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Abstract
This thesis describes the isolation and identification of compounds in Eremophila glabra
and Biserrula pelecinus that exhibited antibacterial and antimethanogenic activity.
Isolation of the bioactive compounds was achieved using bioassay-guided fractionation.

The structures of the active compounds were elucidated using mass spectrometry (MS)
and spectroscopic data obtained by 1H,

13

C and two–dimensional nuclear magnetic

resonance (NMR) techniques.

The first part of the thesis investigated the bioactive compounds from E. glabra. Five
potential antimethanogenic compounds were isolated from E. glabra using IVFT bioassayguided fractionation. These include (+)-sesamin (58), (+)-kobusin (59), hispidulin (60),
jaceosidin (61), and cirsimaritin (62).

ix

Antibacterial bioassay guided fractionation of E. glabra led to the isolation of additional
bioactive compounds including seven serrulatane diterpenes, three flavonoids and the
caffeoyl ester disaccharide verbascoside. Amongst these, four serrulatanes, namely 18acetoxy-8,20-dihydroxyserrulat-14-en-19-oic

acid

(63),

18,20-diacetoxy-8-

hydroxyserrulat-14-en-19-oic acid (64), 8,18,20-triacetoxyserrulat-14-en-19-oic acid (65)
and 18-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (66) are described for the first time,
while 8,20-diacetoxyserrulat-14-en-19-oic acid (27), 8,18,20-trihydroxyserrulat-14-en-19oic acid (29) and 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (67) were previously
reported from other Eremophila species. All three flavonoids hispidulin (60), jaceosidin
(61) and cirsimaritin (62) are known but reported for the first time in E. glabra. The
caffeoyl ester disaccharide verbascoside (34) has been previously isolated from E. glabra.

x

xi

The second part of this study investigated the potential bioactive compounds in Biserrula
pelecinus. Using the antimethanogenic bioassay-guided fractionation led to the
identification of fatty acids, along with flavonoids (luteolin (48) and apigenin (49) and
their glycosides) as compounds present in B. pelecinus that might be responsible for the
low methanogenic effect.

Antibacterial bioassay guided-fractionation of B. pelecinus led to the isolation of loliolide
(69), 3-hydroxy-5,6-epoxy-β-ionone (70) and genistein (52) from active fractions. These
compounds are well known for their antimicrobial activity and are reported for the first
time in B. pelecinus.
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1.1

Introduction

Climate change and human health are two of the major problems facing humanity.
There has been and continues to be significant interest in sustainable, natural and
environmentally friendly solutions to such global challenges. One of the main
targets related to climate change is reducing the environmental impact of enteric
methane emission from ruminants. Methane is regarded as one of the most harmful
greenhouse gases (GHGs) that contribute to global warming. The concentration of
atmospheric methane is increasing, and this has led scientists to investigate the
source of it’s origin [1]. A primary agricultural source of methane released into the
atmosphere is through enteric fermentation of feeds in ruminants [2]. As a result,
there is a demand to decrease methane emissions from ruminants to reduce its
effect on global warming and improve ruminant productivity. Previous studies
have shown that feeding of different forages to ruminants as part of their diet can
reduce methane production [3]. In Australia, researchers have screened over 300
different plant species, including many Australian plants, pasture species, plantbased feed additives and essential oils, to find alternative forages or plant based
supplements that can reduce methane emission in ruminants [3]. Among these
plants tested, Eremophila glabra and Biserrula pelecinus (also known as
Astragalus pelecinus) have shown the most potent activity for reducing methane
emission from ruminants [3, 4]. It was shown that solvent extracts of these plants
retained the anti-methanogenic properties when added to a substrate fermented in
vitro, which indicated that the bioactivity was due to plant secondary compounds
(PSCs) present in these plants [3, 4].

Another interesting and important target is controlling human pathogens and
combating antimicrobial resistance developed over decades with overuse of
2
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antibiotics. Prior to human use of antibiotics antimicrobial resistance is naturally
occurring as a result of the interaction of many organisms with their environment.
As a result bacteria has evolved some mechanisms to overcome their action in
order to survive [5]. Over several decades people have accepted antibiotics as a
way to treat themselves at the first sign of a trivial infection [6]. This practice has
caused bacteria to evolve sophisticated mechanisms of resistance, and created the
current world threat of antimicrobial resistance (AMR) [6]. Antimicrobial
resistance has become a global concern because it is threatening the effective
prevention and treatment of common infectious diseases resulting in long term
illness, disability and death [7]. Hence, there is a high demand for a continued
effort to discover new and improved therapeutics to tackle bacterial infections and
overcome growing AMR.

As well as antimethanogenic properties, the two plants listed earlier may also have
antibacterial properties that could qualify for this purpose. Previous studies on
different Eremophila species have shown that many have the ability to cure
illnesses that mainly come from bacterial origin and many antimicrobial
compounds have been isolated from these species [8]. In contrast, there is a gap of
information on the anti-bacterial activity of Biserrula, but a recent study found that
it can be a potent inhibitor of rumen microorganisms [4], so it may well have
antibacterial properties against other microbes. This PhD project was designed to
investigate the bioactive compounds from two plants E. glabra and B. pelecinus
and their activity towards reducing methane emission from ruminants and their
ability to inhibit human-related pathogenic bacteria.
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1.2

Overview

This thesis describes a study of selected plant chemicals (plant secondary
compounds, (PSCs)) and their antimicrobial activities. The study focused on two
targets of antimicrobial activities - one in animals, i.e. the anti-methanogenic effect,
and the other in humans, with the main targets being the pathogenic bacteria
Staphylococcus aureus and S. epidermidis. This literature review first outlines the
background of plants as a source of bioactive compounds and PSCs in particular as
a source of new antimicrobials, with some examples of antimicrobial compounds
from Australian plants. This is followed by an overview on the plant species of
interest, including Eremophila and Astragalus species. Next, it discusses potential
bioactive compounds in Eremophila glabra and Biserrula pelecinus.

An overview of the first targeted problem of this study, which is enteric methane
emission, will be given, along with discussion of enteric methane as a greenhouse
gas (GHG). Sources of methane from enteric fermentation and different mitigation
strategies of enteric methane, including the use of PSC will also be discussed. The
second targeted problem of pathogenic bacteria in humans, along with
development of antimicrobial resistance in these and the demands for antibacterial
agents will be overviewed. The review concludes with the aims and objectives,
followed by the expected outcomes from this study.
1.3

Natural products from plants: a source of bioactive compounds

Natural products, particularly those from plants are a significant source of
biologically active organic compounds and have been used as medicines for
thousands of years [9]. Bioactive compounds in plants are defined as compounds
produced by plants with pharmacological or toxicological effects in humans and
animals [10]. They have played a significant role in improving human health and
4

CHAPTER 1

in the prevention of diseases throughout human history. The great civilisations of
the World, including ancient Chinese, Indian, and North African cultures, provided
written evidence for the use of plants for treating various diseases [9]. The use of
mandrake for pain relief and garlic for treatment of heart and circulatory disorders
are examples of many remedies prescribed that were preserved in the ancient
medical record, the Ebers papyrus [11].

However, in modern times, it has been recognised that the consumption of whole
plant or crude extracts of plants for therapeutic or experimental reasons can have
several disadvantages [12]. For example, the amount of active compounds in the
plant could vary from season to season, with geographic area, and with different
plant parts and morphologies. There are also undesirable compounds, which can
cause unwanted side effects or modulation of the expected bioactivity. Finally,
there could be loss of bioactivity due to variability in collection, storage and
preparation of raw materials. Therefore, research efforts are directed towards
isolating specific active compounds for finding novel therapeutics amongst plant
chemicals.

Isolation and identification of bioactive compounds from natural sources has
several advantages as pure, biologically active compounds can be managed in
proper doses with obvious benefits from a therapeutic point of view. Structural
elucidation of the bioactive compounds enables the design of synthetic analogues
and investigation into mechanisms of action, as well as the development of
analytical assays for the particular compound or classes of related compounds [12].

In the nineteenth-century, scientists began isolating active compounds from
various medicinal plants (Figure 1.1). The first pure bioactive compound isolated
5
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and identified was morphine (1, Figure 1.1) from the opium poppy (Papaver
somniferum), isolated in 1806 by Friedrich Sertürner [11]. Since then, natural
products have been investigated for their chemically active ingredients [11] and
consequently developed into new drugs. One of the best example is salicylic acid
(2) that was identified in a number of plants known for their pain-relieving activity,
which led to the development of aspirin (acetylsalicylic acid) (3), a well known
anti-inflammatory agent [10, 12]. The anti-malarial quinine (4) was also plantderived, isolated from the bark of Cinchona succirubra [13].

Figure 1.1: Bioactive compounds isolated from various medicinal plants

Today, there is a renewed interest in the study of plants for medically valuable
compounds due to the development of microbial resistance to current antibiotics
along with other resistance mechanisms to developed drugs which results in
adverse effects [11]. Thousands of phytochemicals from plants have been found to
be safe and broadly effective alternatives with less adverse effects, and have many
beneficial biological activities such as anticancer, antimicrobial, antioxidant,
antidiarrheal, analgesic and wound healing [14]. According to studies conducted
by the World Health Organization (WHO), 75% of the world population relies on
plant-traditional medicines to address their healthcare needs [15]. In addition,
many of the developed world’s drugs are based on organic compounds isolated
from plants [16]. It has been reported that 60% and 75% of drugs used to treat
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cancer and infectious diseases respectively are of natural product origin [17].
Moreover, 25% of prescriptions written in the United States have plant-derived
active ingredients, and over 25% of drugs are based on semi-synthetic derived
ingredients that have been initially isolated from plants [11].
1.3.1

Plant secondary compounds as a source of new antimicrobials

Plants produce a wide variety of organic compounds that can be classified into two
groups, plant primary metabolites (PPMs) and plant secondary compounds (PSCs).
Primary metabolites are present in all plants, they are compounds such as
phytosterols, acyl lipids, nucleotides, amino acids, carbohydrates and organic acids,
which perform metabolic roles that are necessary for the basic survival of plants
[18]. The term plant secondary compounds (PSCs) was first introduced in 1891 by
Albrecht Kossel, and refers to the vast array of chemical compounds in plants,
which are not necessary to the life of the plant itself due to not being involved in
the biochemical processes of plant growth and reproduction [19]. These are
thought to be produced by the plant for a range of purposes, including anti-pest or
anti-grazing agents, flower pigments, scents and stabilising agents [20].
Importantly, several PSCs have shown antimicrobial activity [21]. Therefore, PSCs
could be used as alternative to antibiotics as well as alternative to additives in
animal feeds, as they may modify ruminal fermentation, enhancing the efficiency
and utilisation of feed energy while also decreasing methane emissions [22].
1.4

Plant species of interest

Australia’s geographical isolation has made it home to a large number of endemic
species of flora, many of which are not found elsewhere in the world [23]. Because
of the harsh conditions, plants in Australia have developed unique adaptions
including phytochemicals that protect against the desert environment as well as
7
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attack by bacteria, fungi or viruses [22, 23]. Over 500 Australian plant species
have been used as medicines to treat a variety of illnesses [16]. There are a variety
of classes of compounds with significant therapeutic value, which have been
isolated from plant sources. These organic materials include alkaloids, tannins,
essential oils, mucilage, and latex [16]. In addition, a number of plant medicines
were utilised by the Australian Aboriginal people to help maintain their health,
which has provided useful ethno- pharmacological information for biomedical
research [23]. The most prevalent health threats were microbial infections, such as
sore throats, minor wounds, burns, coughs, cold, fever and infected eyes and skin
[24, 26]. Approximately 70 plant species are known to have been used for
medicinal purposes by the Australian Indigenous people, among them one third
were Acacia spp. and Eremophila spp. [26].
1.4.1

Eremophila species

There is evidence that Australian Indigenous people utilised Eremophila species
for medicinal, cultural and religious purposes, and material aspects of everyday life
[27]. The traditional uses of Eremophila species include treatment of rheumatism,
diarrhoea, and to encourage deep sleep [8]. Some Eremophila species are known
for their aromatic smell and were often boiled in water to be taken as a ‘tea’ for
treatment of colds and headaches, as well as symptoms that come from bacterial
infection, such as skin sores and sore throat [23, 26], There were different ways to
prepare the plant extract for medical use which included body washes and body
rubs, drinking as a tea, and also smoke treatment where the patient inhaled the
smoke derived from burning/heating of the plant. Half of the medicines prepared
from Eremophila species were taken internally. From a western perspective, these
species have the ability to cure illnesses that are mainly bacterial in origin, and thus
have been reported to have a variety of antimicrobial activities [7, 27].
8
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1.4.1.1

Phytochemical profiles of Eremophila species

From a phytochemistry perspective, Eremophila species are considered a rich source of
many novel and interesting secondary metabolites [8]. Eremophila species are adapted
to the harsh desert conditions, and as a result, many metabolites are present as a
resinous coating on the leaves and terminal branches, which can helps limit evaporation,
and provide chemical defence against herbivores and microbes [27, 28]. Although
Eremophila species are prolific producer of secondary metabolites, very few studies
have investigated the pharmacology of these compounds [27].

