greater value than the previous study. Previous 6 

experimental plants were also grown in a potting mix that contain all the essential 7 

nutrients (i.e. phosphorus, potasium, iron, coper etc.) for plant growth, and the effect of 8 

these on methanogenic potential in plants had not been studied before. Moreover, in the 9 

controlled environment, plants were inoculated with biserrula-specific rhizobia  and in 10 

field condition no rhizobia was used externally. This may be critical, as addition of rhizobia 11 

results in greater leaf to stem ratio (Banik 2010), and consequently less anti-12 

methanogenic bioactivity in present study due to lower proportion of digestable leaves, 13 

would be expected. 14 

 15 

4A.5. CONCLUSIONS 16 

In conclusion, biserrula had significant anti-methanogenic activity when mixed with 17 

subterranean clover, but only when biserrula was the dominant substrate. This effect was 18 

always associated with reduction in gas, which may also be associated with reduced 19 

digestability.There was a dose-response effect on both anti-methanogenic activity and gas 20 

production. However, the rate of reduction on methanogenic potential was greater than 21 

that of gas, implying that the reduction in gas may be explained partially by reduction in 22 

methane. Further continuous culture studies are required to confirm that the effect is 23 

specific on methanogens and not affecting other rumen micriobiota. 24 

This study was conducted with financial support from the University of Western 25 

Australia (UWA), and Commonwealth Scientific and Industrial Research Organization 26 

(CSIRO). We would like to thank Dr Peter Hutton (School of Animal Biology, UWA) for 27 

providing fresh samples of biserrula and subterranean clover and Dr Joy Vadhanabhuti for 28 

her technical assistance while operating IVFT. 29 

 30 
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TTRRIIFFOOLLIIUUMM  SSUUBBTTEERRRRAANNEEUUMM  LL..  AASS  AA  SSUUBBSSTTRRAATTEE  IINN  CCOONNTTIINNUUOOUUSS  3 

CCUULLTTUURREE  FFEERRMMEENNTTAATTIIOONN  SSYYSSTTEEMM  ((RRUUSSIITTEECC))  RREESSUULLTTSS  IINN  AA  PPEERRSSIISSTTEENNTT  4 

RREEDDUUCCTTIIOONN  OOFF  MMEETTHHAANNEE  PPRROODDUUCCTTIIOONN  5 
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Addition of the forage legume Biserrula pelecinus L. to Trifolium 1 

subterraneum L. as a substrate in continuous culture fermentation system 2 

(RUSITEC) results in a persistent reduction of methane production 3 

 4 

SUMMARY 5 

Biserrula (Biserrula pelecinus L.) is an annual pasture legume showing a promising activity 6 

for mitigating methane from ruminants. The objective of the current study was to examine 7 

whether this anti-methanogenic property of biserrula persists over time and in a mix with 8 

subterranean clover (Trifolium subterraneum L.) when fermented in a continuous culture 9 

fermentation system (RUSITEC). The system was setup with subterranean clover or 10 

biserrula as sole substrates or binary forage mixes containing 250, 500 and 750 g of freeze 11 

dried biserrula per kg of subterranean clover. Incubations were run over 18 days, and 12 

nutritive value after digestion and fermentation profiles, including methane production, 13 

were examined for the system. When biserrula was included at concentration of 500 g/kg, 14 

there was a reduction (P < 0.001) in overall average daily methane production (58 mL/24h) 15 

compared to a sole substrate of subterranean clover as control (107 mL/24h). The effect 16 

on methane production in this treatment persisted throughout the experiment, with no 17 

effect on total volatile fatty acids, but reduction (P < 0.05) in microbial gas production was 18 

found. Other concentration in the treatment of biserrula were either not effective, or 19 

suppressed microbial activity. In conclusion, the anti-methanogenic activity of biserrula 20 

persist over time and in a mix with another forage, but it appears there is an optimal 21 

concentration in the substrate rather than a linear dose response for its inclusion in the 22 

mixture in order to reduce methanogenic activity without affecting microbial 23 

fermentation.  24 

Keywords: Biserrula pelecinus L., RUSITEC, fermentation, methane, methanogens 25 

 26 

 27 
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 1 

4B.1. INTRODUCTION 2 

Methane emission from fermentation of feedstuff in the rumen is one of the most 3 

significant sources of greenhouse gas (GHG) production in agriculture (Garnaut 2011) that 4 

contributes 17 % of total world-wide GHG emissions (IPCC 2007; Allen et al. 2011). It also 5 

represents a major loss of around 15 % of the gross energy intake from animal feed 6 

(Beauchemin et al. 2008; Flachowsky & Lebzien 2012). In the rumen, cellulolytic bacteria 7 

degrade carbohydrates from the ingested feed to volatile fatty acids (VFA), carbon dioxide 8 

(CO2) and hydrogen (H2) (Hungate 1975; McDonald et al. 1988). The CO2 and H2 are then 9 

converted by a specialised population of methanogenic archaea (methanogens) into 10 

methane (CH4) that is expelled into the environment by eructation (Thauer et al. 2008). 11 

Methanogens represent around 4.0 % of the total microbial population in the rumen 12 

(Sharp et al. 1998; Yanagita et al. 2000; Shin et al. 2004). The key methanogens in the 13 

rumen belong to Methanobrevibacter, Methanosphaera and a group of uncultured rumen 14 

archaea labelled as ‘rumen cluster C’ (RCC) (Janssen & Kirs 2008). 15 

Manipulating animal’s diet, particularly through forages offered in grazing, is one 16 

of the most effective ways to reduce ruminant methane emissions (Broudiscou et al. 2000; 17 

Soliva et al. 2008). Bioactive plants have been considered as ‘natural’ manipulators of 18 

rumen fermentation (Wallace et al. 2002) and differences in methane output resulting 19 

from feeding various pasture legumes and grasses have been described previously 20 

(Tavendale et al. 2005). Ruminant production in Australia relies on extensive, forage-21 

based feeding systems, with legumes such as subterranean clover (Trifolium 22 

subterraneum L.), but in the last two decades new pasture species such as biserrula 23 

(Biserrula pelecinus L.) have been introduced (Loi et al. 2005; Nichols et al. 2007). Biserrula 24 

is a hard-seeded annual forage legume from the Mediterranean region that can produce 25 

a large amount of seed and is well suited to intensive crop-pasture rotations (Loi et al. 26 

2001). Recently, we reported that it has potential to mitigate methane, as it had a low 27 

methanogenic potential when fermented by rumen microbes in batch culture without 28 

affecting VFA production, but reduced microbial gas production (Banik et al. 2013a; Banik 29 

et al. 2013b). Recently, Li et al. (Li et al. 2014) demonstrated that a bioactive plant with 30 
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negative effects on microbial fermentation, retain the beneficial effect of inhibiting 1 

methane while overcoming adverse effects when mixed with another substrate.  Further, 2 

when assessing bioactive plants, it is important to demonstrate that the effect is not 3 

transient, i.e. persists over time. Finally, it is necessary to understand the mechanisms of 4 

such effect. 5 

Our aim was to investigate the effects of biserrula on rumen microbial 6 

fermentation, including methane production, alone or when mixed with subterranean 7 

clover in a continuous culture fermentation in vitro system (Rumen Simulation Technique, 8 

RUSITEC). We hypothesised that the anti-methanogenic property of biserrula would be 9 

present in a mix with subterranean clover, that the effect will persist during fermentation 10 

in the RUSITEC system, but the effect will depend on the amount of inclusion. 11 

 12 

4B.2. MATERIALS AND METHODS 13 

The use of animals and the experimental protocol were approved by the Animal Ethics 14 

Committee of the University of Western Australia (RA/3/100/1171) according to the 15 

recommendations of the Australian National Health & Medical Research Council. 16 

 17 

4B.2.1. Experimental design and overview 18 

The in vitro continuous fermentation system was carried out using a RUSITEC, as described 19 

by Czerkawski and Breckenridge (Czerkawski & Breckenridge 1977) and recently 20 

optimized in our laboratory by (Li et al. 2014) and (Ghaffari et al. 2015). The total 21 

fermentation period was 18 days, consisting of eight days of introductory (stabilization) 22 

period, followed by 10 days of measurements (experimental period). The system was 23 

setup with freeze dried biserrula or subterranean clover as a sole substrate, or one of 24 

three binary forage mixtures of biserrula and subterranean clover as substrate. Gas 25 

samples were collected daily to measure methane and total gas production. The 26 

fermentation liquid from each treatment/vessel was sampled for volatile fatty acids (VFA), 27 

ammonia and pH determination, while feed bag residues were collected for examining 28 

nutritive values. 29 

 30 
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4B.2.2. Plant material 1 

Plant material (leaf and stem) was obtained from biserrula and subterranean clover plants 2 

grown in field plots (0.2 ha/ treatment) at the University of Western Australia Shenton 3 

Park Field Station, Western Australia (latitude: 31°56’55.21’’ S, Longitude: 115°47’33.99’’ 4 

E) in early November 2013 just prior to flowering. Multiple plants were cut at a height of 5 

2 cm, and the plant material was pooled, freeze-dried and ground to pass through a 4 mm 6 

sieve. The material was then stored at room temperature (22° C) in sealed containers until 7 

further analyses. 8 

 9 

4B.2.3. Treatments 10 

The five treatments consisted of biserrula and subterranean clover as sole substrate (i.e. 11 

100 g/kg biserrula and ‘Control’), and three binary forage mixtures containing 250, 500 12 

and 750 g of biserrula per kg of subterranean clover as substrate. Sole subterranean clover 13 

treatment (i.e. ‘Control’) was used as control treatment throughout the experiment. A 14 

total of 15 fermentation vessels (5 treatments × 3 replicates) were setup and randomly 15 

distributed to two water baths of the RUSITEC system. 16 

 17 

4B.2.4. RUSITEC setup and operation 18 

The RUSITEC apparatus (Sanshin Industrial Co. Ltd, Kanagawaken, Japan) had vessels with 19 

an effective volume of 680 mL each, immersed in two water baths maintained at 38.6 °C. 20 

On the experimental day, rumen samples were collected 3 h after feeding from nine 21 

ruminally-cannulated adult Merino wethers (mean bodyweight 65.4 ± 2.01 kg), that were 22 

fed a diet consisting of 1 kg oaten chaff + 250 g lupins + 25 g mineral mix for 2 weeks 23 

before sampling. Rumen samples were collected using a vacuum pump and a wide bored 24 

tube that allowed collection of both the liquid and solid phase. Material was collected into 25 

a thermos flask and transported to the laboratory within 20 min of collection. Rumen 26 

samples from each sheep were pooled and strained through two layers of nylon bag (pore 27 

size 100 µm) to separate the liquid and solid portions. Each vessel was filled with 200 mL 28 

of the strained liquid portion and 300 mL of McDougall’s buffer (McDougall 1948). The 29 

solid portion was aliquoted into clean nylon bags (100-μm pore size, 8 × 15 cm, 15 g/ bag), 30 
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and placed in each fermenter to help maintain microbes attached to the fibrous portion 1 

of digesta (Czerkawski & Breckenridge 1977), alongside a bag containing ground oaten 2 

chaff (15 g dry matter/ bag). On Day one of the introductory phase, pH was measured 3 

hourly and buffer flow adjusted to maintain pH ~ 6.7 in each fermenter. On Day 2, the bag 4 

with solid digesta was replaced with a bag containing 15 g dry matter (DM) of oaten chaff. 5 

This step was introduced to gradually transition the microbial population in the inoculum 6 

from the donor sheep diet to treatment substrates. On Day 3, the oaten chaff bags were 7 

replaced by bags containing 15 g DM of treatment substrate. In subsequent days (Day 4 – 8 

18), treatment bags that had remained in the vessel for 48 h were replaced with a new 9 

feed bag of treatment substrate. Therefore, at any time, in each vessel, two bags were 10 

present, and each feed bag was fermented for 48 h before being replaced with a new one. 11 

The flow-through fermenter was maintained by continuous infusion of McDougall’s buffer 12 

at a rate of 520 mL/day (dilution rate of 3.20 %/h). Total effluent from each vessel was 13 

collected into Duran bottles (SCHOTT Labware, North America Inc., NY, USA) that were 14 

placed in a portable freezer (Engel Chest Fridge-Freezer MT60FCP, Engel, Castle Hill, 15 

Australia) in order to stop any secondary microbial fermentation in the overflow. To 16 

maintain an anaerobic environment in the vessel, each was flushed with nitrogen (N2) 17 

during every feeding. During this period, pH, gas and overflow liquid were monitored daily 18 

to adjust the system if required. 19 

 20 

4B.2.5. Sample collection and analysis 21 

4B.2.5.1. Chemical profiles and digestibility of the plant material 22 

Both biserrula and subterranean clover plant materials were used to analyse nutritive 23 

value (NV) before commencing the experiment. Three fermentation days (Day 10, 15 and 24 

19) were selected for analysis of NV of the residual substrate. The DM was measured by 25 

placing 0.5 – 1.0 g of residue in a pre-weighed porcelain crucible in an oven at 90 °C 26 

overnight. Organic matter (OM) and inorganic matter (ash) were analysed according to 27 

AFIA (2011) approved methods. Nitrogen content was analysed by total combustion 28 

(AOAC 1990) using Elementor Nitrogen and Carbon Determinator (Elementor, 29 

VarioMacro, Regenstauf, Germany). Crude protein (CP) was calculated as a multiple of 30 

nitrogen content (x 6.25) (McDonald et al. 1988). Fibre contents (NDF, ADF and 31 
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hemicellulose) were determined by using the AOAC 1990 verified ANKOM method (AFIA 1 

2011). Other NV parameters such as dry matter digestibility (DMD), metabolisable energy 2 

(ME) were derived from previously described regressions (Oddy et al. 1983; AFIA 2003; 3 

CSIRO 2007): 4 

DMD={[83.58 + (Nitrogen	×	2.626)] – (ADF	×	0.824) 5 

ME=(0.172	×	DMD) – 1.615 6 

 7 

4B.2.5.2. Total gas and methane production 8 

Microbial gas was continuously collected into a gas sampling bag (Cat. No. 41063, Grace 9 

Davison Discovery Science, Archerfield, Australia) and the bag was replaced daily before 10 

feeding. Gas Chromatography (GC) was used to analyse methane by connecting the gas-11 

sampling bags directly to a GC (Micro GC Chromatograph, CP-4900, Varian, Palo Alto, USA) 12 

using a PoraPlot Q 0.25 mm ID, 10 m capillary column and helium as the carrier gas, 13 

pressure at 100 kPa. At each sampling time, a 2 mL sample of gas was pumped into the 14 

GC where the injector and column temperatures were a constant 47 °C and 60 °C, 15 

respectively, while the Thermal Conductivity Detector (TCD) temperature was fixed at 16 

60 °C. Gas volume in the bag was then measured using a dry test gas meter (Shinagawa 17 

Corporation, Tokyo, Japan) that depressurized the bags with a BÜCHI Vac V – 500 pump 18 

(BÜCHI Laboratory, Flawii, Switzerland) connected with a gas volume indicator. Total gas 19 

and methane production was calculated and expressed as mL/day. 20 

 21 

4B.2.5.3. pH, volatile fatty acid and ammonia concentration 22 

Fermentation liquid from the fermenter was sampled daily before changing bags and pH 23 

was measured using a portable pH meter (Oakton pH 110, Thermo Fisher Scientific, 24 

Scoresby, Australia). On experimental days (Day 10 – 19), two separate aliquots of 1 mL 25 

were collected and mixed with 200 µL of 1M NaOH (for VFA) and 2M HCl (for ammonia) 26 

(Ghaffari et al. 2015) and immediately stored at -20 °C for further analysis. The 27 

concentrations of VFA were determined by GC using an Agilent 6890 series GC (Agilent 28 

Technologies, Palo Alto, CA, USA) equipped with an HP 6890 injector, HP-FFAP capillary 29 

column (30 m × 0.53 mm × 1 μm), FID detector and HP Chemstation software using the 30 
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standard procedure for separation of VFA (Supelco Bulletin No. 749D, Supelco Inc., 1 

Bellefonte, PA, USA). Hydrogen gas was used as a carrier at 6.6 mL/min and the 2 

temperatures of injector, oven and detector were 260 °, 240 ° and 265 °C, respectively. 3 