Systematic studies have been undertaken on the chemical constituents of
Eremophila species since the 1960’s, which have led to the discovery of a number
of novel structural classes of compounds, many of which are biologically
important [8]. Since most Eremophila species produce high amounts of resin
coating on their leaves and terminal branches, research into Eremophila
constituents has focused mainly on these parts of the plant. The dominant
metabolites in the resins have been found to be a mixture of flavones, terpenes and
lipids [8].

Several classes of flavones have been identified in Eremophila species (Figure 1.2),
these include flavanone (5), flavones (6), dihydroflavonol (7), and dihydroflavonol
acetate (8). Although flavonoids have been observed as a significant portion in
resins from Eremophila species, only limited studies have investigated their
separation and identification [8].
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Figure 1.2: Classes of flavones that have been identified in Eremophila species

Eremophila species, in general, have been shown to produce a number of unique
sesquiterpenes and diterpenes [8]. Several classes of sesquiterpenes have been
isolated

and

characterised

from

Eremophila

species

(Figure

1.3).

Furanosesquiterpenes are common constituents of the essential oil derived from the
leaves of Eremophila species, with the best known of these (-)-ngaione (9) [8]. The
dominant classes of sesquiterpenes in Eremophila species are represented by:
bisabolane (10), eudesmane (11), eremophilan (12), cadinane (13), aromadendrane
(14), cedrane (15), and zizaene (16) [30]. The eremophilan class is the most
important sesquiterpene class from a historical perspective. The first compound of
this class isolated was eremophilone (17), which was obtained from the wood oil
of E. mitchelli [31].
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Figure 1.3: Classes of sesquiterpenes that have been isolated and characterised from
Eremophila species.

Although sesquiterpenes are common Eremophila secondary metabolites, the
diterpenes are the major represented class in Eremophila species [8]. These
compounds are well represented in the resin coating on the leaves and terminal
branches of Eremophila species, which can account for up to 20% of the dry
weight [8]. The dominant classes of diterpenes identified in Eremophila species
(Figure 1.4) include: acyclic metabolites, e.g. hydroxy diacid (18), cyclic
metabolites e.g. cembrane (19), serrulatanes (e.g. 20), viscidanes (e.g. 21),
cycloserrulatanes (e.g. 22), decipianes (e.g. 23), cedrane isoprenologues (e.g. 24),
and eremanes (e.g. 25) [7, 29]. The serrulatane skeleton (20), which is unique to
Eremophila, is the most common diterpene encountered in Eremophila that is an
isoprenologue of the calamenenes [32].
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Figure 1.4: Dominant classes of diterpenes identified in Eremophila species

Chemical investigation of the resin from a number of Eremophila species has
resulted in the isolation of a large variety of novel diterpenoids [33]. The extracts
of E. duttonii have been investigated for antibacterial activity, which showed that
the principal components responsible for the antibacterial activity were
serrulatanes [34]. Moreover, serrulatanes isolated from E. sturtii were found to
have antibacterial activity against Staphylococcus aureus [35]. Serrulatanes
isolated from E. neglecta, also showed activity against other medically important
bacteria [35, 36].
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Examples of some selected antimicrobial compounds from Eremophila species are
shown in Table 1.1.
Table 1.1: Selected compounds with identified antimicrobial activity isolated from
Eremophila

Compound structure and name

Antimicrobial
activity

Source in
Australian plants

Reference

Antibacterial
activity

E. sturtii

[35]

Antibacterial
activity

E. neglecta

[35, 37]

Antibacterial
activity

E. neglecta

[35, 37, 38]

Serrulatic acid

8,19-dihydroxyserrulat-14-ene

E. glabra

8-hydroxyserrulat-14-en-19-oic acid
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Table 1.1 Continued

Antibacterial
activity

E. serrulata

[31, 39]

E. glabra

8,20-dihydroxyserrulat-14-en-19-oic
acid
Antiinflammatory,
antibacterial
activity

E. sturtii
E. glabra

[27, 34]

Antibacterial
activity

E. rugosa

[41]

3,8-dihydroxyserrulatic acid

8,17-dihydroxyserrulat-14-en-19-oic
acid
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Antibacterial
activity

E. glabra

[27, 40]

Antibacterial
activity

E. microtheca

[42]

Antibacterial
activity

E. serrulata

[40]

Antibacterial
activity

E. microtheca

[42]

8,18,20- trihydroxyserrulat-14-en-19oic acid

3,7,8-trihydroxyserrulat-14-en-19-oic
acid

20-acetoxy-8-hydroxyserrulat-14-en-19oic acid

3-acetoxy-7,8-dihydroxyserrulat-14-en19-oic acid
15
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Antibacterial
activity

E. serrulata

[31, 39]

E. glabra

8,20-diacetoxyserrulat-14-en-19-oic
acid
Antibacterial
activity

E. microtheca

[42]

Antibacterial
activity, antidiabetic

E. denticulata

[38, 40]

Antibacterial
activity

E. neglecta

3,19-diacetoxy-8-hydroxyserrulat-14ene

E. glabra

8,16 dihydroxyserrulat-19-oic acid

biflorin

16

[38]
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Table 1.1 Continued.

Antibacterial
activity

E. microtheca

[42]

Antibacterial
activity

E. duttonii F.
Muell.

[34]

Antibacterial
activity

E. duttonii

[34]

jaceosidin

serrulat-14-en-7,8,20-triol

serrulat-14-en-3,7,8,20-tetraol

1.4.1.2

Eremophila glabra

As demonstrated in the Table above, Eremophila glabra is frequently reported to
contain bioactive PSCs. It is an Australian native shrub (Figure 1.5) from the
family Scrophulariaceae (previously Myoporaceae) [43]. The name Eremophila
means desert-loving plant and comes from the Greek words, eremos, desert
and phileo to love. Glabra comes from Latin and it means hairless or smoothsurfaced, referring incorrectly in some form to the hairless leaves [42, 43]. The
leaves smell like tar and are sticky to touch, hence its common name tar bush [41].
17
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The alternative common name Emu bush comes from the observation of emus
eating the fruit of E. glabra [45].

It is a visually appealing shrub that tolerates coastal conditions and plantations
during autumn and spring. The plant usually grows up to three metres in height
during the autumn and summer and has flowers that are green, yellow and orange
in colour [43]. Eremophila has a high tolerance to drought, fire, grazing and frost,
which makes it attractive for revegetation programmes [46].

Figure 1.5: Images of the various parts of Eremophila glabra, (left to right) a. branch, b.
shrub, c. red- flowered, d. yellow flowered. Photos are courtesy of a. Factsheet-E. glabra
2017, b. Wood, D. 2017, c&d. Australian Native Plants Society, 2017.

E. glabra is found in a variety of habitats including Acacia and Eucalyptus
woodlands, depressions and riverside flats [44, 46]. Eremophila species are
concentrated in the semi-arid and arid regions of Australia (Figure 1.6) being found
in all mainland states and the Northern Territory. The largest number of different
species, up to 175, is located in Western Australia [48].
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•

Subsp. glabra
Subsp. chlorella
Subsp. carnosa

Figure 1.6: Distribution map for some selected Eremophila species. Photo retrieved from:
www.florabank.org.au/lucid/key/species [49].

E. glabra, along with many other Eremophila species has been reported to possess
a range of bioactivities including antidiabetic [39], antiviral [50] and antimicrobial
[41]. Recently, in a study of Australian plants, E. glabra was found to be effective
in reducing ruminal lactic acidosis [51]. Extractable compounds from E. glabra in
particular serrulatane diterpenes were later found to be inhibitory to the lactateproducing Gram-positive bacterium Streptococcus bovis [41]. In a study screening
128 Australian perennial plants, E. glabra was shown to be the most active in
reducing methane emissions from ruminants [52].

While there have been many phytochemical studies on different Eremophila
species, E. glabra has so far received only limited attention. As with other
Eremophila species, some serrulatane diterpenes have been isolated from E. glabra
(Figure 1.7). The first study on E. glabra by Forster et al. (1986) reported 8,20dihydroxyserrulat-14-en-19-oic acid (26) and the corresponding diacetate (27) as
the major serrulatanes produced by this plant [32]. It has also been reported that
3,8-dihydroxyserrulat-14-en-19-oic acid (28) and 8,18,20-trihydroxyserrulat-1419

CHAPTER 1

en-19-oic acid (29) have been isolated from E. glabra. Compounds 26-29, along
with other serrulatane diterpenes isolated from E. rugosa and E. denticulata, were
shown to inhibit ruminal lactic-acid forming bacteria to varying degrees (28
essentially inactive, 29 the most active) [41]. In addition, during the course of this
study, four new serrulatanes were isolated from E. glabra and reported to have
inhibitory activity against enzymes relevant to diabetes. These included 8,16
dihydroxyserrulat-19-oic

acid

(30),

8-hydroxy-16-[(4-methylpent-3-

enoyl)oxy]serrulat-19-oic acid (31), 8-hydroxy-16-dihydrocinnamoyloxy serrulata19-oic acid (32), and 8-hydroxy-16-cinnamoyloxyserrulat-19-oic acid (33). In
addition, verbascoside (34) and 8-hydroxyserrulat-14- en-19-oic acid (35) were
also isolated from E. glabra in the same study, but showed no anti-diabetic effect
[39].
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Figure 1.7: Compounds that have been isolated from E. glabra in previous studies
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1.4.2

Astragalus species

Apart from native plants, introduced forage plants in Australia may also harbor
bioactive compounds. For example, Lotus has been introduced into Australia as an
alternative niche legume and pasture plant [53]. In recent years, another forage
plant, Biserrula pelecinus (Astragalus pelecinus) has been identified as a plant of
interest due to its antimicrobial properties [4].

Astragalus is a member of the Fabaceae or legume family and is native to
Northern China and Mongolia [54]. The Astragalus L. is regarded as the largest
genus in the Leguminosae (Fabaceae) family [55]. Astragalus species have had
considerable use in traditional medicine, especially in China. The first report of
Astragalus was in the Divine Husbandman’s Classic of the Materia Medica, an
ancient Chinese medical text. In traditional Chinese medicine, Astragalus
membranaceus was used as a tonic, especially for treatment of the spleen and lungs.
In addition, A. membranaceus has been used traditionally for the treatment of
infections especially of the mucous membranes. It has also been used as a
prophylactic against colds [54].

Astragalus species have been widely used for medicine and food, and as such, a
number of studies have been performed on the different species and their chemical
constituents. Over 100 different Astragalus species have been chemically studied
and, these studies have shown that the Astragalus genus is highly uniform from a
chemical point of view, with only three different groups of biologically active
PSCs and three groups of toxic compounds commonly encountered [56]. The
pharmacologically

active

principles

include

saponins,

flavonoids

and

polysaccharides, while the toxic groups include: indolizidine alkaloids, nitro
compounds, and seleniferous derivatives [54, 55].
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The most studied secondary metabolites in Astragalus are the triterpene saponins.
The isolated and characterised compounds so far are usually based on the
cycloartane skeleton (Figure 1.8) [55]. The cycloartane saponins show various
biological activities, including immunomodulatory, anti-inflammatory, antiviral
and antitumor activity. This has generated significant interest in the cycloartane
saponins [55]. Up to 169 triterpenoid saponins and sapogenins have been reported
from Astragalus, such as mongholicoside A (36), and mongholicoside B (37)
(Figure 1.9) [56, 57].

Figure 1.8: Cycloartane skeleton

Figure 1.9: Some dominant triterpenoid saponins isolated from Astragalus.

Several flavonoid classes have been isolated from Astragalus species and include:
the flavones, flavonols, flavanones, isoflavones and isoflavans. While flavonol
glycosides are the most abundant class in Astragalus, the number of isoflavonoid
glycosides is small. Among flavonols the occurrence of kaempferol (38), and
quercetin (39) is more widely distributed in Astragalus (Figure 1.10). The most
23
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representative glycosides are astragalin (40) and rutin (41) (Figure 1.10) [54, 57].

Polysaccharides are some of the most important components that have been
isolated from Astragalus and can possess various biological activities such as
immunostimulant effect, antibody production, antineoplastic, antihepatitis and antisenility [58].

Figure 1.10: Flavonoids that have been isolated from Astragalus species in previous
studies.

Many alkaloids have been isolated and characterised from Astragalus species, with
some of the more dominant alkaloids represented by: swainsonine (42),
castanospermine (43), lentiginosine (44), 6-epicastanospermin (45), australine (46)
and 7-deoxy-6-epicastanospermin (47) (Figure 1.11) [55]. The most important
alkaloids are swainsonine (42), the toxin of locoweeds (Astragalus and Oxytropis
species), and castanospermine (43). Swainsonine is a very interesting compound
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owing to its biological activity, as it has been found to be the toxic constituent of
Astragalus species that causes locoism in cattle [55].

Figure 1.11: Some dominant alkaloids isolated from Astragalus species.

Selenium is another toxic component of some Astragalus species. Selenium is a
chemical element that can exchange with sulphur, which allows it to be
incorporated into amino acids and further into proteins, such as selenoprotein,
which is the basis of its toxic properties [55]. Usually, selenium occurs in soils in a
bound form, which causes no risk to plant life. However, in some regions, the plant
can take up soluble selenium at high levels in the soil. Some Astragalus species, in
particular, can accumulate large amounts of selenium, which are toxic to animals
and humans. While a high level of selenium is toxic, trace amounts are necessary
to support animal life [55].
1.4.2.1

Biserrula (Astragalus) pelecinus

Biserrula pelecinus also known as Astragalus pelecinus, is a legume from the
genus Astragalus L. The name Biserrula is derived from the Latin word bis “twice”
and serrulatus, which means serrate, referring to the serrations of the crest on each
side of the flattened pod resembling a two edged saw [59]. Pelecinus comes from
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the Greek word pelecos which means axe, referring to the shape of the pod [59].

B. pelecinus is an annual pasture legume endemic to the Mediterranean European
region and Africa (Figure 1.12). It was introduced into Australia as a pasture plant
for livestock in 1993 [60]. B. pelecinus is a relatively new species that has had over
1.5 million hectares planted in Western Australia as of 2007 [61].

n

Introduced

n

Native

Figure 1.12: Biserrula pelecinus distribution. Retrieved from
http://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:481932-1 [62].

It is a self-regenerating annual pasture legume, which can grow up to 50 cm tall.
The leaves are a heart shape at the top and its flower is blue to mauve in colour
(Figure 1.13) [63]. B. pelecinus is receiving increased attention from the
sustainable farming system in Australia due to its deep-rooted system (up to two
metres), that allows it to stay green for two to four weeks providing green feed for
grazing animals. The deep root system allows Biserrula to extract water and
nutrients from greater depth compared with other species and has active growth for
longer periods than some traditionally used pasture legumes [64].
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Figure 1.13: Biserrula leaves and flower. Retrieved from: Butler, R., et al., 2017 [65].

The hard seeds of B. pelecinus (Figure 1.14) enable it to survive ingestion by sheep, and
due to their size the majority escape digestion in the rumen [63]. Approximately 45% of
B. pelecinus seeds survive passage through the gut when ingested by livestock. Hence,
Biserrula seed does not require management during summer grazing. In addition, it is
capable of adapting to a wide range of soil types especially the sandy surfaced soil
where sub-clover performance is not optimal [63].

Figure 1.14: Biserrula pods and seed. Retrieved from: Hackney, B. et.al. 2007 [63].

B. pelecinus also offers high quality stubbles over summer, due to the high level of
crude protein present, typically as high as 25-30% [63]. Moreover, it is very
productive with seed yield of about 300-1500 kg/ha, which is prolific and has a
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superior control on its plant species [63]. Biserrula is best suited to regions with an
average annual rainfall of 325-800 mm. It has been proven to be tolerant to
extreme drought, and in years where growing season rainfall has been as low as 90
mm, Biserrula has successfully grown and set seeds [64].

It has been reported that ingestion of B. pelecinus by livestock during flowering
and at seed-set can cause photosensitivity in sheep [63]. Hackney et al., (2007)
estimated that B. pelecinus might produce an array of PSCs that are responsible for
the relative un-palatability and photosensitivity in sheep during flowering and seed
set time, but this remains so far unexplored [63]. The causative agents for primary
photosensitisation in other plants have been identified as furanocoumarins and
hypericin, a dianthrone derivative [66]. However, these have been ruled out as
likely candidates for B. pelecinus [66]. Secondary photosensitisation is caused by
liver disease due to the ingestion of hepatotoxins in plants (e.g steroidal saponins,
lantadenes, pyrrolizidine alkaloids), and this type is reported to occur more
commonly than primary photosensitisation [66]. One study has investigated B.
pelecinus for secondary photosensitisation effects, but so far the chemical
component(s) of B. pelecinus responsible for this problem is not yet known [66].

To date, limited studies have investigated the PSCs in B. pelecinus. The series of
luteolin (48), apigenin (49), and their mono and diglycosides were identified in the
methanolic extracts of B. pelecinus (Figure 1.15). Both of these flavones have been
reported to have antioxidant, anti-inflammatory and anti-tumour properties [66]. A
number of isoflavones have also been identified in B. pelecinus extracts, these
include daidzein (50), glycitein (51), genistein (52), pratensein (53), formononetin
(54), biochanin A (55), genistin (56) and irilone (57) (Figure 1.15). Biserrula
genera have showed high levels of biochanin A and genistein which makes it a
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potent natural source of isoflavones [67].

Figure 1.15: Compounds identified in Biserrula pelecinus.

1.5

Targets for plant bioactivity

1.5.1
1.5.1.1

Enteric methane emission
Enteric methane as greenhouse gas

Ruminant animals have evolved to consume large quantities of low quality plant
materials (ie forage) and are currently used to produce high quality products such
as meat and milk. This is possible because of vast microbial fermentation that
occurs in the animal gut (mainly rumen). Unfortunately, during this process, a
number of wasteful products such as methane are generated and emitted into the
environment.
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Methane is produced in the hindgut and rumen of livestock by methanogenic
microorganisms called methanogens [67, 68]. Methanogens exist in a wide range
of anaerobic environments and belong to the domain Archaea and the
phylum Euryarchaeota [2]. They produce methane gas as a waste product of the
process of making energy in the rumen [67, 68].

When food enters the rumen, it is metabolised by a large number of bacterial,
protozoal and fungal species to obtain energy. This activity produces volatile fatty
acids (VFA), which are absorbed by the animal for its use, with hydrogen (H2) and
carbon dioxide (CO2) being produced as by-products (Figure 1.16) [70]. If
hydrogen is not removed from the rumen environment, it can inhibit the
metabolism of rumen microorganisms [68]. Thus methanogens use H2 and CO2
dioxide to form methane in the rumen according to equation (1), this action
removes H2 from the ruminal environment and allows the microorganisms
involved in fermentation to function optimally and supports the complete oxidation
of hydrogen [67, 70].

Methanogens: 4H2 (g) + CO2 (g) → CH4 (g) + 2H2O
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Figure 1.16: Diagram representing food processing and methane production in the
rumen (Adapted from: Buddle et al., 2011)[70].

The most prevalent anthropogenic GHG after carbon dioxide is methane,
accounting for approximately 16% of the global anthropogenic GHG emissions
(Figure 1.17) [72]. Methane is also regarded as one of the most harmful GHGs
affecting global warming [73]. As methane gas is released into the atmosphere, it
absorbs infrared radiation causing a warming effect of the surrounding atmospheric
region. This makes methane a more potent greenhouse gas with 25 times more
potential per molecule to contribute to global warming than CO2 [74]. Methane
persists in the Earth’s atmosphere for about 15 years, which is a relatively short
atmospheric lifetime [75]. Nevertheless, its concentration in the atmosphere is
increasing substantially at the rate of 30-40 million tonnes per year [76].
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Figure 1.17: Contribution of methane to global anthropogenic GHG emissions.
Source: http://ecohub.climatechange.gov [77].

Methane concentrations have increased in the atmosphere as a result of human
activities, especially in the agriculture sector due to livestock and rice cultivation
accounting for approximately 16% of the warming impact of human GHG
emissions [72]. The majority of methane emitted into the atmosphere can be traced
back to enteric fermentation of feeds in ruminants, along with anaerobic waste and
wetlands [76]. The increase of methane concentration in the atmosphere has been
attributed to increases in livestock farming, mainly cattle and sheep, along with the
increase in flooded rice fields, which produces methane through decomposition of
the wetland environment [76].
1.5.1.2

Methane emission from enteric fermentation

Methane production through enteric fermentation is of great concern globally for
its contribution to global warming, as well as its waste of feed energy in livestock
[68]. It is estimated that 18% of global anthropogenic GHG emissions come from
livestock production [78]. Also, GHG emissions associated with livestock
production increased by about 1.1 percent per year between 2000 and 2016 [79].
Enteric methane has been recognised as one of the significant contributors to
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greenhouse gas emissions, as it is responsible for 89.5% of global livestock
methane emissions [78]. Approximately eighty million tonnes of enteric methane
are produced annually through microbial fermentation of carbohydrates in the
rumen of livestock. This is predicted to increase in the future, due to the increase of
meat and grain demand required to feed an increasing population [78]. Global
methane emissions from livestock production were predicted to increase by about
30% between 2000 and 2020 [78]. However, reducing 10-15% of methane
emission will stabilise the atmospheric methane concentration and help keep it at
acceptable levels [76]. Hence, there is considerable interest in reducing methane
gas emissions from agricultural activities to minimise its effect on global warming.

Methane production in ruminants also results in 2-15% gross energy from the feed,
leading to utilisation of energy [80]. As a result, the level of methane emissions
from livestock needs to be controlled [76]. Methane emissions from livestock are
influenced by many factors including the level of feed intake, type of carbohydrate
in the diet, feed processing, addition of lipids or ionophores to the diet, and
alterations in the ruminal microflora. Thus, manipulating these factors can help
control ruminant methane emission [1].
1.5.1.3

Mitigation of enteric methane

There are three main strategies for methane emission mitigation including rumen
manipulation and ecology, genetic breeding, and livestock management (Figure
2.18) [7]. This study focuses on inhibiting methanogens by modification of the
rumen microbial population. There are number of strategies for inhibiting
methanogens: these include use of antibiotics, vaccines, probiotics, defaunation,
and feeding additives such as fats, oils, synthetic chemicals and natural products
(Figure 1.18) [7]. Manipulation of the rumen’s microbial population will help to
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reduce ruminant methane emissions as well as increase the animal productivity, as
methane production is considered to be an energy loss [7].

Enteric Methane Mitigation Options
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Figure 1.18: Potential options for reducing enteric methane production, Adapted from
Cottle et al. [81].

1.5.1.4

Antibiotics as antimethanogenic agent

Previously, antibiotics have been added to ruminant diets to enhance their
productivity and reduce environmental pollution through emission of gasses such
as methane [82]. Overall, the practice has had a positive impact on livestock
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production and led to a decrease in environmental pollution through methane
production [82]. For instance, the use of antibiotic ionophores decreased methane
from ruminant fermentation by up to 25%, by inhibiting H2-producing species
which limited H2-supply to the methanogens [83]. However, there is public
concern about this practice, due to the risk of driving the creation of antibioticresistant bacteria, which might transfer to human pathogens and affect the efficacy
of therapeutic antibiotics in humans. In 2006, the European Union banned the use
of antibiotics in animal feeds, due to the risk of residual antibiotics making their
way into food, and the development of antibiotic resistance [84]. Consequently,
there is a real demand to discover alternative treatments to current antibiotics.
Moreover, there has been renewed interest in exploiting plants, plant extracts,
essential oils and naturally derived plant compounds as an alternative to antibiotics
to improve livestock production [82].
1.5.1.5

Natural compounds as antimethanogenic agents

It has been proposed that the anti-methanogenic effects of some plants or plant
extracts are associated with the presence of bioactive PSCs, such as saponins,
tannins, organosulfur compounds, flavonoids and many other metabolites [80].
Some plant extracts which have high flavonoid or tannin contents can decrease
methane production [22]. However, their effectiveness varies depending on the
source, type and content of secondary metabolite [22]. In a comprehensive study of
93 plant extracts, 20 were capable of reducing methane production in the rumen.
Of these, nine inhibited methanogenesis by more than 50%, while 11 plant extracts
inhibited in vitro methanogenesis to between 25–50%. These include extracts from
Allium sativum, Foeniculum vulgare, Populus deltoids, Psidium guajavai,
Sapindus mukorossi, Syzygium aromaticum and Terminalia chebula [85]. An
investigation of the most active plant extracts showed that they were rich in tannins,
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phenolics and saponins, all known for their antimicrobial activity [85].