The principle of enzymatic assay was used to determine ammonia concentration using 4 

Infinity TM Ammonia Liquid Stable Reagent (Cat No. TR60101, Beckman Coulter Australia 5 

Pty. Ltd.) on the Olympus AU400 Auto-analyser (AHL NTM-56; Olympus, Mount Waverly, 6 

VIC, Australia). 7 

 8 

4B.2.6. Statistical analysis 9 

Experimental data were distributed in a completely randomized design. The data were 10 

analysed using a one-way analysis of variance (ANOVA) with feed treatment as factor to 11 

study the variation between those treatments. However, the data obtained from the 12 

treatments periods (days 10 – 19 for IVFT and days 10, 15 and 20 for all the other analyses) 13 

were analysed using Residual Maximum Likelihood (REML) procedure for repeated 14 

measurements. The model included feed treatments and days as fixed factors and 15 

fermentation vessel as a random effect. The interaction between feed treatments and day 16 

was also included. GenStat version 15.2 (VSN International Ltd, UK 2012) was used to 17 

perform ANOVA and REML giving main effects and interactions. Mean separation was 18 

done by using least significant differences (lsd) at the 5 % level. Significance tests between 19 

treatments were performed with JMP software. 20 

 21 

4B.3. RESULTS 22 

4B.3.1. Nutritive value and in vitro digestibility of substrates 23 

Chemical profiles of biserrula and subterranean clover plant material are presented in 24 

Table 4B.1. The source material of biserrula was relatively lower in fibre content and 25 

greater in crude protein (CP) content compared to subterranean clover.  26 

 27 
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Table 4B.1. Nutritive value of biserrula and subterranean clover plant material used as 1 

substrate in the experiment. 2 

 3 

  Source pasture 

    

Biserrula 

pelecinus (Bp) 

Trifolium 

subterraneum 

(Control) 

Nutritive value (g/Kg of DM)   
 DM 957 961 

 OM 888 862 

 CP 258 226 

 Fat 22 17 

 NDF 275 391 

 ADF 199 254 

 Hemicellulose 76 137 

 DMD 745 667 
  ME 11.2 9.8 

 4 

NDF, neutral detergent fibre; ADF, acid detergent fibre; CP, crude protein; DM, dry matter; 5 

OM, organic matter; DMD, dry matter digestibility; ME, metabolisable energy 6 

 7 

After fermentation of these substrates in RUSITEC, there were substantial effects 8 

(P < 0.05) of feed treatment, day and interactions of treatment × day on chemical profiles 9 

of residual substrate (Table 4B.2). Addition of biserrula lower fibre contents and CP 10 

concentrations (P < 0.05), however, dry matter digestibility (DMD), inorganic ash and the 11 

organic matter (OM) were similar within the feed treatments. The dry matter digestibility 12 

(DMD) and metabolisable energy (ME) did not show any variation within the treatments. 13 

However, all the NV, with the exception of DM, varied (P < 0.05) within the day treatment 14 

(Table 4B.2). 15 

 16 

 17 

 18 
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Table 4B.2. Averaged analysed and estimated nutritive value (mean ± sem) of residual 1 

substrate in treatments of a RUSITEC system on day 10, 15 and 19. 2 

 3 

NV (g/kg of DM) Control 
250 
g/kg 
Bp 

500 
g/kg 
Bp 

750 
g/kg 
Bp 

1000 
g/kg 
Bp 

sem P values 

              F D F × D 

DM 984 972 975 981 976 4.6 ns ns ns 

OMD 836 868 875 875 875 28.4 ns 
< 
0.001 

P < 
0.05 

CPD 210a 191ab 188ab 176ab 171b 12.3 
P < 
0.05 

< 
0.001 

ns 

NDFD 623a 598ab 596ab 578b 584b 20.6 
P < 
0.05 

< 
0.001 

< 
0.05 

ADFD 496a 467ab 466ab 446b 453b 12.9 
P < 
0.05 

< 
0.05 

< 
0.05 

HemicelluloseD 127 130 130 132 131 13.7 ns 
< 
0.001 

< 
0.001 

DMD 515 531 531 543 535 14.3 ns 
< 
0.001 

< 
0.05 

ME (MJ/kg) 7.2 7.5 7.5 7.7 7.6 0.25 ns 
< 
0.001 

< 
0.05 

 4 

Control, 1000 g/kg Trifolium subterraneum; Bp, Biserrula pelecinus; F, feed treatment; D, 5 

day; NDFD, neutral detergent fibre digestibility; ADFD, acid detergent fibre digestibility; 6 

CPD, crude protein digestibility; DMD, dry matter digestibility; OMD, organic matter 7 

digestibility; ME, metabolisable energy; SEM, standard error of mean; ns, not significant; 8 

a, b, c, d mean values within a row with different superscript letters are different (P < 0.05) 9 

 10 

4B.3.2. In vitro fermentability 11 

4B.3.2.1. Total gas and methane production 12 

When compared with the subterranean clover control, 500 g/kg biserrula treatment 13 

reduced (P < 0.001) methane throughout 10 days of experimental period (day 9 – 19, Fig. 14 

4B.1). Overall, the average methane was 46 % and the total gas was 22 % lower when 15 

compared with the control (Table 4B.3).  There was an effect of day, so that sole biserrula 16 

treatment showed a delayed reduction in methane (i.e. day 12 – 19, except a spike 17 
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increase of methane in day 16), with the total reduction of 13 % in methane, but no 1 

reduction in the total gas. Neither 250 g/kg nor 750 g/kg of biserrula mixture treatment 2 

showed any noticeable reduction in total gas or methane production during the 3 

experimental period. While there was an effect of both feed treatment and day (P < 0.05 4 

and < 0.001, respectively), their interactions on daily total gas production and daily total 5 

methane production, when averaged across the whole experimental period were not 6 

differed (Table 4B.3). There was no clear dose-response for the inclusion of biserrula on 7 

these parameters. 8 

 9 

 10 

Figure 4B.1. Average total methane production (mL/24 h) in the RUSITEC from Days 10 to 11 

19 (experimental period). 12 

Control, 1000 g/kg Trifolium subterraneum; Bp, Biserrula pelecinus; standard error bars 13 

represent the standard error (se) of the means (n = 3). 14 

 15 

 16 

 17 
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4B.3.2.2. pH, VFA, ammonia concentration  1 

Overall, the pH values were greater when proportion of biserrula dominated the mixtures 2 

(750 and 1000 g/kg biserrula) compared to the subterranean clover control (Table 4B.3), 3 

and pH showed a linear trend with increasing biserrula in the mixtures (R2 = 0.91; P < 0.05). 4 

Concentration of acetate and propionate varied (P < 0.05) among different feed 5 

treatments and propionate increased with the inclusion of biserrula. The ratio between 6 

acetate and propionate consequently declined with increasing biserrula and showed a 7 

linear relationship with feed treatment (R2 = 0.98; P < 0.001). However, differences 8 

between the treatments for butyrate and total VFA concentrations were not significant. 9 

The control subterranean clover had the lowest and the 1000 g/kg biserrula 10 

treatment had the highest average ammonia concentrations (Table 4B.3). Ammonia 11 

concentration increased (P < 0.001) with increasing biserrula in the feed mix, ranging from 12 

240 - 441 mg/L.  13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 
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Table 4B.3. Daily fermentation parameters averaged over the experimental period, 1 

(mean ± sem) of the substrate of biserrula and subterranean clover feed mixtures in a 2 

RUSITEC. 3 

Fermentability 

parameters 
Control  

250 

g/kg 

Bp 

500 

g/kg 

Bp 

750 

g/kg 

Bp 

1000 

g/kg 

Bp 

sem P values 

 
      F D F × D 

pH 6.69b 6.70b 6.72ab 6.77a 6.77a 0.02 
< 

0.05 
< 0.05 ns 

Total gas 

production 

(mL/24h) 

3080ab 3436a 2413c 2901b 3097ab 145.3 
< 

0.001 
< 0.05 ns 

Methane 

production 

(mL/24h) 

107ab 129a 58c 96b 93b 0.311 
< 

0.001 
< 0.05 ns 

Acetate 

(mmol/L) 
47abc 51a 49ab 43c 45bc 2.11 

< 

0.05 
< 0.05 ns 

Propionate 

(mmol/L) 
19b 22a 22a 20ab 23a 1.01 

< 

0.05 
< 0.001 ns 

Butyrate 

(mmol/L) 
9 10 9 8 9 0.523 ns ns ns 

Total VFA 

(mmol/L) 
75 83 80 71 77 3.538 ns < 0.05 ns 

Acetate : 

Propionate 
2.43a 2.27b 2.20bc 2.11c 1.96d 0.047 

< 

0.001 
< 0.001 ns 

Ammonia 

(mg/L) 
238c 360b 358b 382b 441a 18.5 

< 

0.001 
ns ns 

          

 4 
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Control, 1000 g/kg Trifolium subterraneum; Bp, Biserrula pelecinus; VFA, volatile fatty 1 

acids; F, feed treatment; D, days; SEM, standard error of means; ns, not significant; a, b, c, d 2 

mean values within a row with different superscript letters are different (P < 0.05) 3 

 4 

 5 

4B.4. DISCUSSION 6 

In the current study, we confirmed that biserrula, when mixed with subterranean clover, 7 

can have a persistent moderating effect on methane production without hampering VFA 8 

concentration, though only when included at certain proportion. In the past decade, a 9 

number of in vitro studies have identified plant species that lower ruminal methane 10 

production (Durmic et al. 2010; Hutton et al. 2012; Banik et al. 2013a; Hammond et al. 11 

2013). However, there have been relatively few instances where the anti-methanogenic 12 

effect was confirmed in a continuous fermentation system such as RUSITEC, or in live 13 

animal (Machmüller et al. 1998; García-González et al. 2010). It is well documented that 14 

ruminal microbes may adapt quickly to anti-methanogen treatments (i.e. within a two-15 

weeks) (Goiri et al. 2009), and it is necessary to confirm the effect over a period of time 16 

and in an open system. In this study, we observed that the anti-methanogenic effect of 17 

biserrula, when mixed with subterranean clover, persisted over 10 days. Biserrula is a 18 

promising candidate for generating low methanogenic potential pastures, as it has now 19 

been confirmed to be capable of persistently lowering methane production in both in vitro 20 

batch and continuous culture systems. 21 

The lack of response in the 250 g/kg biserrula is likely to be the fact that the 22 

amount of biserrula in the substrate was too low and that there is a minimum amount of 23 

for biserrula in the mixture with subterranean clover to cause reduction in methane. 24 

However, lack of effect on methane production when biserrula was used at greater 25 

concentrations (i.e. 750 g/kg of biserrula), or as a sole substrate, is contrary to our results 26 

from batch culture work (Banik et al. 2013a; Banik et al. 2013b). This unexpected result 27 

may potentially be influenced by the shift in profiles of the methanogens in the system, 28 

as they are the only methane producer in this system. In our most recent study (Banik et 29 

al. 2016a), we found that Methanosphaera is relatively resistant to bioactive plant 30 
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fractions from biserrula. This methanogen utilizes a methylotrophic methanogenesis 1 

pathway (Miller & Wolin 1985; Van de Wijngaard et al. 1991), where three methyl groups 2 

are reduced for every molecule of CO2 to form one molecule of methane as an end 3 

product, hence less methane is produced per unit of CO2 (Liu & Whitman 2008). As the 4 

proportion of biserrula increased in the feed treatments, it is possible that resistant 5 

Methanosphaera spp. increased at the expense of other, more sensitive methanogens, 6 

which have reduced the overall effect on methane production. The other reason for this 7 

shift may be due to the higher pectin rich tissue associated with this leguminous plant, 8 

Astragalus spp. or Biserrula spp. (Balaghi et al. 2010; Kiyohara et al. 2010; Gavlighi et al. 9 

2013). Pectin affects net methane production (Waghorn et al. 2006) through converting 10 

its methoxyl groups to methanol by microbial fermentation, and Methanosphaera then 11 

uses methanol as a substrate for their growth (Miller & Wolin 1985). It is possible that 12 

during digestion, pectin is fermented to methanol, which then favors the growth of 13 

Methanosphaera. Modern techniques such as deep-sequencing have recently shown that 14 

Methanosphaera and RCC have a more important role in methane production than 15 

originally thought (Fricke et al. 2006; Wright et al. 2006; Janssen & Kirs 2008; Kittelmann 16 

et al. 2013). This study highlights the importance of a better understanding of the effect 17 

of bioactive plants on range of methanogens when developing methane mitigation 18 

strategies. 19 

Consistent with our previous reports, biserrula mixture treatments produced less 20 

gas than the subterranean clover control treatment. This lower gas production might be 21 

simply as a result of lower methane production, as methane gas is a component of the 22 

total gas produced (Banik et al. 2016b). However, the lack of effect on methane in 23 

treatments other than 500 g/kg biserrula, had linked to the impact of the treatments on 24 

other members of rumen microbiota. Given the repeated lack of effect on other 25 

fermentation and digestibility parameters such as VFA , we have found that biserrula is 26 

not greatly affecting the ruminal microbiota, but this needs to be confirmed using a 27 

molecular approach to investigate changes in the microbiome in response to these 28 

treatments. The molecular approach would help to quantify the actual change in number 29 

of ruminal microbial species and/or different methanogenic species in the rumen over 30 

time. 31 
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Another positive aspect of fermentation of biserrula by the rumen microbes, apart 1 

from methane reduction, is the increase in propionate concentration. In the current study, 2 

the effective treatment was also promoting concentration of propionate, which was 3 

greater compared with the subterranean clover control treatment. Methane and 4 

propionate production compete for hydrogen in the ruminal system (McDonald et al. 5 

1988; Johnson & Johnson 1995; Moss et al. 2000). Others have reported that propionate 6 

could be an important alternative electron acceptor in methanogenesis by trapping H2, 7 

hence redirecting rumen fermentation to reduce methane production (Newbold et al. 8 

2005; McAllister & Newbold 2008). An increase in propionate concentration may not only 9 

cause a reduction in methane production, but also increase the energy intake of livestock 10 

from the feed (Johnson & Johnson 1995). This property of biserrula was observed earlier 11 

in batch culture and has now been confirmed in a continuous culture and over period of 12 

time. Further studies are needed to confirm that this effect exists in vivo, as well as to 13 

reveal the mechanism through which this plant is having the effect. 14 

In contrast to our expectation, there was no clear dose-dependent response in 15 

methane production, unlike our results from the preliminary studies in batch culture using 16 

the similar plant mixtures (Banik et al. 2016b). We are unclear why there was a dose-17 

dependent response in batch but not in continuous culture, however, it is possible that 18 

they run in two different systems where the RUSITEC system is more complex than the 19 

batch culture. Many other authors have found discrepancies between different 20 

fermentation systems (Fraser et al. 2007; Goiri et al. 2009; Yáñez-Ruiz et al. 2016). In 21 

addition, the real impact of the combined nutritional properties of the different substrate 22 

mixtures on the ruminal microbial population are likely to occur and the optimum mix of 23 

substrates be determined, because of the continuous nature of the RUSITEC system over 24 

a longer period of time. As stated earlier, RUSITEC allows complex interactions between 25 

plant and microbes to take place over a long period of time, and this outlines the need to 26 

follow a stepwise process when assessing plants for their effectiveness and persistency to 27 

use them as bioactive plants. Another interesting finding is the possible adaptation of 28 

ruminal microbiota after two weeks to the substrate. Although the 500 g/kg biserrula 29 

treatment was effective throughout the experimental period, other treatments including 30 

sole biserrula showed inconsistent methane production after 15 days. As stated earlier, 31 
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(Goiri et al. 2009) found adaptation of ruminal microbiota within 15 days to anti-1 

methanogenic treatments, and we have observed some evidence of these adaptive trends 2 

with 500 and 100 g/kg biserrula treatments after 15 days. There are different views on 3 

how well RUSITEC can replicate microbial population and processes in the rumen, and 4 

how low it takes before the whole system starts to converge. In our study, we have found 5 

that this effect starts to occur after day 15, so that all treatments are nearly the same on 6 

day 19. Further molecular and in vivo studies are needed to confirm the persistency of the 7 

effect in biserrula. 8 

There was no correlation between residual NV and methane production in this 9 

study, which is consistent with our previous work. With the exception of fibre and CP, the 10 

lack of differences in nutritive value and total VFA of biserrula treatments when compared 11 

with the subterranean clover control aligns with our expectations and previous findings 12 

in batch culture (Banik et al. 2013a). However, the concurrent increase of ammonia 13 

concentration with increasing proportions of biserrula might offer an explanation for an 14 

additional hydrogen acceptor in this situation. It has been reported that cellulolytic 15 

ruminal bacteria use ammonia as their sole nitrogen source for growth and activities 16 