Australian plants are well known for producing compounds with antimicrobial
activity. Therefore they could provide leads for alternatives to antibiotics [51].
Preliminary studies of various Australian plants have been undertaken to
investigate the ability of these plants to reduce methane emissions from livestock
production [3, 4, 85]. In the past two decades, the rumen microbiology group at the
University of Western Australia has examined bioactivity, including methane
reduction, of a range of Australian plant species [3, 51, 86]. Among Australian
plants, E. glabra and Kennedia prorepens resulted in significant (P<0.05)
decreases in methane production. It has been found that the effect of Kennedia
prorepens was likely due to the presence of tannins, whereas in E. glabra the
effects are thought to be linked to compounds other than tannins [88].

In further screening of pasture species, it has been found that B. pelecinus had
potent anti-methanogenic activity, resulting in ten times less methane produced
than for subclover [4]. It was also found that solvent extracts of B. pelecinus had
anti-methanogenic properties, suggesting that the bioactivity is due to PSCs present
in this plant [4, 79]. The specific PSCs of B. pelecinus responsible for the antimethanogenic activity in rumens are currently unknown.
1.5.1.6

Antibacterial agents (antibiotics)

The discovery of antibiotics has been considered to be one of the greatest
achievements in modern medicine in the 20th century, saving thousands of lives
from bacterial infections [89]. Antibiotics became a principal part of modern
medicine [68]. It is commonly believed that antibiotics are confined solely to
modern times, although research has proved that this is indeed not the case.
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Remains from the ancient Sudanese Nubia and also from the Dakhleh Oasis
Egyptians reveal trace elements of tetracycline in their bones [89]. Traditional
Chinese medicine is another example of antibiotic exposure in the pre-antibiotic
era, with evidence that a potent anti-malarial drug was extracted from plants by
Chinese herbalists [89].

In 1928, Sir Alexander Fleming discovered penicillin by noting inhibited growth of
Staphylococci by a common fungus Penicillium notatum. Thereafter came the
discovery of many other antibiotics, leading to the “golden age” of antibiotics
between 1950 and 1960, as about half of the commonly used drugs today were
discovered during this time period [90].

Over time, however, a phenomenon known as antimicrobial resistance has
developed as a result of both bacterial evolution and many other factors caused by
humans, including antibiotic misuse and over-prescription [89]. Over the last 20
years, the number of established antibiotics that have lost their efficacy is
outpacing the number of new antibiotics being developed. It has been warned that
drug-resistant bacteria could be a more significant threat to human health than
cancer [68].

Around the world, there is a concern about the development and increasing
occurrence of drug-resistant bacteria over the past two decades. The increasing
incidence of infections caused by multidrug-resistant bacteria has renewed interest
towards studies on the potential antimicrobial activity of plant-derived substances
that may overcome the problem and could be used as alternatives to currently used
antibiotics. Therefore, there is a high demand for new strategies to treat and
prevent diseases caused by multidrug-resistant bacteria [90, 91].
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1.5.2
1.5.2.1

Antimicrobial resistance
Bacterial pathogens and antimicrobial resistance

One of the major challenges in human health remains the fighting of infectious
diseases, including those caused by bacteria. The discovery of antibiotics during
the twentieth century has substantially reduced the threat of different infectious
diseases [91]. Prior to the “antibiotic era”, bacterial infection was the leading cause
of human morbidity and mortality [89].

A pathogen is defined as a biological infectious agent that causes disease and/or
death to the host. Many bacterial pathogens have acquired drug-resistance and are
also known as “superbugs”, and in some cases pathogens may be extensively drugresistant (XDR) and even pan-drug-resistant (PDR)[93]. Major bacterial pathogens
posing a threat today include: Acinetobacter baumannii, Campylobacter jejuni,
Clostridium difficile, Enterobacter spp., Escherichia coli, Haemophilus influenzae,
Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa, Salmonella
spp., Serratia spp., Staphylococcus aureus, Streptococcus pneumoniae and
Mycobacterium tuberculosis [93]. High levels of antibiotic resistance developed by
these pathogens make treatment extremely difficult as therapeutic options become
limited [93].

Mortality rates as a result of multi-drug resistance are high [68]. Over the past few
years, drug-resistant infections have resulted in the death of approximately 700,000
people annually around the world [68]. Moreover, according to Aminov “About
25,000 patients in the EU die from an infection with the selected multidrugresistant bacteria, and more than 63,000 patients in the US die every year from
hospital-acquired nosocomial infections” [89]. In South Africa, the World Health
Organisation (WHO) reported that an estimated 19,000 people developed drug38
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resistant tuberculosis in 2016 [94]. If no action is taken such infections have been
predicted to kill 10 million people a year by 2050 [68]. Various factors have
culminated in the antibiotic resistance problem we are faced with today. Overprescription and misuse of antibiotics have played key roles in the evolutionary
defense

mechanisms

developed

by

the

drug-resistant

bacteria

[95].

Epidemiological studies have shown a direct link between antibiotic consumption
and the emergence of antibiotic resistant bacterial strains. Over-prescribing and
incorrect prescribing have also contributed to the current state of resistance, with
studies showing 30-50% of cases are treated incorrectly [95].

Antimicrobial resistance also takes an economic toll on the country’s already
overburdened

healthcare

system.

Most

drug-resistant

infections

occur

nosocomially, resulting in increased hospital stays [95]. Doctors are forced to use
last-resort highly toxic antibiotics which are not only expensive, but also
dangerous and potentially deadly for the patient [95]. Patients often require
lengthier recuperations and post-care rehabilitation [95].

Antibiotic resistance is rapidly emerging and poses a threat to the health benefits
achieved through the discovery of antibiotics. The crisis is experienced worldwide
as a result of overuse and also lack of support and development of new drugs from
the pharmaceutical industry. New efforts and further research are needed in order
to fight this problem in an attempt to avoid antibiotic obsoletion.
1.5.2.2

Searching for new antibacterial agents

Discovering new and improved antibacterial agents to overcome the problems
associated with conventional antibiotics and provide alternatives to currently used
antibiotics is in high demand. Natural products, especially from plants, are
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potential natural sources of such antibacterial agents [9]. Plants produce natural
compounds that may provide novel compounds, which can be developed into
antimicrobial drugs [96]. Crude extracts of medicinal plants have the potential to
be used as alternative to antibiotics owing to the wide range of plant secondary
compounds (PSCs) [97]. Plant secondary compounds are biologically active
substances and possesses characteristics such as odour, pigment and flavor [98].
Some important PSCs possess antibacterial activity including alkaloids (e.g
morphine alkaloids), phenolics and polyphenols (e.g. flavonoids, quinones, tannins,
and coumarins), terpenes, lectins and polypeptides [97]. These metabolites could
act through different mechanisms than conventional antibiotics and therefore,
could be used as potential candidates for antibacterial and resistance modifiers [99].
Hence, further explorations of antimicrobials are needed to find new alternatives to
antibiotics.

To search for bioactive compounds, an appropriate assay is required to screen the
plant extract and to direct the isolation steps to pinpoint the target compound(s)
from a complex natural product extract. There are many assays described in the
literature, and they are varied depending on the research purpose [100].
1.6

Aims and objectives of the study

The primary aim of this thesis is the isolation and identification of bioactive natural
compounds, and screening of their anti-methanogenic activity and antibacterial
activity against human-related bacteria. Two chosen plant species, E. glabra and B.
pelecinus were chosen for this investigation based on reported activity in reducing
methane output in rumens, antibacterial activity and other biological activity. Since
there have been relatively few reports on the chemistry of these species,
exploration of their phytochemistry was also investigated. The specific objectives
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of this study were as follows:

-

Explore compounds from E. glabra and B. pelecinus that have the ability to
inhibit methane production and hence may reduce methane output in
livestock.

-

Investigate activity against Staphylococcus aureus NCTC 10442 and
Staphylococcus epidermidis ATCC 14990 bacteria to assist the tracking of
bioactive compounds from E. glabra and B. pelecinus that may have more
general antibacterial activity.

-

To isolate and characterise novel bioactive compounds from extracts of
these species.

1.7

Expected outcomes
-

Bioactive compounds may be isolated and identified from E. glabra and B.
pelecinus that can reduce methane production in livestock

-

Different classes of antibacterial compounds may be isolated and identified from
E. glabra and B. pelecinus .

-

New and structurally unique compounds may be identified from E. glabra and B.
pelecinus further characterising the phytochemicals present in these species.
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1.8

Structure of thesis

This thesis is divided into seven chapters:

Chapter 1 reports a literature review on plant secondary compounds (PSCs),
bioactivity and examples of antibacterial compounds from plants. A detailed
review on the genus Eremophila and Astragalus species focusing on the plants of
interest E. glabra and B. pelecinus is given. In addition, the background on the two
problems targeted in this study: methane emission from enteric fermentation and
antimicrobial resistant is described.

Chapter 2 This chapter presents a general overview on general material,
techniques and methods used throughout this thesis.

Chapter 3 details the bioassay-guided fractionation and isolation of antimethanogenic compounds from the species E. glabra.

Chapter 4 describes the isolation and structural identification of antibacterial
compounds through bioactivity-guided fractionation of E. glabra. The antibacterial
activities of diterpenes and flavonoids and other compounds isolated from E.
glabra are assessed and reported in this chapter.

Chapter 5 details the bioassay-guided fractionation and isolation of antimethanogenic compounds from the species B. pelecinus.

Chapter 6 details the bioassay-guided fractionation and isolation of antibacterial
compounds from the species B. pelecinus.

Chapter 7 provides a general discussion and summary of the research findings
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including possible directions for future work.

43

CHAPTER 1

1.9
[1]

References
K.A. Johnson, D.E. Johnson, Methane emissions from cattle, Journal of Animal
Science. 73 (1995) 2483–2492. doi:10.2527/1995.7382483x.

[2]

A.K. Patra, Enteric methane mitigation technologies for ruminant livestock: A
synthesis of current research and future directions, Environmental Monitoring
and Assessment. 184 (2012) 1929–1952. doi:10.1007/s10661-011-2090-y.

[3]

Z. Durmic, P.J. Moate, R. Eckard, D.K. Revell, R. Williams, P.E. Vercoe, In
vitro screening of selected feed additives, plant essential oils and plant extracts
for rumen methane mitigation, Journal of the Science of Food and Agriculture.
94 (2014) 1191–1196. doi:10.1002/jsfa.6396.

[4]

B.K. Banik, Z. Durmic, W. Erskine, P. Nichols, K. Ghamkhar, P. Vercoe,
Variability of in vitro ruminal fermentation and methanogenic potential in the
pasture legume Biserrula (Biserrula pelecinus L.), Crop and Pasture Science. 64
(2013) 409–416. doi:10.1071/CP13073.

[5]

J.M. Munita, C.A. Arias, Mechanisms of antibiotic resistance jose, Microbiol
Spectr.

4

(2016)

1–37.

doi:10.1128/microbiolspec.VMBF-0016-

2015.Mechanisms.
[6]

R. Wise, T. Hart, O. Cars, M. Streulens, R. Helmuth, P. Huovinen, M. Sprenger,
Antimicrobial resistance. Is a major threat to public health., BMJ (Clinical
Research Ed.). 317 (1998) 609–610. doi:10.1111/j.1365-3164.2011.00995.x.

[7]

WHO, Antimicrobial resistance. Global report on surveillance, World Health
Organization. 61 (2014) 383–394. doi:10.1007/s13312-014-0374-3.

[8]

E.L. Ghisalberti, The Phytochemistry of the Myoporaceae, Phytochemistry. 35
(1994) 7–33. doi:10.1016/S0031-9422(00)90503-X.

44

CHAPTER 1

[9]

J.D. Phillipson, Phytochemistry and medicinal plants, Phytochemistry. 56 (2001)
237–243. doi:10.1016/S0031-9422(00)00456-8.

[10]

B.S. Paulsen, Highlights through the history of plant medicine, in: A. bernhoft
(Ed.), Bioactive compounds in plants - benefits and risks for man and animals,
The Norwegian Academy of Science and Letters, 2010: pp. 18–29.

[11]

J.-M. Kong, N.-K. Goh, L.-S. Chia, T.-F. Chia, Recent advances in traditional
plant drugs and orchids, Acta Pharmacologica Sinica. 24 (2003) 7–21.

[12]

S.M. Colegate, R.J. Molyneux, Bioactive natural products : detection, isolation,
and structural determination, 2nd ed., CRC Press, Boca Raton, 1993.

[13]

D.A. Dias, S. Urban, U. Roessner, A historical overview of natural products in
drug discovery, Metabolites. 2 (2012) 303–336. doi:10.3390/metabo2020303.

[14] S. Sasidharan, Y. Chen, D. Saravanan, K.M. Sundram, L. Yoga Latha, Extraction,
isolation and characterization of bioactive compounds from plants’ extracts,
African Journal of Traditional, Complementary and Alternative Medicines. 8
(2011) 1–10. doi:10.4314/ajtcam.v8i1.60483.
[15]

S. Sarker, Z. Latif, A. Gray, Natural product isolation -2nd ed, 2005th ed.,
Humana Press Inc, totowa, New Jersey 07512, 2005.

[16]

A.B. Cribb, J.W. Cribb, Wild medicine in Australia, Collins, Sydney ; London,
1981.

[17]

N.D. and C. Gm, D.J. Newman, G.M. Cragg, K.M. Snader, Natural Products as
Sources of New Drugs over the 30 Years, Journal of Natural Products. 75 (2012)
311–335. doi:10.1021/np200906s.Natural.

[18]

R. Croteau, T.M. Kutchan, N.G. Lewis, Secondary Metabolites, Biochemistry
Molecular

Biology

of

Plants.

7

(2000)

1250–1318.
45

CHAPTER 1

doi:10.1016/j.phytochem.2011.10.011.
[19]

T. Hartmann, From waste products to ecochemicals: Fifty years research of plant
secondary

metabolism,

Phytochemistry.

68

(2007)

2831–2846.

doi:10.1016/j.phytochem.2007.09.017.
[20]

A. Berfeld, R. Bergmann, P. V Sengbusch, The Secondary Metabolism of Plants:
Secondary defence compounds, The Internet Hypertextbook. (2003).

[21]

M.M. Cowan, Plant products as antimicrobial agents., Clinical Microbiology
Reviews. 12 (1999) 564–82. doi:0893-8512/99/$04.00 0.

[22]

R. Bodas, S. López, M. Fernández, R. García-González, R.J. Wallace, J.S.
González, Phytogenic additives to decrease in vitro ruminal methanogenesis,
Options Méditerranéennes. Séries A. 283 (2009) 279–283.

[23]

I. Cock, Medicinal and aromatic plants -Australia, Ethnopharm, Encyclopedia of
Life Support Systems (EOLSS), 2011.

[24]

C.P. Ndi, S.J. Semple, H.J. Griesser, M.D. Barton, Antimicrobial activity of
some Australian plant species from the genus Eremophila, Journal of Basic
Microbiol. 47 (2007) 158–164. doi:10.1002/jobm.200610262.

[25]

I.E. Cock, Antibacterial activity of selected Australian native plant extracts, The
Internet Journal of Microbiology. 4 (2008) 1–8.

[26]

M. Pennacchio, E.L. Ghisalberti, Indigenous knowledge and pharmaceuticals,
Journal

of

Australian

Studies.

24

(2000)

173–175.

doi:10.1080/14443050009387569.
[27]

E.L. Ghisalberti, The ethnopharmacology and phytochemistry of Eremophila
species (Myoporaceae), Journal of Ethnopharmacology. 44 (1994) 1–9.
doi:10.1016/0378-8741(94)90092-2.

46

CHAPTER 1

[28]

Duncan R.M., Isolation of some bioactive compounds from the genus
Eremophila, Master thesis, The University of Western Australia., 2007.

[29]

A.N. Singab, F.S. Youssef, M.L. Ashour, M. Wink, The genus Eremophila
(Scrophulariaceae): an ethnobotanical, biological and phytochemical review, J
Pharm Pharmacol. 65 (2013) 1239–1279. doi:10.1111/jphp.12092.

[30]

K.D. Beattie, Phytochemical studies and bioactivity of Centipeda and
Eremophila species, Southern Cross University, 2009.

[31]

A.E. Bradfield, A.R. Penfold, J.L. Simonsen, 414. The constitution of
eremophilone and of two related hydroxy-ketones from the wood oil of
Eremophila Mitchelli, Journal of the Chemical Society (Resumed). (1932) 2744.
doi:10.1039/jr9320002744.

[32]

P.G. Forster, E.L. Ghisalberti, P.R. Jefferies, V.M. Poletti, N.J. Whiteside, The
chemistry of Eremophila spp .23. Serrulatane diterpenes from Eremophila spp,
Phytochemistry. 25 (1986) 1377–1383. doi:Doi 10.1016/S0031-9422(00)81293-5.

[33]

E.L. Ghisalberti, The chemistry of unusual terpenoids from the genus
Eremophila, Studies in Natural Products Chemistry. 15 (1995) 225–287.
doi:10.1016/S1572-5995(06)80133-X.

[34]

J.E. Smith, D. Tucker, K. Watson, G.L. Jones, Identification of antibacterial
constituents from the indigenous Australian medicinal plant Eremophila duttonii
F. Muell. (Myoporaceae), Journal of Ethnopharmacology. 112 (2007) 386–393.
doi:10.1016/j.jep.2007.03.031.

[35] Q. Liu, D. Harrington, J.L. Kohen, S. Vemulpad, J.F. Jamie, Bactericidal and
cyclooxygenase inhibitory diterpenes from Eremophila sturtii, Phytochemistry.
67 (2006) 1256–1261. doi:10.1016/j.phytochem.2006.04.014.
47

CHAPTER 1

[36]

O.F. Anakok, C.P. Ndi, D. Barton, H.J. Griesser, M.D. Barton, H.J. Griesser, S.J.
Semple, Antibacterial spectrum and cytotoxic activities of serrulatane compounds
from the Australian medicinal plant Eremophila neglecta, Journal of Applied
Microbiology. 112 (2012) 197–204. doi:10.1111/j.1365-2672.2011.05174.x.

[37]

H.H. Mon, S.N. Christo, C.P. Ndi, M. Jasieniak, H. Rickard, J.D. Hayball, H.J.
Griesser, S.J. Semple, Serrulatane diterpenoid from Eremophila neglecta exhibits
bacterial biofilm dispersion and inhibits release of pro-inflammatory cytokines
from activated macrophages, Journal of Natural Products. 78 (2015) 3031–3040.
doi:10.1021/acs.jnatprod.5b00833.

[38]

C.P. Ndi, S.J. Semple, H.J. Griesser, S.M. Pyke, M.D. Barton, Antimicrobial
compounds from the Australian desert plant Eremophila neglecta, J Nat Prod. 70
(2007) 1439–1443. doi:10.1021/np070180r.

[39]

S.G. Wubshet, Y. Tahtah, A.M. Heskes, K.T. Kongstad, I. Pateraki, B.
Hamberger, B.L. Møller, D. Staerk, Identification of PTP1B and α‑Glucosidase
inhibitory serrulatanes from Eremophila spp. by combined use of dual highresolution PTP1B and α‑Glucosidase inhibition profiling and HPLC-HRMSSPE-

NMR,

Journal

of

Natural

Products.

79

(2016)

1063–1072.

doi:10.1021/acs.jnatprod.5b01128.
[40]

C.P. Ndi, S.J. Semple, H.J. Griesser, S.M. Pyke, M.D. Barton, Antimicrobial
compounds from Eremophila serrulata, Phytochemistry. 68 (2007) 2684–2690.
doi:10.1016/j.phytochem.2007.05.039.

[41]

P.G. Hutton, Z. Durmic, E.L. Ghisalberti, G.R. Flematti, R.M. Duncan, C.F.
Carson, T. V. Riley, P.E. Vercoe, Inhibition of ruminal bacteria involved in lactic
acid metabolism by extracts from Australian plants, Animal Feed Science and

48

CHAPTER 1

Technology. 176 (2012) 170–177. doi:10.1016/j.anifeedsci.2012.07.020.
[42]

E.C. Barnes, A.M. Kavanagh, S. Ramu, M.A. Blaskovich, M.A. Cooper, R.A.
Davis, Antibacterial serrulatane diterpenes from the Australian native plant
Eremophila

microtheca,

Phytochemistry.

93

(2013)

162–169.

doi:10.1016/j.phytochem.2013.02.021.
[43]

R. Elliot, Australian plants for Mediterranean climate gardens, Rosenberg
Publishing, Dural, NSW, 2003.

[44]

Australian Native Plants Society, Eremophila glabra, Australian Native Plants
Society. (2013) 19–21.

[45]

R.J. Chinnock, Eremophila and allied genera : a monograph of the plant family
Myoporaceae, Rosenberg, Dural, NSW, 2007.

[46]

E.L. Ghisalberti, Eremophila species (poverty bush; emu bush): In vitro culture
and the production of verbascoside, in: Y.P.S. Bajaj (Ed.), medicinal and
aromatic plants VIII, Springer Berlin Heidelberg, Berlin, 1995: pp. 176–193.
doi:10.1007/978-3-662-08612-4_9.

[47]

J. Emms, N. Chester, Environmental Weed Risk Assessment Protocol, Risk
Management. (2008) 1–25.

[48]

G.S. Richmond, E.L. Ghisalberti, The Australian desert shrub Eremophila
(Myoporaceae): medicinal, cultural, horticultural and phytochemical uses,
Economic Botany. 48 (1994) 35–59. doi:10.2307/4255568.

[49]

Factsheet-

Eremophila

glabra,

(n.d.).

http://www.florabank.org.au/lucid/key/species
navigator/media/html/Eremophila_glabra.htm (accessed June 19, 2017).
[50]

S.J. Semple, G.D. Reynolds, M.C. O’Leary, R.L.P. Flower, Screening of
49

CHAPTER 1

Australian medicinal plants for antiviral activity, Journal of Ethnopharmacology.
60 (1998) 163–172. doi:10.1016/S0378-8741(97)00152-9.
[51]

P. Hutton, C.L. White, Z. Durmic, P.E. Vercoe, Eremophila glabra is an
Australian plant that reduces lactic acid accumulation in an in vitro glucose
challenge designed to simulate lactic acidosis in ruminants, Animal: An
International

Journal

Of

Animal

Bioscience.

3

(2009)

1254–1263.

doi:10.1017/S1751731109004789.
[52]

Z. Durmic, P. Hutton, D.K. Revell, J. Emms, S. Hughes, P.E. Vercoe, In vitro
fermentative traits of Australian woody perennial plant species that may be
considered as potential sources of feed for grazing ruminants, Animal Feed
Science

and

Technology.

160

(2010)

98–109.

doi:10.1016/j.anifeedsci.2010.07.006.
[53]

Lotus - Greater lotus, (n.d.). https://www.dpi.nsw.gov.au/agriculture/pasturesand-rangelands/species-varieties/pf/factsheets/lotus---greater-lotus

(accessed

March 29, 2018).
[54]

D.J. Mckenna, K. Hughes, K. Jones, Astragalus, Alternative Therapies in Health
and Medicine. 8 (2002).

[55]

L.F. Pistelli, Secondary metabolites of genus Astragalus: Structure andbiological
activity, Studies in Natural Product Chemistry. 27 (2002) 443–545.

[56]

J.L. Rios, P.G. Waterman, A Review of the Pharmacology and Toxicology of
Astragalus, Phytotherapy Research. 11 (1997) 411–418.

[57]

L.P. Yang, J.G. Shen, W.C. Xu, J. Li, J.Q. Jiang, Secondary metabolites of the
genus Astragalus: structure and biological-activity update, Chem Biodivers. 10
(2013) 1004–1054. doi:10.1002/cbdv.201100444.

50

CHAPTER 1

[58]

Z. Wang, J. Fu, Z. Wang, L. Huang, S. Zheng, D. Wang, S. Chen, Review of the
botanical characteristics , phytochemistry , and pharmacology of Astragalus
membranaceus ( Huangqi ), Phytother. Res. 28: (2014) 1275–1283 (2014).
doi:10.1002/ptr.5188.