(Russell et al. 2009; Cherdthong & Wanapat 2010). Increased ammonia concentrations in 17 

the biserrula treatments of this study indirectly suggest that biserrula might potentially 18 

have a negative effect on cellulolytic bacteria and therefore a reduced population of 19 

cellulolytic bacteria in those RUSITEC treatments. Moreover, reduced gas production in 20 

these treatments supports the suggestion of a reduction in the population of cellulolytic 21 

bacteria in those treatments. However, a more detailed microbial analysis is required to 22 

test this hypothesis. 23 

 24 

4B.5. CONCLUSION 25 

Our study has demonstrated that when biserrula was used as part of a mixed substrate at 26 

500 g biserrula per 1 kg of subterranean clover in a RUSITEC system, there was a persistent 27 

effect on moderating methane production for at least 10 days, without affecting VFA 28 

production. We have identified that this 50: 50 ratio of biserrula to subterranean clover 29 

was optimal to produce the least amount of methane whilst maintaining total digestibility 30 

and with decreased gas production and fibre digestibility. However, the proportion of 31 
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methane in total gas production was also the lowest. These results provide a platform to 1 

progress biserrula further towards its use as an environmentally-friendly strategy to 2 

reduce methane emission from grazing animals, with the next step being in vivo 3 

confirmation of this activity and discovering further the exact mechanism behind the 4 

bioactivity of this plant.  5 
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Growth stage and defoliation had limited effect on plant biomass, nutritive 1 

value, in vitro fermentation and methanogenic potential of Biserrula 2 

pelecinus L. and Trifolium subterraneum L. compared to the plant species 3 

effect 4 

 5 

SUMMARY 6 

The annual forage legume Biserrula pelecinus L. (biserrula) offers an exciting opportunity 7 

as a low methanogenic bioactive pasture for southern Australian grazing systems where 8 

Trifolium subterraneum L. (subterranean clover) is the dominant annual pasture legume. 9 

In the knowledge that both growth stage and defoliation profoundly affect pasture quality, 10 

this study examined how these factors affect biomass, nutritive value (NV), and 11 

fermentative parameters including methanogenic potential in biserrula, when compared 12 

to subterranean clover. Biserrula and subterranean clover plants were grown in a 13 

glasshouse trial in which three stages of growth were sampled and were defoliated at both 14 

vegetative and reproductive stages. The NV and fermentative parameters varied (P < 0.05) 15 

over treatments with the highest fibre content and the lowest crude protein (CP) content 16 

found in the most mature plants. However, among these treatments, early reproductive 17 

stage plants showed variation for fermentability. Regrowth from all plants defoliated in 18 

the reproductive stage had the lowest biomass and highest CP compared with 19 

undefoliated or regrowth from plants defoliated in the vegetative stage. This treatment in 20 

biserrula also showed the highest fermentability including methanogenic potential among 21 

defoliation treatments. Despite these treatment effects on fermentability, all biserrula 22 

treatments maintained 4 – 6 times lower methanogenic potential than subterranean 23 

clover. Across all treatments, biserrula maintained its strong anti-methanogenic 24 

advantage over subterranean clover confirming its potential as a methanogenically 25 

bioactive pasture. 26 

Key words: pasture legumes, growth stage, defoliation, methanogenic potential 27 

 28 
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5.1. INTRODUCTION 1 

Livestock production in Australia relies on an extensive, forage-based grazing system, 2 

dominated by sown pasture legumes and grasses (Morley & Katznelson 1965). The 3 

Mediterranean-type climate with mild wet winter and hot dry summers in southern 4 

Australia is well suited to a range of annual legumes (Loi et al. 2005c; Nichols et al. 2007). 5 

Trifolium subterraneum L. (subterranean clover) is the most widely-sown annual pasture 6 

legume in Australia (Nichols et al. 2012), especially on acidic soils with average annual 7 

rainfall ranging from 250 to 1200 mm. Biserrula pelecinus L. (biserrula) was introduced as 8 

an acid-tolerant pasture for the wheat belt in the late 1990s (Howieson et al. 1995; Loi et 9 

al. 1995; Nichols et al. 2007). Its natural weed-controlling capacity (Loi et al. 2005c), 10 

drought tolerance (Loi et al. 1995), adaptation to sandy and infertile soil (Carr et al. 1996), 11 

hard-seededness and deep root system compared with many other annual pasture 12 

legumes (Loi et al. 1995; Loi et al. 2005a) makes it an attractive alternative to subterranean 13 

clover. Biserrula is also of particular interest to the livestock industry for methane 14 

mitigation, since it produces nearly six times less in vitro methane than subterranean 15 

clover when fermented by rumen microbes (Banik et al. 2013b). However, this study was 16 

based on a single vegetative growth sampling stage and it is not known how the stage of 17 

growth or plant stress affect methanogenic potential. 18 

Plant growth stage and morphology have been found to influence nutritive value 19 

(NV) and fermentability (Cassida et al. 2000; Fulkerson et al. 2007; Norman et al. 2010). 20 

The nutritive value of pasture plants can vary markedly as they mature from the vegetative 21 

into the reproductive stage (Ugherughe 1986). Forage pasture age generally has a 22 

negative effect on nutritive value through a reduction in the leaf to stem ratio (Hides et 23 

al. 1983), decrease in plant cell content (Jones & Wilson 1987) and aging also increases 24 

the structural fibre content through polymerization and lignification (Ugherughe 1986; 25 

Sarwar & Ajmal Khan 2003; Nisa et al. 2004). This consequently influences NV (McDonald 26 

et al. 1988) and plant fermentability, including methanogenic potential (methane 27 

produced by enteric fermentation of plant material in ruminants) (Ulyatt 1971; Waghorn 28 

et al. 2002). Apart from primary chemicals, changes occur in plant secondary compounds 29 

(PSC) in association with plant growth and development (Bernhoft 2010), which in turn 30 

may affect plant fermentability (Banik et al. 2013a; Banik et al. 2016). The effect of growth 31 
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stage on PSCs was recently highlighted in pastures legumes of Fabaceae spp. by Barreira 1 

et al. (2016) who indicated the highest content of isoflavones in biserrula, especially 2 

biochanin A, genistin, formononetin, and irilone was found during vegetative growth 3 

compared with reproductive growth stages. 4 

Pasture legumes, when under environmental stress (e.g. nutrient deficiency, 5 

defoliation, low moisture) show a reduction in plant size with reduced accumulation of 6 

dry matter (DM) (Langer 1966; Turner et al. 1978; Fulkerson & Donaghy 2001). Collins et 7 

al. (1983) found no effect of defoliation over subterranean clover seed yield and growth. 8 

However, other studies on annual, perennial and ornamental grasses, Trifolium spp. and 9 

forbs found variation in chemical composition, growth yield and nutritive value  due to 10 

defoliation timing and frequencies ) (Warner & Sharrow 1984; Sarwar et al. 2006). 11 

Defoliation can encourage branching in prostrate pasture legumes (Rossiter 1976), which 12 

may again alter the leaf to stem ratio, NV and production of PSC (Chaichi & Tow 2000; 13 

Okello et al. 2005; Pinares-Patiño et al. 2007), but there are no studies of such effects in 14 

biserrula.  15 

In this study, we aimed to evaluate the effect of plant growth stage and defoliation 16 

stress on plant biomass production, NV and fermentation parameters, including 17 

methanogenic potential in biserrula and subterranean clover. We hypothesised that, (i) 18 

collecting plant materials at the reproductive stage of growth would result in greater plant 19 

biomass, but negatively impact on both nutritive and fermentability parameters 20 

(increased methanogenic potential) when compared with the vegetative stage of plants; 21 

and (ii) regrowth from defoliation in the reproductive stage of growth would result in 22 

greater fermentability (lower methanogenic potential), but lower biomass of biserrula and 23 

subterranean clover when compared with undefoliated plants. 24 

 25 

5.2. MATERIALS AND METHODS 26 

5.2.1. Experimental treatments and design 27 

The experiment was carried out from June to November 2013 in a glasshouse of the Plant 28 

Growth Facility (PGF) of The University of Western Australia, Australia (31°59′2′′ S, 29 

115°48′52′′ E; 5 m above sea level). The experiment was conducted with the widely used 30 
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cultivars of biserrula cv. Casbah and subterranean clover cv. Dalkeith (Fig. 5.1). 1 

Subterranean clover cv. Dalkeith was used as a reference species as it has similar growth 2 

habit, flowering time and productivity to biserrula cv. Casbah (Nichols et al. 1996; Loi et 3 

al. 2001; Loi et al. 2005b). Manual cutting was used to stimulate defoliation by grazing 4 

animals (3 cm above ground level). There were three plant growth stage treatments 5 

(vegetative, early reproductive and mature stage) and three defoliation/ regrowth 6 

treatments (vegetative, early reproductive stage defoliation and undefoliated). The 7 

treatments were arranged in a complete factorial design with four replicate blocks (a total 8 

of 40 pots). At each sampling date, the collected plant material was measured for biomass 9 

(i.e. freeze dried weight, DW) and subsequently analysed for NV by wet chemistry. 10 

Fermentative parameters were measured using an in vitro fermentation test (IVFT) 11 

(Durmic et al., 2008) in batch culture system. The parameters were measured in all 12 

treatments (excluding those that did not have sufficient plant material for analysis). 13 

 14 

5.2.2. Plant materials and growth conditions 15 

Seeds of cv. Casbah and cv. Dalkeith were sourced from the Department of Agriculture 16 

and Food Western Australia and scarified to remove the effect of seed coat 17 

impermeability, before being directly sown pots (190 mm diameter × 180 mm height) 18 

filled with five kg of soil mix at 25 – 30 seeds/pot under a depth of 1 cm. The soil mix 19 

comprised 2.5 parts composted pine bark, 1 part coco peat and 1.5 parts brown river sand, 20 

plus (per m3) 2 kg Osmoform NXT (Everris International B.V., Geldermalsen, Netherlands), 21 

2 kg dolomite, 1 kg gypsum, 1 kg limestone, 0.8 kg iron sulphate, and 0.2 kg iron chelate, 22 

pH 6.0. Germinated seedlings were thinned to 10 plants/pot after one week. Rhizobial 23 

inoculum, in the form of ALOSCA® clay granules for biserrula and peated Inoculant Group 24 

C - for subterranean clover were applied to the seedlings after sowing. Nodules were 25 

confirmed in all treatments after 4 – 6 weeks. Fungal gnats (Bradysia spp.) were found in 26 

the pots within three weeks after sowing. A 50: 50 mixture of mancozeb and carbendazim 27 

fungicide granules (mixture of manganese ethylene bis(dithiocarbamate) polymeric 28 

complex + methyl-2-benzimidazole carbamate) were spread weekly and yellow attractant 29 

sticky traps (Bugs for Bugs, Integrated Pest Management, Australia) were used. Fertilizer 30 

[SCOTTS CalMeg water soluble fertilizer (N 15 %, P 2.2 %, K 12.4 %, Ca 5 %, Mg 1.8 %)] was 31 
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applied at a rate of 8 g /L water weekly. Plants were given adequate moisture until 1 

defoliated or completely collected. During the experiment, the average day/night 2 

temperature was 22/12 °C and relative humidity at 60% (daily average). 3 

 4 

 5 

       6 

(a)                                                                 (b) 7 

Figure 5.1. Experimental pasture legumes, (a) biserrula cv. Casbah and (b) subterranean 8 

clover cv. Dalkeith grown at the Plant Growth Facility (PGF) in UWA, Crawley campus 9 

         10 

5.2.3. Growth stage and defoliation treatments and biomass measurement 11 

The growth stage treatments comprised plant collection to ground level : (i) 35 days after 12 

sowing (vegetative stage, VS); (ii) 21 days after flowering (reproductive stage, RS); and (iii) 13 

56 days after flowering (mature stage, MS). For defoliation treatments plants were 14 

defoliated at 3 cm above ground level: (i) 35 days after sowing (vegetative stage) and 15 

allowed to regrow (VD); (ii) 21 days after flowering (early reproductive stage) and allowed 16 

to regrow (RD); and (iii) the mature undefoliated treatment (MS) (the final plant material 17 

collection date for defoliation treatments VD and RD was also 56 days after flowering). 18 
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The vegetative defoliation treatment for both species occurred on the same calendar date, 1 

whereas defoliation at the early reproductive stage and the final collection varied 2 

according to the flowering time (at least 50% flowering plants in one treatment) of each 3 

species (74 d for biserrula and 87 d for subterranean clover). At each sampling time, the 4 

fresh weight of cut shoot material (leaf and stem) was measured and the samples then 5 

freeze-dried in a bench top freeze dryer (VirTis Hamburg, Germany) to estimate defoliated 6 

shoot dry weight (DW). The DW of residual plant shoot material (for regrowth) was 7 

calculated from the defoliated shoot material DW subtracted from the total shoot DW of 8 

each sample (from growth stage collection) and was only used for calculating NV of 9 

residual plant shoot DW. The samples were then ground to pass through a 1 mm sieve and 10 

stored at room temperature (22 °C) in sealed containers until laboratory analysis for NV 11 

and IVFT. 12 

 13 

5.2.4. Nutritive value (NV) 14 

Due to insufficient plant material (as persistency of in vitro methanogenic potential of 15 

biserrula was the main aim of the experiment, samples for NV were separated after IVFT 16 

study), two each of four glasshouse pot replicates, were combined and used as duplicate 17 

glasshouse samples for wet chemistry nutritive value analysis. The dry matter (DM) 18 

content was measured by placing 0.5 – 1.0 g of plant sample in a pre-weighed porcelain 19 

crucible in an oven set at 90 °C for 12 hrs. Organic matter (OM) and inorganic matter (iOM, 20 

ash) of the samples were analysed by burning the crucible samples at 550 °C for 5 hours. 21 

Nitrogen content was analysed by total combustion (AOAC 1990) using an Elementor 22 

Nitrogen and Carbon Determinator (Elementor, VarioMacro, Regenstauf, Germany). 23 

Crude protein (CP) was calculated by multiplying the nitrogen content by 6.25 (McDonald 24 

et al. 1988). Fibre contents including neutral detergent fibre (NDF), acid detergent fibre 25 

(ADF) and hemicellulose were determined by the ANKOM method (AFIA 2011). The NDF 26 

was analysed with the use of alpha-amylase and sodium sulphite. Dry matter digestibility 27 

(DMD) and metabolisable energy (ME) were derived from ADF and nitrogen content 28 

according to the following formulae (Oddy et al. 1983; AFIA 2003; CSIRO 2007). 29 

DMD = [83.58 + (Nitrogen × 2.626)] – (ADF × 0.824) 30 

ME = (0.172 × DMD) – 1.615 31 
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 1 

5.2.5. In vitro fermentability testing (IVFT) 2 

Plant material was tested for overall fermentability and methanogenic potential in an 3 

IVFT system (Durmic et al. 2008). Briefly, rumen fluid was collected from fistulated Merino 4 

wethers (mean body weight 65.4 ± 2.0 kg) fed a general maintenance diet consisting of 5 

lupins and oaten chaff (1 kg oaten chaff, 250 g lupins and 25 g mineral mix). Inside an 6 

anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI), collected rumen fluid 7 

was buffered using 1: 1 rumen fluid: McDougall’s buffer (McDougall 1948); 10 mL of 8 

buffered rumen fluid was mixed with 0.1 g plant material and incubated at 39 °C, with 9 

constant shaking at 50 rpm.  All the glasshouse replicate samples were analysed as 10 

triplicates for statistical accuracy (Durmic et al. 2010; Banik et al. 2013a). After 24 hrs 11 

incubation, gas production was measured by a pressure transducer (Greisinger Electronic 12 