[59]

O. Allen, E. Allen, The Leguminosae. A Source Book of Characteristics, Use and
Nodulation, Macmillan, 1981.

[60]

K.G. Nandasena, G.W. O’Hara, R.P. Tiwari, A. Willems, J.G. Howieson,
Mesorhizobium australicum sp. nov. and mesorhizobium opportunistum sp. nov.,
isolated from Biserrula pelecinus L. in Australia, International Journal of
Systematic

and

Evolutionary

Microbiology.

59

(2009)

2140–2147.

doi:10.1099/ijs.0.005728-0.
[61]

C. Revell, D. Revell, Meeting “duty of care” obligations when developing new
pasture

species,

Field

Crops

Research.

104

(2007)

95–102.

doi:10.1016/j.fcr.2007.03.017.
[62]

Waltheria indica L. Plants of the World Online, Kew Science, (n.d.).
http://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:481932-1

(accessed

March 22, 2018).
[63]

B. Hackney, G. Crocker, Biserrula, Primefact. 632 (2007) 1–5.

[64]

B. Hackney, C. Rodham, J. Piltz, Using Biserrula to increase crop and livestock
production, Meat and Livestock Australia. (2013) 23.

[65]

Roy Butler, Clinton Revell, Photosensitisation in sheep grazing biserrula |
Agriculture

and

Food,

(n.d.).

https://www.agric.wa.gov.au/pasture-

species/photosensitisation-sheep-grazing-biserrula?page=0%2C1

(accessed

October 19, 2017).
51

CHAPTER 1

[66]

E.A. Swinny, C.K.B. Revell, N.A. Campbell, E.A. Spadek, C.A. Russo, In search
of photosensitising compounds in the annual forage legume Biserrula pelecinus
L., Crop & Pasture Science. 66 (2015) 1161–1166.

[67]

J.C.M. Barreira, T. Visnevschi-Necrasov, G. Pereira, E. Nunes, M.B.P.P.
Oliveira, Phytochemical profiling of underexploited Fabaceae species: Insights
on the ontogenic and phylogenetic effects over isoflavone levels, Food Research
International. 100 (2017) 517–523. doi:10.1016/j.foodres.2016.07.009.

[68]

S.E. Hook, A.D.G. Wright, B.W. McBride, Methanogens: Methane producers of
the

rumen

and

mitigation

strategies,

Archaea.

2010

(2010)

11.

doi:10.1155/2010/945785.
[69]

M. “Elio” Schaechter, In the Company of Microbes: 10 Years of Small Things
Considered,

American

Society

of

Microbiology,

2016.

doi:10.1128/9781555819606.
[70]

B.M. Buddle, M. Denis, G.T. Attwood, E. Altermann, P.H. Janssen, R.S.
Ronimus, C.S. Pinares-Patiño, S. Muetzel, D. Neil Wedlock, D.N. Wedlock,
Strategies to reduce methane emissions from farmed ruminants grazing on
pasture, 2011. doi:10.1016/j.tvjl.2010.02.019.

[71]

John

Wallace,

Ruminants

And

Methane,

(2010).

http://www.knowledgescotland.org/briefings.php?id=110 (accessed October 21,
2016).
[72]

I. Karakurt, G. Aydin, K. Aydiner, Sources and mitigation of methane emissions
by sectors: A critical review, Renewable Energy. 39 (2012) 40–48.
doi:10.1016/j.renene.2011.09.006.

[73]
52

J.T. Ayodele, B. Emmanuel, Methane in Kano-Nigeria atmosphere, Caspian

CHAPTER 1

Journal of Environmental Sciences Methane. 5 (2007) 133–141.
[74]

P. Smith, D. Reay, A. Van Amstel, Methane and Climate Change, ProQuest
Ebook Central, 2010.

[75] R.W. Howarth, R. Santoro, A. Ingraffea, R.W. Howarth, R. Santoro, A. Ingraffea,
Methane and the greenhouse-gas footprint of natural gas from shale formations,
Climatic Change. 106 (2011) 679–690. doi:10.1007/s10584-011-0061-5.
[76]

A.R. Moss, J.-P. Jouany, J. Newbold, Methane production by ruminants : its
contribution to global warming, Annales de Zootechnie. 49 (2000) 231–253.
doi:10.1051/animres:2000119.

[77]

What are greenhouse gases?, Department of Climate Change. (2017).
http://ecohub.climatechange.gov.ng/index.php/2017/04/08/what-are-greenhousegases/ (accessed July 6, 2017).

[78]

N. Key, G. Tallard, Mitigating methane emissions from livestock: a global
analysis of sectoral policies, (2012) 387–414. doi:10.1007/s10584-011-0206-6.

[79]

Tackling climate change through livestock, Technology Times. (2016) 1–139.
http://web.b.ebscohost.com.ezproxy.library.uwa.edu.au/ehost/detail/detail?vid=2
&sid=2eb3dce5-a96f-4520-9c97700fb7362aa4%40sessionmgr103&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3D%
3D#AN=FCZ5TTN20160327.7.12.00017&db=aph (accessed July 5, 2017).

[80]

A.K. Patra, J. Saxena, A new perspective on the use of plant secondary
metabolites to inhibit methanogenesis in the rumen, Phytochemistry. 71 (2010)
1198–1222. doi:10.1016/j.phytochem.2010.05.010.

[81]

D.J. Cottle, J. V. Nolan, S.G. Wiedemann, Ruminant enteric methane mitigation:
A

review,

Animal

Production

Science.

51

(2011)

491–514.
53

CHAPTER 1

doi:10.1071/AN10163.
[82]

H.P.S. Makkar, G. Francis, K. Becker, Bioactivity of phytochernicals in some
lesser-known plants and their effects and potential applications in livestock and
aquaculture production systems, Animal. 1 (2007) 1371–1391.

[83]

P.E. Vercoe, H.P.S. Makkar, A.C. Schlink, In vitro screening of plant resources
for extra-nutritional attributes in ruminants: Nuclear and related methodologies,
Springer Science+Business Media B.V., Dordrecht, 2010. doi:10.1007/978-90481-3297-3.

[84]

J. Jouany, D. Morgavi, Use of “natural” products as alternatives to antibiotic feed
additives in ruminant production., Animal: An International Journal of Animal
Bioscience. 1 (2007) 1443–1466. doi:10.1017/S1751731107000742.

[85]

D.N. Kamra, A.K. Patra, P.N. Chatterjee, R. Kumar, N. Agarwal, L.C.
Chaudhary, Effect of plant extracts on methanogenesis and microbial profile of
the rumen of buffalo: A brief overview, Australian Journal of Experimental
Agriculture. 48 (2008) 175–178. doi:10.1071/EA07268.

[86]

X. Li, Z. Durmic, S. Liu, C.S. McSweeney, P.E. Vercoe, Eremophila glabra
reduces methane production and methanogen populations when fermented in a
Rusitec, Anaerobe. 29 (2014) 100–107. doi:10.1016/j.anaerobe.2013.10.008.

[87]

Z. Durmic, C.S. McSweeney, G.W. Kemp, P. Hutton, R.J. Wallace, P.E. Vercoe,
Australian plants with potential to inhibit bacteria and processes involved in
ruminal biohydrogenation of fatty acids, Animal Feed Science and Technology.
145 (2008) 271–284. doi:10.1016/j.anifeedsci.2007.05.052.

[88]

P.E. Vercoe, The mechanism of antimethanogenic bioactivity of plants in the
rumen, Meat & Livestock Australia Limited Locked, NORTH SYDNEY NSW

54

CHAPTER 1

2059,

2015.

doi:http://www.royalcommission.vic.gov.au/finaldocuments/summary/PF/VBRC
_Summary_PF.pdf.
[89]

R.I. Aminov, A brief history of the antibiotic era: Lessons learned and challenges
for

the

future,

Frontiers

in

Microbiology.

1

(2010)

1–7.

doi:10.3389/fmicb.2010.00134.
[90]

J. Davies, Where have all the raises gone?, Canadian Journal of Infectious
Diseases and Medical Microbiology. 17 (2006) 287–290.

[91]

D. Savoia, Plant-derived antimicrobial compounds: alternatives to antibiotics,
Future Microbiology. 7 (2012) 979–990. doi:10.2217/fmb.12.68.

[92]

A.C. Abreu, A.J. McBain, M. Simões, Plants as sources of new antimicrobials
and resistance-modifying agents, Natural Product Reports. 29 (2012) 1007.
doi:10.1039/c2np20035j.

[93]

J. Davies, D. Davies, Origins and Evolution of Antibiotic Resistance,
Microbiology

and

Molecular

Biology

Reviews.

74

(2010)

417–433.

doi:10.1128/MMBR.00016-10.
[94]

H. Albert, How we’re fighting antimicrobial resistance in South Africa |
GroundUp,

(2018).

https://www.groundup.org.za/article/how-were-fighting-

antimicrobial-resistance-south-africa/ (accessed April 17, 2018).
[95]

C.L. Ventola, The antibiotic resistance crisis: part 1: causes and threats., P & T :
A Peer-Reviewed Journal for Formulary Management (2015). 40 (2015) 277–83.
doi:Article.

[96]

M. Meilak, E.A. Palombo, Anti-Mycobacterial Activity of Extracts Derived from
Australian Medicinal Plants, Research Journal of Microbiology. 3 (2008) 535–
55

CHAPTER 1

538. doi:10.3923/jm.2008.535.538.
[97] P.D. Gupta, T.J. Birdi, Development of botanicals to combat antibiotic resistance,
Journal

of

Ayurveda

and

Integrative

Medicine.

8

(2017)

266–275.

doi:10.1016/j.jaim.2017.05.004.
[98]

F. Vega, M. Pava-Ripoll, F. Posada, J.S. Buyer, Endophytic bacteria in Coffea
arabica

L.,

Journal

of

Basic

Microbiology.

45

(2005)

371–380.

doi:10.1002/jobm.200410.
[99]

A.G. Fankam, J.R. Kuiate, V. Kuete, Antibacterial and antibiotic resistance
modulatory activities of leaves and bark extracts of Recinodindron heudelotii
(Euphorbiaceae) against multidrug-resistant Gram-negative bacteria, BMC
Complementary and Alternative Medicine. 17 (2017). doi:10.1186/s12906-0171687-2.

[100] S.D. Sarker, Z. Latif, A.I. Gray, Natural Products Isolation, 2nd ed., Humana
Press Inc., Totowa, New Jersey, 2012. doi:10.1007/978-1-61779-624-1.

56

CHAPTER 2

CHAPTER 2
GENERAL EXPERIMENTAL METHODS
Chapter 2

57

CHAPTER 2
2.1

Experimental design and overview of techniques

The study was conducted in a stepwise manner to fractionate extracts of plants and
then test them for bioactivity. The fractions were tested in two different assays: an
in vitro batch fermentation system (IVFT) for detecting antimethanogenic activity
and an agar-well diffusion assay to detect antibacterial activity. Active fractions
were then purified further and subjected again to bioassays. Once a single active
compound was detected, it was isolated and subjected to further structural
elucidation. Figure 2.1 shows an overview of the experimental procedures used in
this study.

plant material
extraction
fractionation/separation
bioactive testing
isolation
structure elucidation

Figure 2.1: Steps for obtaining bioactive compounds in this study.
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Sample preparation

For efficient extraction, the particle size of the plant material to be extracted should
be sufficiently small to increase the surface contact between the sample and
extraction solvents. Powdered samples are better than ground samples providing a
smaller, homogenised particle size, leading to better surface contact with extraction
solvents. The ideal particle size for efficient extraction is smaller than 0.5 mm [1].
In this research, the plant material was freeze-dried and then ground through a 1.0
mm screen before use.
2.1.2

Extraction process

The main purpose of extraction is to obtain the soluble plant metabolites leaving
behind the insoluble residue [2]. The resulting crude extract gives a complex
mixture of metabolites usually containing compounds such as alkaloids, glycosides,
phenolics, terpenoids and flavonoids [1]. Many factors affect the quality of the
plant extract, including plant material, pre-extraction processing, choice of solvent
and extraction method [3].

There are many extraction techniques described in the literature with the most
common extraction method used by researchers being plant tissue homogenization
in a solvent [3]. Serial exhaustive extraction is also commonly used, which
involves sequential extraction with solvents of increasing polarity from a non-polar
(hexane) to a more polar solvent (methanol). Another common method used is
Soxhlet extraction or hot continuous extraction [2,[3].