GmbH, Regenstauf, Germany) and methane was measured by collecting 2 mL of 13 

headspace gas and analysed using gas chromatograph (GC). The Bruker GC 450 (Bruker 14 

Technologies, Australia) configured with a Hayesep Q 0.25 mm × 10 m column and 15 

Helium flow (30 ml/min) as the carrier gas, with the injector temperature kept at 16 

70 °C. Thermal Conductivity Detector at 50 °C for 5.0 minutes and using Compass CDS 17 

Acquisition software (Bruker Technologies, Australia). Volatile fatty acids (VFA) including 18 

acetate, propionate, butyrate and other fatty acids were analysed with an Agilent 6890 19 

Series GC (Agilent Technologies Inc., Santa Clare, CA) on Flame ionization detector (FID) 20 

using HP 6890 injector with capillary column HPFFAP, 30 m × 0.53 mm × 1.0 mm; and 21 

hydrogen was used as the carrier gas at 6.6 mL/min. Ammonia concentrations were 22 

determined by a direct enzymatic method using Infinity TM Ammonia Liquid Stable 23 

Reagent (Cat No.TR60101, Beckman Coulter Australia) on an Olympus AU400 Auto-24 

analyser (AHL NTM-56, Alternative Biomedical Solutions, Dallas, USA).  25 

 26 

5.2.6. Statistical analysis 27 

GenStat version 15.2 (VSN International Ltd, UK 2012) was used on incubation tubes as 28 

experimental units, to perform two-way analyses of variance (ANOVA) for DW, NV and 29 

IVFT parameters where growth stage or defoliation and species were treatments. Mean 30 
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separation was performed using standard error of means (± sem) at the 5% level. 1 

Significance between similar treatments was analysed using JMP version 11 (SAS 2 

Institute, USA 2013). 3 

 4 

5.3. RESULTS 5 

5.3.1. Effect of growth stages and defoliation on plant biomass 6 

There was an increase (P < 0.001) in plant DW (Fig. 5.2 a and b) due to growth stage and 7 

defoliation. However, when considering regrowth after defoliation, especially at the 8 

vegetative stage, biserrula (Fig. 5.2a) regrew less (P < 0.05) than subterranean clover (Fig. 9 

5.2b) by the final collection time. 10 

 11 

5.3.2. Effect of growth stages on undefoliated plants for NV and fermentability 12 

The effect of growth stage was highly significant on all NV parameters, with ADF, NDF and 13 

OM increased (P < 0.001) and CP, iOM, DMD and ME decreased (P < 0.001) as plants 14 

matured. There was also a species effect (P < 0.05), with subterranean clover had lower 15 

CP, DMD and ME than biserrula (Table 5.1). The interaction between growth stage and 16 

species varied (P < 0.05) for NDF, hemicellulose, DM, OM and iOM. For both NDF and 17 

hemicellulose, the RS stage showed lower values than the VS or the MS in biserrula, 18 

however for subterranean clover the RS showed greater values. Biserrula showed a 19 

gradual decrease in DM and iOM as plants matured, but for subterranean clover, although 20 

the maturation showed decreased DM in the RS stage, at the MS stage DM was the 21 

highest. A gradual increase was found for OM in both biserrula and subterranean clover 22 

as plants matured (Table 5.1). 23 

Regarding fermentability parameters, the methanogenic potential of subterranean 24 

clover was four times greater than biserrula at all stages of growth, and only subterranean 25 

clover was influenced by stage of growth with the lowest methanogenic potential at the 26 

RS stage. Conversely, acetate, propionate, butyrate and the overall VFAs were unaffected 27 

by growth stage in subterranean clover, but they were elevated (P < 0.05) at the RS stage 28 

in biserrula (Table 5.2). 29 

 30 
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 1 

(a) 2 

 3 

(b) 4 

Figure 5.2. Dry weight (DW) or Biomass accumulation (g/pot) of (a) biserrula and (b) 5 

subterranean clover at three growth stages (vegetative at 35 days from sowing, early 6 

reproductive at 21 days after flowering and final harvest at 56 days after flowering) for 7 

undefoliated treatment (●), residual defoliated treatment at vegetaOve stage and 8 

regrowth until maturation  (■) and residual defoliated treatment at early reproductive 9 

stage and regrowth until maturation (∆); vertical dashed line represents flowering time 10 

(biserrula, 74; and subterranean clover, 87 days; respectively). 11 

standard error bars represent SE of means (n = 4). 12 
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Table 5.1. Nutritive value of biserrula and subterranean clover at different growth 1 

stages (undefoliated) 2 

  
  F probability (± sem)   

Nutritive 

values (g/Kg) 
GS Biserrula 

Subterranean 

clover 
GS S GS × S 

NDF 

VS 268 b 265 c 
P < 0.001 

(6.9) 
NS 

P < 0.05 

(9.7) 
RS 255 b 308 b 

MS 465 a 427 a 

ADF 

VS 178 b 170 c 
P < 0.001 

(7.1) 
NS NS RS 176 b 217 b 

MS 274 a 286 a 

Hemicellulose 

VS 90 b 95 b 
P < 0.001 

(4.3) 

P < 0.05 

(3.5) 

P < 0.001 

(6.0) 
RS 78 b 91 b 

MS 191 a 141 a 

CP 

VS 225 a 191 a 
P < 0.001 

(7.2) 

P < 0.05 

(5.9) 
NS RS 199 b 170 a 

MS 141 c 131 b 

DM 

VS 936 a 940 b 
P < 0.05 

(3.7) 

P < 0.05 

(3.0) 

P < 0.05 

(5.2) 
RS 930 a 931 c 

MS 926 a 971 a 

OM 

VS 809 c 826 c 
P < 0.001 

(3.2) 

P < 0.05 

(2.6) 

P < 0.001 

(4.6) 
RS 885 b 853 b 

MS 910 a 884 a 

iOM 

VS 191 a 174 a 
P < 0.001 

(3.2) 

P < 0.05 

(2.6) 

P < 0.001 

(4.6) 
RS 115 b 147 b 

MS 90 c 116 c 

DMD 

VS 784 a 776 a 
P < 0.001 

(7.5) 

P < 0.05 

(6.1) 
NS RS 774 a 729 b 

MS 669 b 655 c 

ME (MJ/Kg) 

VS 11.9 a 11.7 a 
P < 0.001 

(0.13) 

P < 0.05 

(0.11) 
NS RS 11.7 a 10.9 b 

MS 9.9 b 9.7 c 

 3 

NDF, neutral detergent fibre; ADF, acid detergent fibre; CP, crude protein; DM, dry matter; 4 

OM, organic matter; iOM, inorganic matter; DMD, dry matter digestibility; ME, 5 

metabolisable energy; VS, vegetative stage; RS, reproductive stage; MS, mature stage; GS, 6 

growth stage; S, species; a, b, c mean values within a treatment column with different 7 
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superscript letters are different (P < 0.05); sem., standard error of means (n = 4) are in 1 

parentheses; NS, not significant 2 

 3 

Table 5.2. In vitro fermentability parameters of biserrula and subterranean clover tested 4 

at different growth stages (undefoliated) 5 

  
  F probability (± sem)   

Fermentative 

parameters 
GS Biserrula 

Subterranean 

clover 
GS S GS × S 

Gas pressure 

(kPa) 

VS 58 b 100 a 
P < 0.05 

(0.60) 

P < 0.001 

(0.49) 

P < 

0.001 

(0.85) 

RS 62 a 97 b 

MS 54 c 99 a 

Methane 

(ml/g DMi) 

VS 10.0 a 46.7 a 

NS 
P < 0.001 

(0.30) 

P < 0.05 

(0.52) 
RS 10.2 a 43.9 b 

MS 11.1 a 46.0 a 

Acetate 

(mmol/L) 

VS 51 b 68 a 
P < 0.001 

(0.40) 

P < 0.001 

(0.30) 

P < 

0.001 

(0.50) 

RS 55 a 66 b 

MS 50 c 66 b 

Propionate 

(mmol/L) 

VS 29 b 25 a 
P < 0.001 

(0.20) 

P < 0.001 

(0.20) 

P < 

0.001 

(0.30) 

RS 33 a 25 a 

MS 30 b 25 a 

Butyrate 

(mmol/L) 

VS 6 a 10 a 

NS 
P < 0.001 

(0.0) 

P < 

0.001 

(0.10) 

RS 5 b 10 a 

MS 5 b 10 a 

VFA 

(mmol/L) 

VS 92 b 108 a 
P < 0.001 

(0.50) 

P < 0.001 

(0.40) 

P < 

0.001 

(0.80) 

RS 98 a 106 a 

MS 90 c 106 a 

Acetate : 

Propionate 

VS 1.77 a 2.71 a 
P < 0.001 

(0.01) 

P < 0.001 

(0.008) 

P < 0.05 

(0.014) 
RS 1.66 b 2.68 a 

MS 1.68 b 2.61 b 

Ammonia 

(mg/L) 

VS 246 b 179 b 
P < 0.001 

(6.7) 

P < 0.001 

(5.5) 
NS RS 275 a 230 a 

MS 203 c 178 b 

 6 

VFA, Volatile fatty acids; A: P, acetate propionate ratio; VS, vegetative stage; RS, 7 

reproductive stage; MS, mature stage; GS, growth stage; S, species; a, b, c mean values 8 

within a treatment column with different superscript letters are different (P < 0.05); sem., 9 

standard error of means (n = 4) are in parentheses; NS, not significant 10 
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Overall, the most effect found in the RS stage compared with the VS or the MS in 1 

both plant species (Table 5.2). A species effect was found with subterranean clover 2 

showing greater values than biserrula in all IVFT parameters, except propionate and 3 

ammonia concentration. With the exception of ammonia concentration, all IVFT 4 

parameters showed variable interaction between growth stage and species (Table 5.2).  5 

 6 

5.3.3. Effect of defoliation on NV and fermentability 7 

Defoliation at both stages of growth – compared to undefoliated plants, did not affect any 8 

of the NV parameters except CP, which was the greatest (P < 0.05) in the RD treatment 9 

(Table 5.3). There was a species effect with biserrula showing greater NDF, hemicellulose 10 

and OM, and lower DM and iOM, compared to subterranean clover. The interaction 11 

between defoliation treatments and species only differed (P < 0.05) for ADF, 12 

hemicellulose, DMD and ME. For ADF, biserrula did not differ due to defoliation 13 

treatments, however subterranean clover showed a greater value in the RD treatment 14 

compared with the VD or the MS stage. On the other hand, biserrula showed a gradual 15 

increase in hemicellulose values as the plants matured, and for both DMD and ME, the RD 16 

treatment of biserrula showed greater values than the VD or the MS stage. However, the 17 

RD treatment of subterranean clover had lower value in both hemicellulose, DMD and ME 18 

(Table 5.3). 19 

Considering in vitro fermentability parameters of the regrowth of defoliated plants 20 

compared to undefoliated ones, the interactions between defoliation and species differed 21 

(P < 0.001) for all parameters, but propionate, with the greatest difference found in the 22 

RD treatment (Table 5.4). For example, the greatest value of methanogenic potential for 23 

biserrula was found in the RD treatment, contrasting with the lowest value for 24 

subterranean clover. This RD treatment also produced the greatest values for gas 25 

pressure, acetate, butyrate and acetate to propionate ratio in biserrula. The reverse was 26 

often true for subterranean clover with the RD treatment producing the lowest values of 27 

all IVFT parameters except acetate to propionate ratio and ammonia concentration (Table 28 

5.4). This is all within the context of biserrula’s fourfold decreased methanogenic potential 29 

compared to subterranean clover. 30 

  31 
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Table 5.3. Nutritive value of undefoliated and the regrowth of defoliated pasture and 1 

subterranean clover at maturity (final harvest) 2 

  
  F probability (± sem.)   

Nutritive 

values (g/Kg) 
Defoliations Biserrula 

Subterranean 

clover 
Def S Def × S 

NDF 

VD 457 a 409 a 

NS 
P < 0.05 

(8.8) 
NS RD 463 a 449 a 

MS 465 a 427 a 

ADF 

VD 299 a 271 b 

NS NS 
P < 0.05 

(13.5) 
RD 273 a 341 a 

MS 274 a 286 b 

Hemicellulose 

VD 157 b 139 a 

NS 

P < 

0.001 

(4.7) 

P < 0.05 

(8.1) 
RD 190 a 108 b 

MS 191 a 141 a 

CP 

VD 139 a 135 ab 
P < 0.05 

(5.4) 
NS NS RD 148 a 162 a 

MS 141 a 131 b 

DM 

VD 813 a 967 a 

NS 
P < 0.05 

(25.4) 
NS RD 923 a 959 a 

MS 926 a 971 a 

OM 

VD 908 a 890 b 

NS 

P < 

0.001 

(5.0) 

NS RD 909 a 851 a 

MS 910 a 884 ab 

iOM 

VD 92 a 110 b 

NS 

P < 

0.001 

(5.0) 

NS RD 91 a 149 a 

MS 90 a 116 ab 

DMD 

VD 648 a 670 a 

NS NS 
P < 0.05 

(12.2) 
RD 673 a 622 b 

MS 669 a 655 ab 

ME (MJ/Kg) 

VD 9.5 a 9.9 a 

NS NS 
P < 0.05 

(0.209) 
RD 9.9 a 9.1 b 

MS 9.9 a 9.7 ab 

NDF, neutral detergent fibre; ADF, acid detergent fibre; CP, crude protein; DM, dry matter; 3 

OM, organic matter; iOM, inorganic matter; DMD, dry matter digestibility; ME, 4 

metabolisable energy; VD, re-growth from vegetative stage defoliation; RD, re-growth 5 

from reproductive stage defoliation; MS, undefoliated plants at mature stage; Def, 6 

defoliation treatments; ; S, species; a, b, c mean values within a treatment column with 7 

different superscript letters are different (P < 0.05); sem., standard error of means (n = 4) 8 

are in parentheses; NS, not significant 9 
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Table 5.4. In vitro fermentability parameters of the regrowth of defoliated pasture, 1 

biserrula and subterranean clover compared with the undefoliated treatment at 2 

maturity 3 

 
 

  
F probability (± sem)   

 Fermentative 

parameters 
Defoliations Biserrula 

Subterranean 

clover 
Def S Def × S 

Gas pressure 

(kPa) 

VD 53 a 100 a 
P < 0.05 

(1.46) 

P < 0.001 

(1.19) 

P < 0.001 

(2.07) 
RD 56 a 87 b 

MS 54 a 100 a 

Methane 

(ml/g DMi) 

VD 10.7 b 45.9 a 

NS 
P < 0.001 

(0.56) 

P < 0.001 

(0.97) 
RD 16.2 a 42.2 b 

MS 11.1 b 46.0 a 

Acetate 

(mmol/L) 

VD 49 c 65 a 
P < 0.05 

(0.3) 

P < 0.001 

(0.3) 

P < 0.001 

(0.5) 
RD 52 a 61 b 

MS 50 b 66 a 

Propionate 

(mmol/L) 

VD 28 ab 25 a 
P < 0.001 

(0.3) 

P < 0.001 

(0.3) 
NS RD 27 b 23 b 

MS 30 a 25 a 

Butyrate 

(mmol/L) 

VD 5 b 10 a 

NS 
P < 0.001 

(0.0) 

P < 0.001 

(0.1) 
RD 6 a 9 b 

MS 5 b 10 a 

VFA (mmol/L) 

VD 87 b 107 a 
P < 0.001 

(0.6) 

P < 0.001 

(0.5) 

P < 0.001 

(0.8) 
RD 89 a 99 b 

MS 90 a 106 a 

Acetate : 

Propionate 

VD 1.74 b 2.57 b 
P < 0.001 

(0.018) 

P < 0.001 

(0.015) 

P < 0.001 

(0.026) 
RD 1.91 a 2.63 a 

MS 1.68 b 2.61 a 

Ammonia 

(mg/L) 

VD 209 a 164 b 
P < 0.001 

(3.4) 

P < 0.001 

(2.7) 

P < 0.001 

(4.8) 
RD 204 a 232 a 

MS 203 a 178 b 

 4 
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VFA, Volatile fatty acids; A: P, acetate propionate ratio; VD, re-growth from vegetative 1 

stage defoliation; RD, re-growth from reproductive stage defoliation; MU, undefoliated 2 

plants at mature stage; Def, defoliation treatments; S, species; a, b, c mean values within a 3 

treatment column with different superscript letters are different (P < 0.05); sem., 4 

standard error of means (n = 4) are in parentheses; NS, not significant 5 

 6 

 7 

5.4. DISCUSSION 8 

The current study was designed to test if growth stage and defoliation compromised the 9 

marked advantage in methanogenic potential of biserrula over subterranean clover. 10 

Growth stage, defoliation and grazing regimes have previously been found to have major 11 

influences on pasture growth (Ayres et al. 1998; Chaichi & Tow 2000; Conning et al. 2011), 12 

NV and fermentative parameters (Robinson et al. 2007; Kleen et al. 2011; Keim et al. 2014) 13 

in other pasture species, but this is the first report on such effects in biserrula. We found 14 

that DW, NV and fermentability of biserrula and subterranean clover not only vary with 15 

different stages of growth but also with defoliation and such effects were lower than the 16 

species differences. 17 

After defoliation, increased branching is initiated in pasture plants such as 18 

subterranean clover (Rossiter 1976) especially those with a prostrate growth habit where 19 

sufficient leaf area remains below the grazing height to ensure rapid regrowth (Chaichi & 20 

Tow 2000). The timing of defoliation also plays a significant role in regrowth (Warner & 21 

Sharrow 1984), the more time for recovery, generally the greater the regrowth. In our 22 

experiment, both pasture species at maturity showed typically lower DW in the regrowth 23 

from defoliation at the reproductive stage compared to regrowth from the early 24 

defoliated and the undefoliated treatments.  25 

A central aim of the study was to investigate if growth stage affects fermentability 26 

traits including methanogenic potential. Although, methanogenic potential of biserrula 27 

was lower than subterranean clover, as found by Banik et al. (2013a), there was no effect 28 

of growth stage among biserrula treatments. The earlier study was truncated after only 29 

77 days, whereas our experimental plants were grown for 140 days. This result confirms 30 

the persistency of in vitro analysis of methanogenic potential in biserrula across a wide 31 

range of growth stage periods. Recently, we found anti-methanogenic PSCs in the 32 
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extractable fractions of this forage (Banik et al. 2016). In addition a higher content of 1 

other PSCs especially isoflavones have been found in biserrula as compared with nine 2 

other Fabaceae spp. (Visnevschi-Necrasov et al. 2015), and that the content differed by 3 

growth stage with a maximum at the vegetative stage (Barreira et al. 2016). It will be 4 

worthwhile to study whether the anti-methanogenic compounds that are present in 5 

biserrula vary according to each stage of growth. Visnevschi-Necrasov et al. (2015) 6 

recently indicated that other factors, including stressors, besides those governed by 7 

species or genotype play a role in the production of isoflavones. The reason for 8 

contrasting responses in methanogenic potential of biserrula and subterranean clover 9 

when defoliated at the reproductive stage is unclear, but is small in comparison to the 10 

overall species difference in methanogenic potential. One study has suggested that an 11 

increase in methane yield is a result of a higher acetate to propionate ratio and low 12 

propionate production (Tavendale et al. 2005), and this was evident in the RD biserrula 13 

treatments. Another study found that a concurrent increase of ruminal ammonia 14 

concentration is related to an increase in CP (Chaves et al. 2006) and a decrease in 15 

methanogenic potential (Buddle et al. 2011). It has also been found that plant re-growth 16 

from reproductive stage defoliation has greater NDF and lower CP, OM and digestibility 17 

compared with the vegetative stage defoliated plants such as clovers, grasses, forbs and 18 

shrubs (Ayres et al. 1998; Marinas et al. 2003). In addition, stems generally have lower 19 

digestibility and CP content, and greater fibre content in comparison to leaves (e.g. Keim 20 

et al. 2014). In the present work, regrowth from reproductive stage defoliation with its 21 

short duration likely contained less stem tissue and a greater leaf/stem ratio, contributing 22 

to the greater CP values than in other treatments.  23 

Plant biomass and NV have been suggested as indicators of fermentability and 24 

methanogenic potential (Benchaar et al. 1998), but more evidence is required to support 25 

this. One study used ADF, hemicellulose, CP and VFA of forages as indicators of 26 

methanogenic potential (Baldwin et al. 1987), whereas other studies used non-protein 27 

nitrogen and pectin along with NV and fermentation parameters (Dijkstra et al. 1992), or 28 

metabolisable energy and digestibility (Blaxter & Clapperton 1965). However, the under 29 

and over estimation of methane production from these studies makes it difficult to rely 30 

on a single technique (Benchaar et al. 1998). Although one study on alfalfa found no effect 31 
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of maturity in CP content when studied in vitro (Broderick et al. 1992), others found both 1 

maturity and defoliation negatively affect perennial pasture CP content but no 2 

differences were found in fibre or dry matter contents (Hoffman et al. 1993; Griffin et al. 3 

1994). Further, native Australian shrubs and pasture legumes also showed reduction in 4 

plant CP content, organic matter and ash when plants matured (Cassida et al. 2000; Aydin 5 

et al. 2007; Norman et al. 2010) and those low CP contents might be linked with greater 6 

methanogenic potential in the studied plants. However, to our knowledge there have 7 

been no such NV reports for biserrula at different growth stages or with defoliation to 8 

correlate with the low methanogenic potential of the plant. 9 

The marked advantage in methanogenic potential of biserrula over subterranean 10 

clover previously described was maintained despite the small effect of a defoliation stress 11 

treatment at the reproductive stage. It will be a useful opportunity to test other stresses 12 

like drought and nutrient gradients to determine if the dominant species effect is still 13 

retained. The anti-methanogenic property of biserrula is quite robust under a range of 14 

environmental conditions and at all stages of growth. This has 15 

practical applications for seeding biserrula as a tool to reduce environmental impact by 16 

livestock, since the effect on pasture may persist regardless of phenology or 17 

concentration of use by the herbivore. Hence, the practical implications for farmers 18 

means that pasture management does not have to alter greatly to generate the emissions 19 

benefit. However, it is important to realise that these studies to date have been 20 

conducted using in vitro technology and in vivo confirmation is required to understand 21 

the reason behind this outcome and to move potential benefits into the field. 22 

 23 

5.5. CONCLUSION 24 

The study confirmed that despite different growth stage or defoliation treatments, 25 

biserrula showed persistently low methane output compared with subterranean clover. 26 

Our results also suggest that both growth stage and defoliation treatments can affect 27 

fermentability, NV and biomass accumulation of biserrula and subterranean clover, most 28 

pronounced with defoliation at the reproductive stage of their growth, but this effect is 29 

small in comparison to the species effect. The outcome showed the robustness of the anti-30 
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methanogenic effect in biserrula, making it a potentially valuable pasture option to reduce 1 

methane emissions in southern Australian grazing systems. 2 
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Phosphorus supply affects plant growth but neither nutritive value nor in 1 

vitro methane production in the pasture legume Biserrula pelecinus 2 

 3 

SUMMARY 4 

Biserrula (Biserrula pelecinus L.) is an annual pasture legume considered as an alternative 5 

for common pasture legumes such as subterranean clover (Trifolium subterraneum L.) in 6 

southern Australia. Its ability to reduce enteric methane production makes it unique 7 

among forage legumes, but little is known about how it responds to environmental stress 8 

such as extremes in nutrient supply. Our aim was to study the effect of low to high soil 9 

phosphorus (P) supply on biserrula growth, nutritive value (NV) and in vitro fermentation. 10 

Three genotypes of biserrula and one subterranean clover genotype (as an experimental 11 

control) were grown at eight concentrations of P ranging from 0 to 384 mg P/kg soil in 12 

pasteurized river sand-filled pots in a glasshouse. Shoot dry weight (DW) increased with 13 

increasing P supply in all biserrula genotypes, but only genotypes Casbah and Mauro 14 

exhibited toxicity symptoms at the highest P concentration. There was no effect of P 15 

supply on NV parameters in biserrula except crude protein (CP), which declined and then 16 

increased over the range of P supplied and is likely to be related to relative changes in 17 

plant growth (a dilution effect). The influence of P-induced plant stress on methanogenic 18 

potential in biserrula was small, only one genotype, 2004ERI1PEL, showed a decrease in 19 

methanogenic potential at a P concentration of 96 mg P/kg in the soil, while 20 

methanogenic potential in the other two genotypes showed no change. While there was 21 

some genotype effect within biserrula on NV and fermentative parameters in response to 22 

P stress, this was much smaller than the species effect (i.e. the comparison with 23 

subterranean clover). The ability for biserrula to retain its low methanogenic potential 24 

under plant growth stress is important when considering its role in grazing systems to 25 

mitigate enteric methane emission. 26 

Keywords: Phosphorus; enteric fermentation; biserrula; forage legume 27 

 28 
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6.1. INTRODUCTION  1 

Biserrula (Biserrula pelecinus L.) is an annual legume that was introduced as an acid-2 

tolerant pasture in southern-western Australia in the late 1990s (Howieson et al. 1995; 3 

Nichols et al. 2007). Biserrula has several properties that make it an attractive alternative 4 

to subterranean clover (Trifolium subterraneum L.), the most widely sown pasture legume 5 

in southern Australia (Nichols et al. 2012), especially on acidic soils with low rainfall (< 400 6 

mm) in the wheat belt of south Western Australia. It was recently found that biserrula has 7 

nutritive value (NV) comparable to subterranean clover and that it supports rumen 8 

microbial fermentation, while having methane mitigation potential, producing nearly six 9 

times less methane than subterranean clover in vitro (Banik et al. 2013a). Given the 10 

significant contribution of methane to greenhouse gasses, the plant may be an option for 11 

methane mitigation to reduce enteric fermentation of forages in grazing ruminants. The 12 

trait was highly heritable (86% broad-sense heritability) in a core germplasm collection of 13 

biserrula (30 accessions) with a range among accessions in methanogenic potential from 14 

0.54 to 8.41 ml/g DMi (Banik et al. 2013b). Despite this variation all the biserrula 15 

accessions were markedly lower in methanogenic potential than subterranean clover and 16 

red clover. It is unknown how bioactivity in biserrula is affected by different 17 

environmental conditions. 18 

Plant morphology (Ludlow 1980) and biomass (Pang et al. 2010) changed at different 19 

growth stages of annual pasture forages (Hackney et al. 2007), and in response to stresses 20 

such as grazing (Chaichi & Tow 2000) or soil nutrient imbalance (Marshall & Parkin 1970) 21 

plants often produce plant secondary compounds (PSCs). Consequently, those stresses on 22 

plants have influences on the NV and fermentability/ methanogenic potential in the 23 

rumen (Leng 1990; Jayanegara et al. 2011). Studies on PSCs have identified their ability to 24 

alter anti-methanogenic bioactivity in the rumen (Patra & Saxena 2010; Kamra et al. 25 

2012). Recent studies revealed that the anti-methanogenic property of biserrula is linked 26 

to plant bioactive compounds (plant secondary compounds, PSC) (Banik et al. 2016). To 27 

our knowledge, there are no reports of environmental stress affecting methanogenic 28 

potential of pasture legumes such as biserrula. One of the crucial minerals for plant 29 

growth is P, where low P limits plant growth (Pang et al. 2010), and in excess P can have 30 

a toxic effect on plants leaves that eventually inhibit their growth (Rossiter 1952; Rossiter 31 
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1955). While the growth response of mainstream pasture legumes such as subterranean 1 

clover to phosphorus (P) concentrations in the soil is well documented (Paynter 1990; 2 

Paynter 1992; Paynter 1993), the effect of P concentrations in soil on growth, NV and 3 

fermentation by rumen microbes in biserrula is unknown. Soils in Western Australia 4 

originally contained less than 5 mg P/kg of soil (McArthur 1991), so farmers opted to apply 5 

large quantities of soluble P over many years (Bolland et al. 1997). As a consequence, P 6 

concentrations in many Western Australian soils have increased greatly in many instances 7 

(Christy et al. 2015). Given the importance of phosphorus (P) on pasture growth, there is 8 

a gap in knowledge of the effect of P stress on biserrula growth and on NV and 9 

fermentability parameters including methanogenic potential.  10 

In this study, we aimed to investigate the effects of P stress on these parameters in 11 

three biserrula genotypes. We hypothesised that (i) P supplied as an environmental stress 12 

(both higher and lower P concentrations) affects plant growth, NV and fermentability 13 

including methanogenic potential, (ii) the pattern of response of biserrula to soil applied 14 

P is similar to subterranean clover and iii) genotypes of biserrula have similar responses 15 

to the stress. 16 

 17 

6.2. MATERIALS AND METHODS 18 

6.2.1. Experimental design 19 

Three genotypes of biserrula (Table 6.1) were selected for this study based on their 20 

commercial availability and high or median range methanogenic potential in a biserrula 21 

core germplasm collection (Banik et al. 2013b). In addition, subterranean clover cv. 22 

Dalkeith was included as an experimental control. Plants were grown in pots in a 23 

glasshouse with eight concentrations of P applied to the soil using a completely 24 

randomized design with four replications. Concentrations of P were selected based on 25 

optimal level of growth found in subterranean clover (Paynter 1990; Bolland & Paynter 26 

1992; Bolland & Paynter 1994) and in some Australian native legumes (Pang et al. 2009; 27 

Pang et al. 2010). Growth and visual observations of P deficiency or toxicity were made 28 

daily. Plants were harvested at Day 56 after germination, freeze dried and ground to 29 

analyze for P concentration in the plant shoot, shoot dry weight (DW), NV and in vitro 30 
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fermentability. All measurements except for NV were undertaken on individual 1 

glasshouse replicates. As our previous study found no differences in NV of the glasshouse 2 

replicates (Banik et al. 2013a), we combined shoots from two pots and homogenized to 3 

form a sample for NV analysis. 4 

 5 

Table 6.1. Details of legume genotypes used including country of origin, ALOSCA® 6 

rhizobium, seed phosphorus concentration and results from a previous (glasshouse) study 7 

for methane production in vitro* 8 

Species 
Genotypes/ 

accessions 

Country 

of origin 

Growth 

habit 
Rhizobium 

g P/kg of 

seed 

Methane 

* (mL/g 

DMi) 

Biserrula 

pelecinus 
Casbah Morocco Prostrate 

Biserrula 

special 
6.65 2.2 

B. pelecinus 2004ERI1PEL Eritrea 
Semi-

prostrate 

Biserrula 

special 
5.05 8.4 

B. pelecinus Mauro Italy Prostrate 
Biserrula 

special 
5.80 3.4 

Trifolium 

subterraneum 

ssp. 

subterraneum 

Dalkeith Australia Prostrate Group C 6.04 28.4 

 9 

* (Banik et al. 2013b) 10 

 11 

6.2.2. Plant growth conditions 12 

The soil was prepared using the protocol of Pang et al. (2009, 2010). Briefly, non-draining 13 

pots (190 mm diameter × 180 mm height) were filled with five kg of washed coarse river 14 

sand that had previously been air-dried, passed through a 2 mm sieve and steam 15 

pasteurised. The soil contained 1 mg nitrate-N/kg and 4 mg ammonium-N/kg (Searle 16 
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1984), 3 mg bicarbonate extractable P/kg (Colwell 1963) and 6 mg total P/kg (Allen & 1 

Jeffery 1990), and had a pH (CaCl2) of 6.3 (Rayment & Higginson 1992) and a P-retention 2 

index of 1.5 l P/kg (Allen & Jeffery 1990). With the exception of P, all essential nutrients 3 

(from a stock solution of Ca(NO3)2.4H2O, NH4NO3, MgSO4.7H2O, CaCl2.2H2O and a 4 

MnSO4.7H2O + ZnSO4.7H2O + CuSO4.5H2O + H3BO3 + NaMoO4.2H2O + FeNaEDTA mixture) 5 

were added to obtain final concentrations of (mg /kg dry soil): N 30, S 50, Ca 24, Mg 10, 6 