In this study, the plant material (freeze-dried) is ground into small particles (> 0.5
mm), soaked in a certain quantity of solvent and magnetically stirred for 24 h. The
extract was then filtered and dried under reduced pressure.
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Bioassay-guided fractionation and isolation techniques

Traditionally, natural product chemists have been interested in isolating and
identifying the major secondary metabolites produced by an organism, and then
investigating these compounds for biological activity. The development of more
powerful analytical methods has led the natural products chemist to turn their
interest towards bioactive compounds and to use bioassay-guided fractionation of
metabolites to isolate and identify bioactive compounds from an extract [4].
Bioassay-guided fractionation is defined as the use of a biological system to detect
activities while performing multiple separation steps.

The types of assays that have been used include antibacterial, antifungal,
anticancer, anti-oxidant, anti-HIV, antimalarial, antidiabetic and also seed
germination (stimulating or inhibiting) activity [1]. Generally, the assay should be
as simple, specific, and rapid as possible. For example, an in vitro bioassay is
preferred compared to testing on small laboratory animals. This, in turn, is more
desirable than feeding large domestic or laboratory animals, which require large
amounts of valuable and hard to obtain extract, as well as ethical approval for
animal welfare [4].

Once extracted from a plant the bioactive component needs to be separated from
the complex mixture of metabolites taking advantage of the properties of the
desired compound such as acidity, stability, polarity, and molecular size [4]. There
are diverse separation methods available to the natural product chemist [1, 4]. The
chromatographic separation techniques used to isolate compounds from natural
sources can be classified into two main categories, classical and modern
chromatographic techniques (Figure 2.2) [1].
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Chromatographic
techniques

Modern
chromatographic
techniques

Classical
chromatographic
techniques

High-performance thin-layer
chromatography (HPTLC)

Thin-layer
chromatography (TLC)

Multiflash
chromatography

Preparative thin-layer
chromatography (PTLC)

Vacuum liquid
chromatography (VLC)

Open-column
chromatography (CC)

Radial chromatography

Flash chromatography
(FC)

Solid-phase extraction
(SPE)
Droplet counter current
chromatography (DCCC)

High-performance liquid
chromatography (HPLC)

Other hyphenated techniques
(e.g., HPLC-PDA, LC-MS,
LC-NMR, LC-MS-NMR)

Figure 2.2: Summary of the chromatographic techniques used in the isolation of various
types of natural products [1]. (Obtained from: Sarker, S. et al., 2012)
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Structure elucidation

After isolating a bioactive compound(s) from a plant extract, the endpoint is the
identification or structure elucidation of the isolated compound/s. However, this
step is time-consuming and sometimes can be challenging for natural product
researchers. There are many helpful spectroscopic methods available to assist in
accumulating structural information of the isolated compound [1, 4]. However, the
interpretation of these spectra usually requires specialists with detailed
spectroscopic knowledge and comprehensive experience in natural product
chemistry [1].

If the isolated compound is known, then it is relatively easy to make a comparison
of the preliminary spectroscopic data with literature values or directly compare
with a standard sample. However, if the isolated compound is an unknown
compound, then it requires a variety of physical, chemical, and spectroscopic
techniques to gather information characteristic of that particular compound.
Information about the chemistry of a genus or the family of the plant will be useful
in this regard giving hints to the possible chemical class of the unknown compound
[1]. A summary of the major spectroscopic techniques that are used for structural
elucidation of the natural product is given below [1]:

1. Ultraviolet-visible spectroscopy (UV-Vis): Gives information on chromophores
present in the molecule, e.g. can be diagnostic for flavonoids, isoquinoline
alkaloids and coumarins.

2. Infrared spectroscopy (IR): provides data on different functional groups and
gives clear signals for —OH, —NH2, —C=O, C=C, CN groups, aromaticity, and
so on, within a molecule.
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3. Mass spectrometry (MS): Provides information about the molecular mass,
molecular formula, and fragmentation pattern.

4. Nuclear magnetic resonance spectroscopy (NMR): Provides detailed information
about the number and types of protons and carbons present in the molecule, and the
relationships among these atoms. NMR experiments can be classified into two
major categories:

a. One-dimensional techniques such as 1H NMR, 13C NMR and 13C DEPT.

b. Two-dimensional techniques such as 1H-13C HMBC and 1H-13C HSQC.

5. X-ray crystallographic techniques that provide information on the crystal
structure of the molecule in the solid state,

6. Polarimetry, which gives information on the optical activity of chiral compounds.

In this research, detailed information on the spectroscopic techniques used for the
identification of pure compounds from E. glabra and B. pelecinus is included in
relevant sections of the following chapters.
2.2
2.2.1

General experimental techniques in this study
Extraction techniques

The freeze-dried plant material was ground in through a 1.0 mm screen (Glen
Creston, Stanmore, England) and then extracted in the specific solvents by steeping
and magnetically stirring overnight at room temperature. The resulting extracts
were then filtered using filter paper (Whatman 32.0 cm) and evaporated to dryness
using a rotary evaporator (Buchi, R-210).
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Chromatographic techniques

Thin-layer chromatography (TLC) was performed on silica gel 60 F254 adsorbed to
an aluminium sheet (Merck KGaA, 64271 Darmstadt, Germany) unless otherwise
specified, rapid silica filtration (RSF) was conducted using a sintered glass column
(4.5 × 12 cm) containing silica gel (10 g, Grace-Davisil, 40-63 µm) equilibrated
with hexanes. Flash chromatography was conducted using a thick walled glass
column (1.5 × 30 cm), or (4.5 × 45 cm) (depending on sample mass) packed with
silica gel and eluted under positive air pressure. All solvents used were distilled
prior to use except acetonitrile, which was of HPLC grade.

Scaled up flash silica chromatography was conducted using the Reveleris X2
chromatography system equipped with a cartridge containing silica gel as the
stationary phase (120 g, 40 µm, Reveleris p/n 145146134).

HPLC analysis was performed on an Agilent 1200 HPLC system, equipped with a
photodiode array detector (PDA) and fraction collector. Analytical separations
were achieved using an Apollo C18 Column (250 mm × 4.6 mm i.d., 5 µm, GraceDavison, Deerfield, USA). UV absorbance was routinely measured at wavelengths
of 220, 254 and 280 nm along with full photodiode spectra collected between 200600 nm. Unless otherwise specified, the sample loading was 20 µL/injection and
the flow rate employed was 1 mL/min using the specified solvents.

Semi-preparative HPLC separations were achieved using an Agilent 1200 HPLC
system. Either an Apollo C18 Column (250 mm × 10.0 mm i.d., 5 µm, GraceDavison, Deerfield, USA) or Apollo C18 Column (250 mm × 22 mm i.d., 5 µm,
Grace-Davison, Deerfield, USA) was used for reversed phase (RP) separations as
specified. Solvents consisting of mixtures of Acetonitrile (MeCN)/H2O with or
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without 0.1% trifluoroacetic acid (TFA), or MeOH/H2O (+ 0.1% TFA) were used
as the mobile phase. UV absorbance was routinely measured at wavelengths of 220,
254 and 280 nm. The sample loading was between 50-500 µL/injection and the
flow rate employed was 4 mL/min for the 10 mm id column, and 10 mL/min for
the 22 mm id column. The fractions were dried using a rotary evaporator with a
vacuum pump (Buchi, R-210) and combined as appropriate after verification by
LC-MS. Detailed information for the HPLC methods and their mobile phase
parameters are included in the relevant sections.

Liquid Chromatography-Mass Spectrometry (LC-MS) were conducted using a
Waters Alliance e2695 HPLC connected to a Waters LCT Premier XE time-offlight (TOF) mass spectrometer with an atmospheric pressure chemical ionization
source (APCI) in positive and negative ionisation modes. Samples were suspended
in a suitable solvent and analysed at a concentration of 0.5-1 mg/mL for pure
compounds with an injection volume of 10 µL. The column used was an Alltima
C18 column (Grace Discovery sciences 150 mm × 2.1 mm id, 5 µm) operating at
20°C. Gradient elution was carried out using acetonitrile and MQ water with 0.1%
formic acid at a flow rate of 0.3 mL/min. A photodiode array detector (Waters
2998) was used for monitoring UV absorbance (220 nm, 254 nm, and 280 nm).

Gas chromatography-mass spectrometry (GC-MS) was conducted using a Hewlett
Packard 6890 gas chromatograph connected to a HP 5973 mass spectral detector.
The GC was equipped with a BPX5 column [(5% phenyl polysilphenylenesiloxane), 30 m × 0.25 mm × 0.25 μm film thickness, SGE Australia], using
helium as a carrier gas.
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2.2.3

Spectroscopic and spectrometric techniques

Nuclear Magnetic Resonance (NMR) spectra were obtained on a Bruker Avance
600. The 1H NMR and 13C NMR spectra were recorded at 600 MHz and 150 MHz
respectively. The chemical shifts (δ) are expressed in parts per million (ppm) as δ
values and the coupling constants (J) in Hertz (Hz). COSY, HSQC and HMBC
experiments were acquired using the standard Bruker pulse programs. The
experiments were performed in deuterated solvents, chemical shifts were calibrated
relative to the residual solvent peaks; for methanol (1H δ 3.31 and
ppm), DMSO (1H δ 2.50 and

13

13

C δ 49.00

C δ 39.52 ppm), acetonitrile (1H δ 1.94 and

1.32 ppm), acetone (1H δ 2.05 and

13

13

Cδ

C δ 29.84 ppm), and chloroform (1H δ 7.26

and 13C δ 77.16 ppm).

High-Resolution Mass Spectrometry (HR-MS) analyses were performed using an
LC-MS (Waters Alliance e2695 HPLC) interfaced to a Waters LCT Premier XE
time-of-flight (TOF) mass spectrometer fitted with an atmospheric pressure
chemical ionization source (APCI) scanning at a mass range of 80-1000 a.m.u. The
mobile phase consisted of 50% water (0.1% formic acid) and 50% acetonitrile at a
flow rate of 0.3 mL/min operating at ambient temperature. Nitrogen was used as
the nebulising gas at a pressure of 20 psi and vaporiser temperature, drying gas
flow and capillary voltage were set to 350°C, 5 mL/min and 20 V respectively.
Polarimetry was acquired using a Kruss Optronic P-8000 polarimeter.
2.3

Procedure for screening anti-methanogenic activity

An in vitro batch fermentation technology (IVFT) method was used to test plant
extracts for anti-methanogenic activity [5]. The batch culture method was designed
to mimic the rumen environment and was developed from a combination of
methods described for in vitro testing of biohydrogenation of plant extracts [5, 6].
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This test is a relatively inexpensive and rapid in vitro method for screening a large
number of samples for their antimethanogenic effects. The assay has been used
successfully to identify plants and plant extracts responsible for reducing methane
production from fermentation [7]. In vitro batch cultures such as the assay used in
this study can provide valuable information on the general functionality of the
rumen microbial system in response to plants and plants compounds, because a full
suite of microbes are present and are interacting as they would in the animal [7].

In this study the bioassay testing was conducted by collaborators in the UWA
School of Agriculture and Environment. UWA AEC approval for fistulated
animals was RA3/100/1424.

The sheep were given a standard oaten chaff/lupin diet (oaten chaff: lupin:
minerals = 40:10:1) for two weeks before rumen fluid was collected. One day prior
to the experiment, 0.1 g oaten chaff was weighed into individual Bellco tubes and
kept in an anaerobic chamber (Coy Vinyl Anaerobic Chamber; Coy Laboratory
Products Inc., USA) supplied with 800 mL/L N2, 100 mL/L CO2, and 100 mL/L H2
to expel any oxygen from the bottle. On the experimental day, rumen fluid (RF)
was collected from three fistulated Merino sheep 2 h after feeding using a vacuum
pump. The rumen fluid was then filtered before being transferred to a beaker in an
anaerobic chamber. In the chamber, the temperature was equilibrated to the same
temperature as in the rumen (39°C). Buffered RF (10 mL) was transferred into a
Bellco tube, followed by a 100 µL of the plant fractions dissolved in EtOH/H2O
(7:3) and oaten chaff and the tubes were sealed. Oaten chaff was chosen as a
substrate in the assay because it has relatively high methanogenic potential and
does not contain any known phytochemicals [5]. As a positive control, a known
anti-methanogenic mixture (50 µL of tea tree oil) was included in the test. Each
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control and treatment was repeated in triplicate. The tubes were taken out of the
chamber and placed onto a shaking incubator for 24 h at 39°C. After incubation,
the tubes were taken out of the incubator and placed immediately in a 39°C water
bath.