Cu 0.5, Zn 2, Mn 4, B 0.119, Mo 0.4, Fe 5 and Cl 23. A mixture of NH4NO3 and Ca(NO3)2 7 

with a 1 : 1 ratio was added to provide an initial supply of nitrogen after germination, prior 8 

to nodulation. There were eight P treatments provided as a mixture of P (KH2PO4), 9 

potassium (K as KCl) and deionised (DI) water and added to the initial nutrient solution to 10 

give final concentrations of 0, 6, 12, 24, 48, 96, 192 and 384 mg P/kg dry soil. An 11 

appropriate concentration of KCl was used to balance the K present in the KH2PO4 added 12 

to the P treatments. The soil was moistened to 70% water-holding capacity with nutrient 13 

solution to supply adequate water to the plants. To replace water losses from 14 

evapotranspiration, the soil water content was maintained by watering pots every 15 

alternate day with DI water during the experiment to preserve 70% water-holding weight. 16 

Seeds of the four genotypes and appropriate strains of rhizobia (both specific and 17 

Group C) (ALOSCA®, Alosca Technologies Pty. Ltd., Australia) in peat (Table 6.1) were 18 

sourced from the Department of Agriculture and Food Western Australia. Seeds were 19 

scarified and sown at 25 – 30 seeds/pot at a depth of 10 mm. Germinated seedlings were 20 

thinned to 10 -12 plants/pot after one week. Inoculant was applied to seedlings as a few 21 

drops of a wet peat slurry using a plastic pipette. Formation of rhizobia nodules were 22 

confirmed in all treatments after 4 and 6 weeks. The experiment was conducted from June 23 

to September 2013 in a glasshouse of the Plant Growth Facility, the University of Western 24 

Australia, Australia (31°59′ S, 115°49′ E; 5 m above sea level). During the experiment the 25 

average day temperature was 22°C, the average night temperature was 12°C and the daily 26 

average relative humidity of the glasshouse was 60%. 27 

 28 

6.2.3. Visual determination of P stress, plant collection and measurements 29 

Plants were observed daily for signs of deficiency - dark green, small leaves with poor 30 

growth or toxicity - growth inhibition, early leaf senescence or leaf necrosis (Snowball & 31 
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Robson 1988). Fifty six days after germination, the edible parts of all the plants (leaf and 1 

stem above 30 mm from the soil surface, ‘shoots’) were harvested on a same morning, 2 

stored in dry ice until transported to – 80° C freezer. The frozen samples were freeze-dried 3 

in a bench top freeze dryer (VirTis Hamburg, Germany) and weighed to estimate total 4 

shoot DW. Freeze-dried plant samples were then ground for NV analysis and in vitro 5 

fermentability testing. 6 

 7 

6.2.4. Phosphorus analysis 8 

The freeze-dried shoot samples (whole tops) were ground in a polymix grinder (Glen 9 

Creston, Stanmore, UK) to pass through a 1.00 mm sieve. Samples were weighed to 10 

approximately 200 mg and digested using a hot concentrated nitric-perchloric (3:1) acid 11 

mixture. The malachite green method (Motomizu et al. 1983) using a UV-VIS 12 

spectrophotometer (Shimadzu Corporation, Japan) was used to determine total P 13 

concentration. 14 

Critical P requirements were estimated as the amount of P required for 90% of 15 

maximum yield (Bolland 1985a; Paynter 1990). However, curvature coefficients of the 16 

relationship between P applied and dry matter production (Bolland 1985b; Bolland 1986) 17 

were also used for validation.   18 

 19 

6.2.5. Nutritive value (NV) 20 

The dry matter (DM) content was measured by placing 0.5 – 1.0 g of samples in a pre-21 

weighed porcelain crucible in an oven set at 90°C for 12 hrs. Organic matter (OM) and 22 

inorganic matter (iOM) of the samples were analysed by burning the crucible samples at 23 

550°C for 5 hrs. Nitrogen content of forages was analysed by total combustion (AOAC 24 

1990) using Elementor Nitrogen and Carbon Determinator (Elementor, VarioMacro, 25 

Regenstauf, Germany). Crude protein (CP) was calculated by multiplying the nitrogen 26 

content with 6.25 (McDonald et al. 1988). Fibre contents such as neutral detergent fibre 27 

(NDF), acid detergent fibre (ADF) and hemicellulose were determined using the ANKOM 28 

method from AOAC (AFIA 2011). NDF was analysed with the use of alpha-amylase and 29 

sodium sulphite. Dry matter digestibility (DMD) and metabolisable energy (ME) were 30 
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derived from the ADF and nitrogen content (Oddy et al. 1983; AFIA 2003; CSIRO 2007) as 1 

follows: 2 

DMD = [83.58 + (Nitrogen × 2.626)] – (ADF × 0.824) 3 

ME = (0.172 × DMD) – 1.615 4 

 5 

6.2.6. In vitro fermentability test (IVFT) 6 

Samples were tested using an in vitro fermentation test, IVFT (Durmic et al. 2010). Briefly, 7 

rumen fluid was collected after 2 hrs from fistulated Merino wethers (mean body weight 8 

65.4 ± 2.0 Kg) fed a general maintenance diet consisting of lupins and oaten chaff (1 Kg 9 

oaten chaff, 250 g lupins and 25 g mineral mix). Inside an anaerobic chamber (Coy 10 

Laboratory Products Inc., Grass Lake, MI) 0.1 g of triplicated plant material was mixed 11 

with 10 ml of buffered rumen fluid and incubated at 39°C with 50 rpm. After 24 hrs 12 

incubation, gas production was measured by a pressure transducer (Greisinger Electronic 13 

GmbH, Regenstauf, Germany) and methane production was determined by gas 14 

chromatography (GC). In short, 5 ml of headspace gas was collected from each tube and 15 

analysed for methane production on a Bruker - 450 GC with Thermal Conductivity 16 

Detector (Bruker Technologies, Australia) equipped with Compass CDS Acquisition 17 

Software (Bruker Technologies, Australia), using a Hayesep Q 0.25 mm × 10 m column 18 

with He as carrier gas flow at 30 ml/min, injector temperature at 70°C and oven 19 

temperature at 50°C for 5.0 minutes. Both gas pressure and methane production are 20 

indicators of microbial fermentation. Gas pressure expressed in kPa and methane 21 

production in the treatments was expressed as m L  o f  methane per g of dry matter 22 

incubated (DMi). Other fermentation parameters, such as the concentration of volatile 23 

fatty acids (VFA) were determined using the standard procedure for separation of VFA 24 

(Supelco Bulletin No. 749D, Supelco Inc., Bellefonte, PA) and analysed by GC, using a 25 

Flame Ionization Detector Agilent 6890 Series GC (Agilent Technologies Inc., Santa Clare, 26 

CA, USA) with HP 6890 injector, capillary column HPFFAP, 30 m × 0.53 mm × 1.0 mm and 27 

H2 as carrier gas at 6.6 ml/min. Ammonia production was determined by the direct 28 

enzymatic method using Infinity TM Ammonia Liquid Stable Reagent (Cat No. TR60101, 29 

Beckman Coulter, Australia) on Olympus AU400 Autoanalyser (AHL NTM – 56) 30 

(Alternative Biomedical Solutions, Dallas, USA). All biological samples in the IVFT test 31 
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were analysed in triplicate. 1 

 2 

6.2.7. Statistical analysis 3 

GenStat version 15.2 (VSN International Ltd, UK 2012) was used for analyses of variance 4 

(ANOVA) of response variates on incubation tubes as experimental units. Response 5 

variates from biserrula genotypes were used for ANOVA within biserrula, while the mean 6 

responses from all biserrula genotypes and responses from subterranean clover cv. 7 

Dalkeith were used for ANOVA between two species. Mean separation was performed 8 

by least significant differences (L.S.D.) at the 5% level. The relationships between P 9 

concentration and shoot DW were explored by fitting to the following exponential 10 

equation (with right-sense) by nonlinear regression (Mitsherlich function) in GenStat: 11 

� = � + �(��) 12 

Where, for the DW relationship with applied P, x is the amount of P applied (mg P/kg), y 13 

is the DW (g), a is the maximum yield (g), b is the plant response to applied P (g), and c is 14 

the curvature coefficient (kg/mg P).  15 

 16 

6.3. RESULTS 17 

6.3.1. Symptoms of phosphorus deficiency and toxicity 18 

Plants were healthy with no signs of deficiency or toxicity at P concentrations between 12 19 

and 96 mg P/kg of soil. Symptoms of P deficiency at 0 and 6 mg P/kg were visually evident 20 

in all three genotypes of biserrula as well as the experimental control, subterranean clover 21 

(Fig. 6.1). At 0 mg P/kg, both Casbah and Mauro showed dark green, small leaves and grew 22 

poorly, whereas subterranean clover showed reddening of the petioles with very small 23 

dark green leaves. In all plants, old leaves eventually became chlorotic and dropped off. 24 

Considerable seedling death was observed in 2004ERI1PEL. The addition of a small 25 

amount of P (6 mg P/kg) produced a noticeable response in the growth of all genotypes, 26 

but deficiency symptoms were still expressed (Fig. 6.1).  27 

 28 
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  3 

 4 

 5 

 6 

 7 

At P ≥ 192 mg P/kg, genotypes Casbah and Mauro of biserrula as well as subterranean 8 

clover exhibited toxicity symptoms including growth inhibition, early leaf senescence and 9 

leaf necrotic regions. However, no toxicity symptoms were observed in biserrula genotype 10 

2004ERI1PEL, even at the highest P concentration (384 mg P/kg). 11 

 12 

6.3.2. Shoot dry weight (DW) 13 

There was an exponential growth response of phosphorus (P < 0.001) and biserrula 14 

genotype (P < 0.001) on shoot DW (Table 6.2 and Fig. 6.2). The interaction between P 15 

concentration and genotype was also varied (P < 0.001). All genotypes, except 16 

2004ERI1PEL, had their highest DW at 100 – 200 mg P/kg and had an exponential response 17 

curve that plateaued and then declined at greater concentrations (Table 6.2 and Fig. 6.2). 18 

By contrast, genotype 2004ERI1PEL showed no sign of a reduction in DW even at the 19 

a) b) c) d) 

(i) Plant growth at P concentration 0 mg P/kg 

a) b
) 

c) d) 

(ii) Plant growth at P concentration 6 mg P/kg 

Figure 6.1. Phosphorus deficiency symptoms for biserrula genotypes a) Casbah, b) 

2004ERI1PEL and c) Mauro, and d) subterranean clover cv. Dalkeith, when grown at supplied 

P concentrations of (i) 0 mg P/kg and (ii) 6 mg P/kg of soil eight weeks after sowing (Note –

scale is not uniform). 
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highest P concentration, 384 mg P/kg. At 0 mg P/kg, DW was very low and 2004ERI1PEL 1 

produced insufficient material to record DW (Fig. 6.2). However, when comparing 2 

between species, differences found in both P concentration, species and their interaction 3 

(P < 0.001, data not shown). The P requirement for 90% maximum yield of Dalkeith, the 4 

subterranean clover control was 14 mg P/kg, which was c. 4 times less than biserrula 5 

genotypes Casbah and Mauro (Table 6.2). 6 

 7 

Table 6.2. Regression coefficients (s.e.) for the relationship between applied P and shoot 8 

dry weight (DW) of the fitted exponential equations (right sense), y = a + b (cᵡ), for three 9 

biserrula genotypes and one experimental control genotype of subterranean clover 10 

 
Biserrula Subterranean 

clover 

  Casbah 2004ERI1PEL Mauro Dalkeith 

a 2.90 (0.33) 7.34 (4.69) 4.21 (0.21) 5.54 (0.28) 

b -2.50 (0.52) -7.12 (4.58) -3.79 (0.35) -3.34 (0.64) 

c 0.963 (0.020) 0.998 (0.002) 0.958 (0.010) 0.883 (0.048) 

R² 0.41 0.74 0.8 0.46 

(b/a) × 100% 86 97 90 61 

P (mg P/kg) required 

for 90% max yield 
57 A 51 14 

F prob. < 0.001 < 0.001 < 0.001 < 0.001 

 11 

Plant responsiveness relative to the maximum yield [(b/a) × 100%], s.e., standard error 12 

means (n = 4) are in parentheses; the significance of the regression (F prob.) and A = 13 

above the experimental P range 14 

 15 
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 1 

Figure 6.2. Fitted exponential growth of shoot DW of three genotypes of biserrula Casbah 2 

(- □ ˖ -), Mauro (- - ■ -), 2004ERI1PEL (-●-) and experimental control subterranean clover 3 

cv. Dalkeith (˖˖∆˖˖) grown for eight weeks in washed river sand supplied with eight 4 

concentrations of P, ranging from 0 to 384 mg P/kg soil. 5 

Data points are means (n = 4). 6 

 7 

6.3.3. P concentration in plant shoot 8 

P concentration in plant shoot (g DW/kg) increased (P < 0.001) with supplied P 9 

concentration, genotype and their interaction. P concentrations in plant shoot for all plant 10 

genotypes were linearly related to the supplied P concentration (Figure 6.3 and Table 6.3). 11 

At 0 mg P/kg of soil, the highest shoot P concentration was found in Mauro followed by 12 

2004ERI1PEL and Casbah (P < 0.001). Subterranean clover cv. Dalkeith showed the lowest 13 

shoot P concentration at that supplied P concentration. 14 
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 1 

Figure 6.3. Fitted shoot P concentration (g/mg DW) of three genotypes of biserrula Casbah 2 

(- □ ˖ -), Mauro (- - ■ -), 2004ERI1PEL (-●-) and experimental control subterranean clover 3 

cv. Dalkeith (˖˖∆˖˖) grown for eight weeks in washed river sand supplied with eight 4 

concentrations of P, ranging from 0 to 384 mg P/kg soil. 5 

Data points are means (n = 4). 6 

 7 
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Table 6.3. Regression equation y = a + bx, for the P concentrations in plant shoot in 1 

three biserrula genotypes and the experimental control genotype of subterranean 2 

clover 3 

  Biserrula 
Subterranean 

clover 

  Casbah 2004ERI1PEL Mauro Dalkeith 

a 2.18 (0.334) 2.03 (0.363) 1.89 (0.257) 1.47 (0.283) 

b 0.05 (0.002) 0.04 (0.002) 0.04 (0.001) 0.05 (0.002) 

Sᵦ 1.46 1.41 1.04 1.27 

R² 0.939 0.924 0.963 0.965 

F prob. < 0.001 < 0.001 < 0.001 < 0.001 

 4 

Constant (a), slope (b) between shoot P concentration and amount of applied P (mg P/kg) 5 

(standard errors are in parentheses), and standard errors of the regression (Sᵦ) with 6 

significance of the regression (F prob.) are given 7 

 8 

6.3.4. Nutritive Value (NV) 9 

There was no effect of P concentration on most NV parameters, except CP and DM (Table 10 

6.4). Both biserrula genotype and supplied P concentration were only differed for CP (P < 11 

0.05). Mauro showed a decrease in CP with increasing P supplied until 96 mg P/kg 12 

followed by an increase at greater P concentrations. Similarly, Casbah showed a decrease 13 

until 192 mg P/kg, followed by an increase at the greatest P concentration. However, CP 14 

for 2004ERI1PEL also declined as P concentration increased except at 96 mg P/kg. DM 15 

increased (P < 0.05) with increasing P concentration in the treatments (Table 6.4). All NV 16 

except DM showed variation between species where biserrula had lower values in ADF, 17 

NDF and iOM, and greater values in CP, DMD, ME and OM compared to subterranean 18 

clover.  19 

 20 
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Table 6.4. Nutritive value of three biserrula genotypes and the experimental control 1 

subterranean clover supplied with eight concentrations of phosphorus (P) from 0 to 384 2 

mg P/kg soil 3 

 4 

          

F probability 

(among biserrula 

genotypes) (± s.e.)   

F probability 

(between species) (± 

s.e.) 

NV 

parameter

s (g/kg) 

Applied P 

(mg P/kg) 
Casbah 

2004ERI1

PEL 
Mauro P G 

P × 

G 

Dalkeit

h 
P S 

P × 

S 

NDF 

12 304 a 312 a 286 a 

ns ns ns 

321 a 

ns 

P < 

0.001 

(7.8) 

ns 

24 279 a 248 a 299 a 330 a 

48 272 a 290 a 300 a 321 a 

96 253 a 302 a 288 a 342 a 

192 302 a 294 a 290 a 344 a 

384 273 a 291 a 284 a 335 a 

ADF 

12 207 a 171 a 183 a 

ns ns ns 

230 a 

ns 

P < 

0.001 

(6.3) 

ns 

24 166 b 151 a 191 a 225 a 

48 151 c 152 a 156 a 226 a 

96 154 bc 166 a 152 a 227 a 

192 163 bc 177 a 148 a 238 a 

384 163 bc 167 a 157 a 217 a 

Hemicellul

ose 

12 98 a 140 a 103 a 

ns ns ns 

85 b 

P < 

0.05 

(8.6) 

P < 

0.05 

(5.8) 

ns 

24 103 a 94 a 126 a 111 ab 

48 112 a 129 a 139 a 104 ab 

96 116 a 135 a 136 a 112 ab 

192 134 a 123 a 132 a 96 ab 

384 119 a 127 a 136 a 134 a 
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CP 

12 258 a 252 a 243 a 

P < 

0.05 

(18.

3) 

P < 

0.05 

(12.9

) 

ns 

150 a 

P < 

0.05 

(18.3) 

P < 

0.001 

(12.2) 

ns 

24 227 ab 243 ab 203 ab 111 b 

48 211 ab 195 ab 145 b 132 ab 

96 207 ab 247 ab 129 b 126 ab 

192 152 b 168 b 149 b 152 a 

384 242 a 174 b 179 ab 168 a 

DM 

12 941 a 937 ab 927 b 

P < 

0.05 

(7.0) 

ns ns 

922 b 

P < 

0.001 

(4.7) 

ns ns 

24 927 a 920 b 931 ab 927 b 

48 921 a 924 b 932 ab 928 b 

96 952 a 947 ab 946 a 944 a 

192 952 a 955 a 947 a 946 a 

384 949 a 942 ab 949 a 947 a 

OM 

12 809 a 926 a 861 a 

ns ns ns 

793 a 

ns 

P < 

0.001 

(11.1) 

ns 

24 843 a 871 ab 813 a 786 a 

48 831 a 874 ab 859 a 767 a 

96 830 a 866 ab 858 a 782 a 

192 883 a 857 b 871 a 752 a 

384 852 a 863 b 853 a 753 a 

iOM 

12 191 a 74 b 139 a 

ns ns ns 

207 a 

ns 

P < 

0.001 

(11.1) 

ns 

24 157 a 129 ab 187 a 214 a 

48 169 a 126 ab 141 a 233 a 

96 170 a 134 ab 142 a 219 a 

192 117 a 143 a 129 a 248 a 

384 148 a 137 a 147 a 247 a 

DMD 

12 774 a 813 a 787 a 

ns ns ns 

709 a 

ns 

P < 

0.001 

(7.8) 

ns 
24 794 a 814 a 764 a 697 a 

48 800 a 795 a 768 a 706 a 

96 796 a 803 a 765 a 702 a 
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192 765 a 760 a 777 a 704 a 

384 803 a 771 a 782 a 728 a 

ME 

(MJ/kg) 

12 11.7 a 12.4 a 11.9 a 

ns ns ns 

10.6 a 

ns 

P < 

0.001 

(0.1) 

ns 

24 12.1 a 12.4 a 11.5 a 10.4 a 

48 12.1 a 12.1a 11.6 a 10.5 a 

96 12.1 a 12.2 a 11.5 a 10.5 a 

192 11.6 a 11.5 a 11.7 a 10.5 a 

384 12.2 a 11.6 a 11.8 a 10.9 a 

 1 

NDF, neutral detergent fibre; ADF, acid detergent fibre; CP, crude protein; DM, dry matter; 2 

OM, organic matter; iOM, inorganic matter; DMD, dry matter digestibility; ME, 3 

metabolisable energy; P, Phosphorus (P) concentration; G, genotypes; S, species; a, b, c 4 

mean values within a treatment column with different superscript letters are  different (P 5 

< 0.05);  s.e., standard error differences (n = 4) are in parentheses; ns, non-significant and 6 

significance of ANOVA (F probability) is given 7 

 8 

6.3.5. In vitro fermentation parameters 9 

Differences in fermentation parameters among P supply concentration (P < 0.05), 10 

biserrula genotypes (P < 0.05) and their interaction (P < 0.05) were  unveiled, except for 11 

components of VFA (Table 6.5). Outside the optimum growth range for P, there was an 12 

effect on fermentative parameters. With increasing supplied P concentration, gas 13 

pressure tended to increase before peaking in treatments at P concentration 48 mg P/kg 14 

for Casbah and Mauro, and at 192 mg P/kg for 2004ERI1PEL and then decreasing at 15 

greater concentrations of P. At concentrations above 96 mg P/kg, 2004ERI1PEL showed a 16 

decrease in methanogenic potential, whereas this fermentative parameter had no change 17 

at the stress level of P concentration in the other two biserrula genotypes. The control 18 

subterranean clover had consistently 4 to 6 times greater methanogenic potential than 19 

the biserrula genotypes (Table 6.5), however this species also showed a decrease in 20 

methanogenic potential when P supplied concentrations were above 96 mg P/kg. 21 

Components of VFA did not vary (except propionate) with P supplied concentration or 22 
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among biserrula genotypes. Both Casbah and Mauro showed the highest propionate 1 

production at 96 mg P/kg, followed by a reduction at greater P concentrations, whereas 2 

2004ERI1PEL showed the opposite trend. Interaction between P supplied concentration 3 

and biserrula varied (P < 0.05) among the genotypes of biserrula for acetate, propionate, 4 

acetate to propionate ratio and ammonia concentrations. Last two parameters also varied 5 

among biserrula genotypes (P < 0.001). All the fermentative parameters showed greater 6 

values (P < 0.05) in biserrula compared with subterranean clover except propionate and 7 

ammonia concentration. The interaction between P supply and species was only varied 8 

for gas pressure, methanogenic potential and ammonia concentration. 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 
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Table 6.5. In vitro fermentability parameters of three biserrula genotypes and one 1 

genotype of experimental control subterranean clover supplied with eight 2 

concentrations of phosphorus (P) from 0 to 384 mg P/kg soil 3 

 4 

          

F probability (among 

biserrula genotypes) (± 

s.e.)   

F probability (between 

species) (± s.e.) 

  
Applied P 

(mg P/kg) 

Casba

h 

2004E

RI1PEL 

Maur

o 
P G P × G 

Dalkeit

h 
P S P × S 

Gas 

pressure 

(kPa) 

12 55 d 62 b 54 d 

P < 

0.001 

(1.4) 

P < 

0.001 

(0.9) 

P < 0.05 

(2.4) 

102 b 

P < 

0.001 

(1.4) 

P < 

0.001 

(0.9) 

P < 

0.001 

(2.2) 

24 59 cd 68 ab 65 bc 111 a 

48 69 a na 73 a 101 b 

96 62 bc 63 b 71 ab 105 ab 

192 66 ab 75 a 73 a 94 c 

384 60 cd 69 ab 65 bc 92 c 

Methano

genic 

potential 

(ml/g 

DMi) 

12 10.1 a 12.8 b 9.5 a 

P < 

0.05 

(0.6) 

P < 

0.001 

(0.4) 

P < 

0.001 

(0.9) 

52.1 b 

P < 

0.001 

(0.7) 

P < 

0.001 

(0.5) 

P < 

0.001 

(1.1) 

24 8.7 ab 12.1 b 9.7 a 54.8 a  

48 10.3 a na 8.7 ab 52.0 b 

96 9.3 ab 20.7 a 7.9 b 52.6 ab  

192 8.4 b 13.1 b 8.9 ab 48.3 c 

384 9.7 ab 12.8 b 8.2 ab 47.5 c 

Acetate 

(mmol/l) 

12 49 ab 50 a 44 b 

ns ns 

P < 

0.001 

(3.0) 

61 a 

ns 

P < 

0.001 

(1.1) 

ns 

24 46 b 52 a 47 ab 62 a 

48 45 b na 49 a 59 a 

96 53 a 39 b 47 ab 60 a 

192 46 b 47 ab 47 ab 57 a 

384 48 ab 51 a 46 ab 57 a 

Propiona

te 

(mmol/l) 

12 35 b 41 a 32 c 

P < 

0.05 

(1.1) 

P < 

0.05 

(0.7) 

P < 

0.001 

(1.9) 

28 a 

ns 

P < 

0.001 

(0.7) 

ns 
24 35 b 37 ab 37 b 28 a 

48 35 b na 42 a 27 a 

96 40 a 23 b 40 ab 28 a 



CHAPTER 6.     PERSISTENCY OF METHANOGENIC POTENTIAL IN BISERRULA ON 
PHOSPHORUS GRADIENT SOIL  
 

Page | 153  

 

192 37 ab 35 ab 36 b 27 a 

384 35 b 37 ab 37 b 25 a 

Butyrate 

(mmol/l) 

12 8 a 7 a 8 a 

ns ns ns 

12 a 

ns 

P < 

0.001 

(0.2) 

ns 

24 8 a 9 a 7 a 12 a 

48 7 a na 7 a 12 a 

96 9 a 7 a 7 a 12 a 

192 7 a 7 a 8 a 12 a 

384 8 a 8 a 7 a 11 a 

VFA 

(mmol/l) 

12 98 ab 100 a 89 a 

ns ns 

P < 

0.001 

(5.3) 

105 a 

ns 

P < 

0.05 

(2.0) 

ns 

24 93 b 105 a 96 a 106 a 

48 91 b na 103 a 103 a 

96 107 a 73 b 98 a 104 a 

192 95 ab 94 ab 96 a 102 a 

384 96 ab 101 a 95 a 99 a 

Acetate : 

Propiona

te 

12 1.42 a 1.22 b 1.38 a 

ns 

P < 

0.05 

(0.03) 

P < 

0.001 

(0.1) 

2.19 a 

ns 

P < 

0.001 

(0.02) 

ns 

24 1.33 ab 1.38 b 
1.27 

ab 
2.20 a 

48 1.28 bc na 1.17 b 2.19 a 

96 1.34 ab 1.68 a 1.17 b 2.17 a 

192 1.25 c 1.33 b 1.35 a 2.20 a 

384 1.34 a 1.37 b 
1.26 

ab 
2.23 a 

Ammonia 

(mg/l) 

12 278 a 179 b 239 a 

P < 

0.001 

(6.3) 

P < 

0.001 

(4.1) 

P < 

0.001 

(11.3) 

193 ab 

P < 

0.001 

(7.9) 

P < 

0.05 

(4.9) 

P < 

0.001 

(12.0) 

24 232 b 234 a 217 b 156 c 

48 207 b na 151 d 191 ab 

96 226 b 249 a 125 e 175 bc 

192 158 c 190 b 163 c 207 a 

384 220 b 189 b 178 c 215 a 

 1 

VFA, Volatile fatty acids; na, not available; P, phosphorus (P) concentration; G, genotypes; 2 

S, species; a, b, c mean values within a treatment column with different superscript letters 3 
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are different (P < 0.05); s.e., standard error of differences (n = 4) are in parentheses; ns, 1 

non-significant and significance of ANOVA (F probability) is given 2 

 3 

6.4. DISCUSSION 4 

In the current study, two biserrula genotypes showed exponential growth response as 5 

well as increased shoot P concentrations in response to increased P concentrations in the 6 

soil, consistent with our first hypothesis, but genotype 2004ERI1PEL did not follow similar 7 

exponential growth response within the range of supplied P treatments. All the biserrula 8 

genotypes used in this study did not appear to influence methanogenic potential even 9 

though other fermentative parameters were altered. To the best of our knowledge, this 10 

is the first evaluation of different P concentrations on biserrula or any other pasture 11 

legume for fermentative parameters including methanogenic potential. 12 

Increasing P concentration in the soil increases biomass yield in annual pasture 13 

legumes as an exponential growth response (Bolland & Baker 1990; Bolland & Paynter 14 

1990; Sandral et al. 2015). In this study, two biserrula genotypes, Casbah and Mauro, 15 

showed a similar response pattern to soil applied P as subterranean clover, above the 16 

optimum P concentration DW biomass declined, consistent with findings for subterranean 17 

clover and other legumes (Rossiter 1955). Surprisingly, and in contradiction to our second 18 

hypothesis, the biserrula genotype 2004ERI1PEL from Eritrea did not exhibit a decline in 19 

shoot DW even at the highest experimental P supplied concentration. This may reflect a 20 

different mechanism in this genotype to overcome P toxicity as evident in other plant 21 

species that can tolerate such higher concentrations of P in the soil, although most of 22 

them are shrubs or perennials (Islam et al. 1999; Ryan et al. 2009; Pang et al. 2010). One 23 

study has suggested that ephemeral forb associated perennials such as Ptilotus 24 

macrocephalus (R. Br.) Poir. and P. exaltatus (Nees) Benth. have different stored P 25 

concentration in leaves, stem, flower and roots with same applied concentration of P in 26 

the soil (Islam et al. 1999). In the present study, leaves, stem, flowers and pods were not 27 

separated to analyse localisation of P storage. The lower P requirement for subterranean 28 

clover relative to biserrula is consistent with other research showing that the P 29 

requirement for maximum growth varies over pasture species (Andrew & Robins 1969). 30 

Early leaf senescence and necrotic regions on leaves with P toxicity in biserrula (except 31 
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2004ERI1PEL) and subterranean clover is consistent with visual symptoms like other 1 

annual pastures and wheat (Asher & Loneragan 1967; Bolland & Baker 1988; Bolland & 2 

Paynter 1990).  3 

Differences in fermentative parameters in pasture legumes in Australia have been 4 

reported (Durmic et al. 2010; Banik et al. 2013a). However, this is the first study to 5 

examine the change in fermentative parameters including methanogenic potential of 6 

pasture legumes in response to changes in soil nutritional status. Changing the P 7 

concentration altered fermentative parameters in biserrula except some components of 8 

VFA. All non-VFA fermentative parameters followed similar trends in genotypic 9 

differences observed earlier (Banik et al. 2013b) and methanogenic potential of the 10 

genotypes of biserrula were always 4 to 6 times lower than subterranean clover, 11 

irrespective of the P concentration applied. To our best knowledge, it was the first 12 

observation where no variation found in methanogenic potential within supplied P 13 

concentrations in the soil (including both higher and lower P concentration stresses) for 14 

biserrula genotypes, Casbah and Mauro. However, genotype 2004ERI1PEL exhibited little 15 

variation in methanogenic potential, though was raised only at 96 mg P/kg in the soil. 16 

Moreover, regardless of P concentration in the soil, the later biserrula genotype showed 17 

consistently greater methanogenic potential compared to other two genotypes, 18 

consistent with previous analysis of the biserrula core collection (Banik et al. 2013b). This 19 

might be related to origin - this genotype (2004ERI1PEL) was collected in Eritrea, whereas 20 

the others are Mediterranean in origin, with Casbah from Morocco and Mauro from Italy 21 

(Ghamkhar et al. 2012). Genotype 2004ERI1PEL has a semi-erect growth habit compared 22 

to the prostrate growth habit of the other two biserrula genotypes, possibly resulting in a 23 

lower leaf to stem ratio. Stem tissue is more fibrous than leaf and fibre is associated with 24 

increased methanogenic potential (McDonald et al. 1988). However, the lack of variation 25 

among biserrula genotypes for any of the fiber components (NDF, ADF and hemicellulose), 26 

did not offer changes in fiber content as an explanation for the genotypic differences in 27 

methane production or the greater methanogenic potential at P concentration 96 mg P/kg 28 

in 2004ERI1PEL. Further in vivo or experiments in the field might uncover the reason 29 

behind the genotypic variation for methanogenic potential.  30 
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Contrary to previous studies with perennial pastures (Wilson 1982; Islam et al. 1999), 1 

where the application of P did not affect NV or starch content, the CP of biserrula and 2 

subterranean clover in this work was influenced by P supply. The response in CP could be 3 

related to the changes in plant growth, as both P and growth increased, nitrogen content 4 

(i.e. CP) of the plant diluted out over the time. However, nitrogen symbiosis was not 5 

working with the highest P concentration where plants had low growth (toxicity symptom) 6 

and relative CP started building up again. The response in CP could also be due to a change 7 

in amino acid composition at different supplied P concentrations, either as the leaf to 8 

stem ratio changes (Griffin & Jung 1983; Buxton et al. 1985; Minson 1990) or the annual 9 

growth habit of both plant species and some other mechanism within the plant’s 10 

metabolism. The overall changes in CP appeared as mirror response results in this study 11 

reflected by the ammonia responses to varied P supply. 12 

An important practical outcome from this work is that, the anti-methanogenic 13 

property of biserrula appeared to be retained across a range of P supply concentrations. 14 

Whether the ability applies across other environmental stress conditions such as other 15 

soil nutrients, drought, waterlogging, grazing etc. remains to be investigated. The current 16 

study was performed in a batch culture system with 24 hrs incubation time. Such an 17 

approach has its limitations, and extending this work to a continuous culture (RUSITEC) 18 

and/ or in vivo system in the field is essential to confirm and explain the relationship 19 

between nutrient supply and pasture fermentability. The information generated from this 20 

research should contribute to the development of more sustainable pasture management 21 

and animal production systems that can help mitigate the effects of enteric methane 22 

emissions. 23 

 24 

6.5. CONCLUSION 25 

This study confirmed that the fermentability and low methanogenic potential of biserrula 26 

persists across a wide range of P concentrations in the soil. Optimal P concentrations for 27 

growth vary within biserrula (genotypes) and between biserrula and subterranean clover. 28 

The ability for biserrula to retain its anti-methanogenic properties under plant growth 29 

stress is important when considering its role in grazing systems to mitigate enteric 30 

methane emissions. 31 
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7.1. DISCUSSION 1 

One of the preliminary studies of mine, showed that the forage legume biserrula (Biserrula 2 

pelecinus) reduced enteric methane production in vitro. The objective of this thesis was 3 

to gain new insights into the mechanism and persistency of the anti-methanogenic 4 

bioactivity of biserrula. I expected that biserrula could reduce ruminal methane 5 

production without any detrimental effect on enteric fermentation. The results from the 6 

research support the overall hypothesis that biserrula directly effects rumen 7 

methanogens to lower methane production (Chapter 3), the anti-methanogenic 8 

bioactivity in biserrula persisted over 18 days (Chapter 4) and under physiological and 9 

nutritional stress conditions (Chapter 5 and 6). The major findings are: (i) Extractable 10 

compounds from biserrula suppress key rumen methanogens resulting in reduced 11 

methane production; (ii) biserrula retains its anti-methanogenic activity when mixed with 12 

other forage; (iii) the anti-methanogenic bioactivity in biserrula can persist over a short 13 

period of time; (iv) the anti-methanogenic potential of biserrula persists over different 14 

physiological stages of growth, defoliation and nutrient stress. These findings build the 15 

level of confidence in the ability of biserrula to retain its anti-methanogenic effect under 16 

range of environmental conditions. To date, these studies have been conducted in vitro. 17 

It now remains to confirm the long term bioactivity of biserrula in vivo through grazing 18 

studies in the field. 19 

The hypothesis that the anti-methanogenic bioactivity in biserrula would persist 20 

when mixed with subterranean clover and over a period of time was examined in both in 21 

vitro batch and continuous culture fermentation (RUSITEC) systems (Chapter 4). Several 22 

plant species that reduce ruminal methane production have been identified through in 23 

vitro studies (Durmic et al. 2010; Hutton et al. 2012; Banik et al. 2013a; Hammond et al. 24 

2013). Although biserrula and subterranean clover mixtures in batch culture showed a 25 

dose-dependent response, we found that methane was only reduced when biserrula was 26 

the dominant component of the substrate mixture (Banik et al. 2016b).  However, a sharp 27 

change in fermentation parameters between 50 : 50 and 75 : 25 biserrula: subterranean 28 

clover mixture indicated that there could be a point in this range that would 29 

simultaneously maintain gas production (fermentation) and reduce methane production. 30 

In the RUSITEC study, we confirmed that biserrula, when mixed with subterranean clover, 31 
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can have a persistent moderating effect on methane production without hampering total 1 

fermentation over 18 days, though only for the 50 : 50 biserrula: subterranean clover 2 

mixture (Banik et al. 2014). How to adapt the 50: 50 ratio of biserrula: subterranean clover 3 

in the field – is another area for us to think about and I hope future work will resolve these 4 

issues as well as the microbial adaptation on long term field studies. Goiri et al. (2009a) 5 

reported that ruminal microbes adapt quickly to anti-methanogen treatments (i.e. within 6 

a fortnight) which is consistent with our findings in the RUSITEC. The lack of anti-7 

methanogenic bioactivity when biserrula was included as a dominant portion of the 8 

mixture in RUSITEC was contrary to the in vitro batch culture results. The main reason for 9 

this difference relates to changes in the methanogenic microbiota which needs to unveil 10 

by subsequent in vivo and microbial profiling studies. One experiment in Chapter 3, 11 

showed the tolerance of Methanosphaera to bioactive fractions of biserrula (Banik et al. 12 

2016a). This group of methanogens are methylotrophic and utilize alternative 13 

methanogenesis pathways (Miller & Wolin 1985; Van de Wijngaard et al. 1991). Given 14 

their tolerance to biserrula, it is possible that these methanogens increased in the 15 

biserrula-rich treatments at the expense of other more sensitive methanogens, however, 16 

microbial profiling study of the different ratio of biserrula and subterranean clover 17 

treatments needs to confirm the assumption.  18 

Another interesting finding with biserrula is that the concentration of propionate 19 

was increased after fermented by rumen microbes compared to subterranean clover. 20 

Methane and propionate production require hydrogen and in the rumen fermentation 21 

system, they have an inverse relationship to trap hydrogen (Johnson & Johnson 1995; 22 

Moss et al. 2000). A similar relationship between methane and propionate production has 23 

been reported for other bioactive plants (García-González et al. 2008; Holtshausen et al. 24 

2009). Further, cellulolytic ruminal bacteria use ammonia as their sole nitrogen source for 25 

growth and activities (Russell et al. 2009; Cherdthong & Wanapat 2010). The concurrent 26 

increase in ammonia concentration with an increasing proportion of biserrula in the 27 

mixture treatments indirectly suggests that hydrogen might also be captured by 28 

ammonia, hence the low methane production in the RUSITEC treatments.  29 

In this work I have used several in vitro methodologies to gain insights into the 30 

effect of biserrula on rumen microbes. The in vitro batch culture system is quick and 31 
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relatively easy, but it has limitations and should only be used as a guide to inform what 1 

should be tested in a continuous culture or in vivo system. The in vitro batch culture is less 2 

dynamic and diverse in terms of microbial ecology compared with the RUSITEC system, 3 

which has a continuous flow of artificial saliva to mimic the rumen environment. As 4 

anticipated, the RUSITEC system did not follow a dose-response pattern observed in the 5 

batch culture system for methanogenic potential, possibly because of the complex nature 6 

of the RUSITEC system itself (Goiri et al. 2009b; Yáñez-Ruiz et al. 2016) and obviously the 7 

applications were in two different systems. This highlights the necessity to include this 8 

type of longer term testing when assessing plant bioactivity. However, the weakness of 9 

the RUSITEC study compared with ruminant grazing in the field (in vivo) is the adaptation 10 

of rumen microbiota, especially methanogens, by 15 days. This period was sufficient to 11 

observe the rumen microbiota changes, however, in the field rumen microbiota do not 12 

adapt in such a short time-period. In our RUSITEC study, apart from in vivo study, the main 13 

weakness was the lack of DNA sequencing and microbial profiling data for the treatments 14 

over time period. Those extra studies in future might reveal the insight of the mechanism 15 

of biserrula on rumen methanogens. The fact that biserrula can retain its anti-16 

methanogenic effect in mixtures with other species needs more detailed molecular, 17 

microbial and finally in vivo studies to establish the most effective dose. The use of ‘Pure 18 

culture’ technique to assess the effect of bioactive plants on specific methanogens is a 19 

useful step in this process. However, it is important to recognize that the rumen is a 20 

complex microbial community and assessing bioactivity against single microbial group 21 

ignores the interaction that would otherwise occur in the fermentation process. My work 22 

on the anti-methanogenic bioactivity of biserrula emphasizes the value of using all three 23 

in vitro techniques as a precursor to in vivo studies. 24 

Research has well-documented the use of plant extracts as anti-methanogenic 25 

agents (Patra & Saxena 2010; Bodas et al. 2012; Kamra et al. 2012; Bhatta et al. 2013). A 26 

significant finding in Chapter 3 is the identification of fractions and/or PSCs from biserrula 27 

with anti-methanogenic bioactivity on selected key rumen methanogens. An IVFT 28 

bioassay guided fractionation of biserrula plant extracts were used to identify several 29 

extractable fractions and compounds including flavonoid glycosides that were found to 30 

have a potent anti-methanogenic effect on methane production in batch fermentation as 31 
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well as on key rumen methanogens in ‘Pure culture’. The identification of flavonoid 1 

glycosides in biserrula is consistent with the work of Swinny et al. (2015), but further 2 

fractionation of extracts (particularly F2) is required to identify the full range of bioactive 3 

PSCs. Once the PSCs are identified, they can be used to predict changes in the microbial 4 

population following the introduction of biserrula in the rumen diet. Investigating the 5 

impact of these PSCs on key rumen methanogens will allow us to predict the effectiveness 6 

of biserrula (cidal or static effect) as a bioactive pasture legume and could lead to the 7 

development of novel, plant-based feed additives. It will also allow the identification of 8 

the other candidate plant species with prospective bioactivity (effectively becoming a 9 

molecular indicator for anti-methanogenic bioactivity). 10 

It will be important to understand the variability in concentration of these 11 

compounds in biserrula. Other studies have revealed that the concentration of isoflavones 12 

in biserrula (Visnevschi-Necrasov et al. 2015) vary over growth stage (Barreira et al. 2016). 13 

It will therefore be worthwhile to follow the concentration of PSCs in biserrula more 14 

precisely in response to season, phenology, grazing or environmental stresses to confirm 15 

the ability to manipulate microbial populations especially rumen methanogens. The 16 

sensitivity of one of the predominant Methanobrevibacter methanogens to biserrula 17 

fractions and the tolerance of another rumen methanogen, Methanosphaera stadtmanae 18 

indicates the complex nature of rumen microbial activity (Banik et al. 2016a). No fraction 19 

was effective against all five methanogens tested, highlighting the importance of a 20 

combined effect of the fractions/ compounds against the broad range of methanogens in 21 

the diverse rumen microbiota. In addition, no fraction of biserrula was lethal to the 22 

methanogens tested. One of the biserrula active fractions, F2 was effective in both IVFT 23 

and pure culture, producing a near-cidal effect on three of the methanogens tested. 24 

Further research with greater concentrations of the bioactive biserrula fraction may lead 25 

to a lethal dose or MIC (minimal inhibitory concentration) of the fractions over key 26 

methanogens. One of fractions was slower-acting, hence, more time-course studies would 27 

be beneficial to fully understand its effect on microbial populations. A limitation of the 28 

‘pure culture’ technique is that it considers only the direct effect of fraction/compound 29 

on selected methanogens. However, methanogens are only one component of the rumen 30 

microbiota, which consists of bacteria, protozoa, ciliates and other rumen microorganisms 31 
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(Yanagita et al. 2000; Shin et al. 2004; Sejrsen et al. 2006). The question may be asked: Is 1 

the effect observed in ‘pure culture’ representative of the rumen? Although the answer 2 

is ‘No’, for now, it’s the best technique to elucidate the mechanism of PSCs in biserrula to 3 

reduce methane production. 4 

Pasture growth, NV and fermentability in annual and perennial pasture legumes 5 

are all strongly influenced by plant growth stage, physiological and nutritional stresses 6 

(Collins et al. 1983; Ayres et al. 1998; Chaichi & Tow 2000; Robinson et al. 2007; Pang et 7 

al. 2009; Keim et al. 2014). Reduction in methanogenic potential using biserrula has been 8 

well-established through several in vitro studies (Banik et al. 2013a; Banik et al. 2013b; 9 

Banik et al. 2016b). It was therefore important to determine how robust and persistent 10 

the anti-methanogenic potential of biserrula relative to subterranean clover would be 11 

under a range of plant stresses. This thesis focused on two environmental stress effects, 12 

namely phosphorus (P) supply and defoliation along with the impact of the stage of 13 

growth. 14 

Comparable to previous glasshouse studies (Banik et al. 2013a; Banik et al. 2013b), 15 

biserrula showed substantially lower methanogenic potential compared with 16 

subterranean clover (Chapter 5). An important finding is the identification of the 17 

persistency of low methanogenic potential in biserrula over different growth stages and 18 

defoliation treatments. Growth stage and defoliation had little effect on the 19 

methanogenic potential of biserrula, except for plants defoliated at the reproductive 20 

stage where the methanogenic potential was slightly reduced. Recent findings on 21 

isoflavone profiles in nine Fabaceae spp. showed greater species differences compared 22 

with the effect of growth stage in biserrula (Barreira et al. 2016). The change in 23 

methanogenic potential at the defoliation in the reproductive stage of growth in biserrula 24 

resulted from the changes in the composition or concentrations of plant chemical profiles 25 

to facilitate the reproductive organs and also from the inclusion of PSCs as a natural 26 

defense mechanism of that the plants.  The practical implications of this research is that 27 

the anti-methanogenic effect in biserrula persists over growth stages and defoliation, 28 

potentially making it a valuable pasture option in which farmers can make relatively minor 29 

changes to pasture management to gain an emission benefit for Australian grazing 30 

systems. In Chapter 5, the in vitro research showed that the species effect on 31 
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methanogenic potential was greater relative to the physiological stress effect. Hence, to 1 

investigate the effect of biserrula genotypes and nutritional stress through P supplied 2 

concentration on methanogenic potential, three genotypes of biserrula in comparison 3 

with subterranean clover were used in Chapter 6. The concentration of P supplied in the 4 

soil had a significant effect on methanogenic activity in all genotypes, but it was small in 5 

comparison to the species effect. This appears to be the first report of variation in in vitro 6 

fermentability including methanogenic potential of pasture legumes with changing P 7 

concentrations (Chapter 6). The in vitro methanogenic potential of biserrula showed four-8 

fold less methanogenic potential compared to subterranean clover regardless of P supply. 9 

In practice, these results suggest that, biserrula could be selected as a low methanogenic 10 

pasture without compromising its fermentability across the full range of likely soil P 11 

concentrations. The limitations of these studies are that the methanogenic potential was 12 

measured using short term in vitro techniques, there was only one sampling time after 13 

incubation and only one incubation per studies/chapter. Confirmation of these findings in 14 

more than one incubations, continuous culture and in vivo studies are required given the 15 

dynamic nature of the rumen microbial environment as previously described. 16 

 17 

7.2. CONCLUSION 18 

The main outcome of this research was to mitigate methane emission from in vitro 19 

fermentation through the use of pasture with low methanogenic potential. The annual 20 

pasture legume biserrula is of particular interest given its apparent higher anti-21 

methanogenic activity and focus on this thesis was to better understand the mechanism 22 

and persistency of its action. In conclusion, when fermented by rumen microbes, biserrula 23 

can reduce methanogenic potential over a short period of time, in a mix with another 24 

pasture, with minor effect on ruminal gas production and fibre digestibility. The effect 25 

relies on direct activity against key rumen methanogens. The anti-methanogenic effect in 26 

biserrula is little of unaffected by plant growth and environmental stressors and therefore 27 

likely to persist under a range of field conditions. The study also demonstrated the value 28 

of a comprehensive approach that utilizes multiple techniques to test novel bioactive 29 

feeds prior to testing in vivo. Results and knowledge generated in this study extended our 30 

understanding of the potential significance of biserrula as a valuable component of the 31 
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pasture grazing system. Along with these studies, future in vivo study will allow us to lead 1 

biserrula to the development of novel pasture-based grazing systems that are both 2 

profitable and environmentally friendly via reduced enteric methane emission.  3 

 4 
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