Methane analysis:

The gas pressure was first measured, and then the methane gas level was measured
by collecting 5 mL of headspace gas in an exetainer tube (Labco, UK). The
methane concentration was analysed by gas chromatography (Bruker-450 GC)
coupled to thermal conductivity detection (TCD). The instrument was fitted with a
packed GC Column-Hayesep Q (CP 81069) with He (g) as a carrier gas. The
injection temperature was 70°C and the oven temperature were set at 50°C. Data
were analysed by Compass CDs Data Acquisition (Bruker) software. The methane
detected in the crude extract or fractions were expressed with mL/g dry matter
(DM) of substrate.
2.4
2.4.1

Procedure for screening antibacterial activity
Bacterial strains

Reference strains for antibacterial screening were Escherichia coli ATCC 25922¸
Serratia marcescens NCTC 1377, Staphylococcus aureus NCTC 10442, and
Staphylococcus epidermidis ATCC 14990. Strains were obtained from the culture
collection of the School of Biomedical Sciences at The University of Western
Australia. Strains were maintained on blood agar and were stored at 4°C.
2.4.2

Agar- well diffusion assay

An agar-well diffusion assay based on the method published by the Clinical and
Laboratory Standards Institute was used to detect activity.[8] Briefly, inocula were
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prepared by culturing a loopful of bacteria on a fresh blood agar plate overnight at
37 °C and then suspending bacterial growth in saline (8.5 NaCl g/L) to a
concentration of approximately 5 × 108 colony forming units (CFU) per mL. This
suspension was used to surface inoculate Mueller-Hinton agar plates (Path west
media), after which wells of 8 mm diameter were cut into the agar with a sterile
cork-borer. All samples (extracts, fractions, compounds) were solubilized in
DMSO (SIGMA, > 99.9%) (150 µL) and 100 µL volumes were pipetted directly
into wells. Plates were incubated overnight at 37°C before zones of inhibition were
measured to the nearest millimetre. Discs impregnated with DMSO (100 µL)
served as the control, while standard discs of trimethoprim (5 µg) (Oxoid,
Basingstock, UK) were included in each assay as a positive control.
2.4.3

Broth microdilution assay for determining the minimum inhibitory
concentration

Following screening on agar, a broth microdilution assay was conducted with
isolated compounds to define minimum inhibitory concentrations (MICs). The
procedure was based on the method previously published by the CLSI [8]. Briefly,
inocula were prepared as above, diluted 1 in 100 in Mueller Hinton broth (Oxoid,
Basing stock, UK), (not cation-adjusted), then used to inoculate a series of
doubling dilutions from 1 µg/mL to 512 µg/mL of each compound prepared in a
96-well tray (Thermo fisher scientific, Australia). Inoculated trays were incubated
for 24 h at 37 °C. MICs were determined visually as the lowest concentration
preventing visible growth. The experiment was repeated and DMSO (100%) was
included as a control along with vancomycin (SIGMA, > 99.9%) as a positive
control.
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2.4.4

Statistical analysis

The Data were analysed using JMP software and the treatment responses in
methane concentrations were examined in separate models with treatment as a
factor. Each factor had three observations (i.e. separate vials) and data were
analysed performing one-way analysis of variance and treatment as a fixed
effect: Yij =µ+Ti +Eij, where Yij was the observation, µ was the overall mean for
each parameter, Ti was the effect of treatment and Eij was residual error. Least
significant difference was used to compare the treatments to respective controls
and significant differences were declared at p<0.05.
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3.1

Introduction

Plants with antimicrobial properties have great potential as 'natural' manipulators
of rumen fermentation with potential benefits to the livestock and the environment
[1, 2]. These bioactive plants and their plant secondary compounds (PSCs) can be
effective in mitigating methane emissions as they modulate rumen fermentation by
affecting rumen microbes [2]. E. glabra, along with many other Eremophila
species, has been reported to possess a range of bioactivities including antidiabetic
[3], antiviral [4] and antimicrobial activities [5]. The leaves of E. glabra are coated
with a resin that is said to be rich in secondary metabolites, including a wide
variety of diterpenes that might be responsible for its antimicrobial effects [6].

In a study screening 128 Australian perennial plants, E. glabra was found to be the
most potent in reducing methane emissions from ruminants [7]. Also, the ethanolic
extracts of E. glabra were shown to improve animal productivity by increasing the
volatile fatty acid (VFA) levels available in rumen [8]. A follow up study using an
in vitro fermentation technology (IVFT) system further confirmed the methane
reducing ability of E. glabra. The study showed that a significant reduction in
methane production of up to 45% was linked to a 42.1% decrease in methanogen
populations compared to the control substrate [9]. E. glabra reduced the population
of Fibrobacter succinogenes, which might have reduced hydrogen production and
consequently methane production as hydrogen is converted to methane by the
methanogens (Figure 1.16) [10]. Some of the diterpenes extracted from E. glabra
were reported to inhibit the growth of Streptococcus bovis, a Gram-positive
amylolytic rumen bacterium [5].

Tannins are often recognised as the primary compounds responsible for reducing
levels of methanogens [11]. However, in E. glabra the activity of the plant and
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extracts was maintained after the addition of a tannin binder (polyethylene glycol),
which suggested that the anti-methanogenic effect of this plant was related to
compounds other than tannins [12].

The antimethanogenic effects of E. glabra are dose-dependent [8]. When E. glabra
is used solely or in a very high dose with mixed feed, the overall rumen
fermentation process is affected by a decrease in methane, VFA and ammonia
(NH3) production. However, when used at lower doses or with other plant species
it reduces the rumen methane without negatively affecting overall rumen
fermentation [8]. This suggests that E. glabra has general inhibitory effects at
higher doses and selective inhibitory effects at lower doses [8, 10].

The present study was undertaken to confirm and extend those previous findings
through further chemical investigation to identify the anti-methanogenic
compound/s in E. glabra. As well as anti-methanogenic testing of any novel and
previously identified compounds, this discovery may lead to a natural and safe
treatment for inhibiting methanogenesis in cattle and sheep. In return this could
help reduce methane emissions in the atmosphere and its effect on global warming
as well as improve animal productivity. This chapter describes the effort towards
the identification of possible antimethanogenic compounds from E. glabra.
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3.2

Results and Discussion

In previous work, five different solvent extracts of E. glabra (MeOH, water, EtOH,
acetone, and MeOH/CHCl3 extracts) were compared for antimethanogenic activity
[12]. The results showed that the MeOH/CHCl3 (1:1 v/v) extract gave the highest
antimethanogenic activity causing 92% inhibition of methane gas compared with
the control [12], as well as providing the highest mass return for each of the
extracts and widest variety of organic compounds of interest. Hence,
MeOH/CHCl3 (1:1 v/v) was chosen as the extraction solvent in this study.

Isolation of the active compounds from the crude extract was facilitated by a
bioassay-guided fractionation approach. The activity of each fraction was tested
and active fractions determined through this process were further separated. These
subsequent fractions were retested by bioassay until the compounds responsible for
activity were isolated in a purified form for structural characterisation and analysis.
3.2.1

Anti-methanogenic bioassay results of E. glabra fractions

Analysis of the crude extract by HPLC showed that the sample contained a
complex mixture of compounds (Figure 3.1). To simplify the crude extract, the
sample (6.1 g) was subjected to rapid silica fractionation (RSF) using eluents of
increasing polarity consisting of 100% hexanes followed by EtOAc in hexanes to
100% EtOAc, then increasing concentrations of MeOH in EtOAc to 100% MeOH
to give 5 fractions. For all fractions, a sub-sample (ca. 5%) was tested in the IVFT
bioassay.
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Retention time (min)
Figure 3.1: HPLC chromatogram of E. glabra MeOH/CHCl3 crude extract.
UV absorbance recorded at 220 nm.

The results (Figure 3.2) showed two fractions, 1 and 2 (eluted with 100% hexanes
and 50% EtOAc/hexanes respectively), reduced methane and overall gas
production. Both fractions inhibited methane production by approximately 60%,
accompanied by an approximate 40% inhibition in total gas when compared with
the control (oaten chaff + EtOH). These results indicated that E. glabra had
extractable compounds that could be purified by silica gel chromatography with
anti-methanogenic activity.
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Figure 3.2: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in the presence of E. glabra fractions. DMi - dry matter incubated.
Control - oaten chaff + EtOH. * significantly (P<0.05) lower than the control. Total gas
volumes in appendix A.
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Bioassay results of fractions derived from fraction 1

Fraction 1 was further fractionated by flash silica chromatography using mixtures
of hexanes and EtOAc to give six fractions that were tested by IVFT bioassay. The
results (Figure 3.3) showed that no methane inhibition was observed from testing
of the resulting fractions. Fraction 1 was analysed by GC-MS under electron
impact (EI) conditions before further separating. The mass spectra of the
compounds in fraction 1 were compared to the EI mass spectra of known
compounds available in a mass spectral library (NIST 2011). It showed that it
contains a number of nonpolar compounds (Figure 3.4 and Table 3.1), which may
have been lost during the next fractionation step.
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Figure 3.3: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in the presence of fractions derived from the flash silica
chromatography of the active fraction 1. DMi - dry matter incubated. Control - oaten chaff
+ EtOH.
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Figure 3.4: GC-MS chromatogram of fraction 1.

Table 3.1: Comparison of top 10 possible compound matches to compounds detected in
fraction 1 from NIST2011 mass spectral library

1
2

Retention
time
8.26
8.83

3
4
5
6
7

19.09
19.44
19.74
20.43
21.88

8
9
10

22.75
23.17
42.50

Possible structure

SI *

Area%

4-Methyl-3-hexanol,
6,6-Dimethyl-2methylenebicyclo[3.1.1]heptane
Caryophyllene
Naphthalene
1,4,7,-Cycloundecatriene
Germacrene B
6-Isopropenyl-4,8a-dimethyl1,2,3,5,6,7,8,8a-octahydro-naphthalen-2-ol
γ -Eudesmol
α - Eudesmol
Hexatriacontane

80%
92%

2.60
1.71

97%
91%
94%
92%
79%

9.29
4.00
5.47
3.71
10.69

93%
96%
97%

10.41
28.89
10.37

* similarity index: A percentage indication of the library match to the experimental
spectrum.

Bioassay results of fractions derived from fraction 2

Fraction 2 was further separated by flash silica chromatography to give another 10
fractions. The column was eluted with 100% hexanes followed by increasing
concentration of EtOAc in hexanes to 100% EtOAc, then increasing concentrations
of MeOH in EtOAc. Subsets of the fractions collected were tested using the IVFT
bioassay.
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There was a minor inhibition in methane production, with the most potent fractions
(above 10% reduction) being fractions 2.4 and 2.8 (Figure 3.5). As these two
fractions showed some activity they were analysed further by HPLC.
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Figure 3.5: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in the presence of fractions derived from the flash silica
chromatography of the active fraction 2. DMi - dry matter incubated. Control - oaten chaff
+ EtOH, * significantly (P<0.05) lower than the control.

Analyses by HPLC of fractions 2.4 and 2.8 revealed a complex mixture of
compounds (Figure 3.6), calling for another step of bioassay-guided fractionation.
Analyses by LC/HRMS of the major peak present in fraction 2.4 gave a protonated
molecular ion [M+H]+ at m/z 355.1165 which corresponded to a molecular formula
of C20H18O6. Similary, fraction 2.8 was analysed by LC/HRMS, which indicated
molecular formulas of C16H12O6, C17H14O7, C20H28O5 and C17H14O6 for the major
peaks detected respectively (Figure 3.6). On this basis the fraction was subjected to
further separation.
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UV absorbance (220 nm)
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Retention time (min)

Figure 3.6: HPLC chromatogram of fractions 2.4 and 2.8 respectively of initial E. glabra
fractionation. Molecular formulas were determined by LC-HRMS analysis. UV absorbance
was recorded at 220 nm.

Bioassay results of 2.4 fractions

F6

UV absorbance (220 nm)

Fraction 2.4 (104.9 mg) was subjected to further flash silica chromatography using
a targeted mixture of hexanes, EtOAc and MeOH as mobile phase to affordF7
nine
fractions. These fractions (ca. 10%) were tested in the IVFT assay. The results
(Figure 3.7) showed that none of the tested fractions inhibited methane production.
This result could have been due to the presence of active compound/s at a
concentration lower than that needed for activity in the IVFT assay. Fraction 2.4
was only marginally active (Figure 3.5), so loss of activity at this point was not
Retention time (min)

surprising.
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Figure 3.7: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of fractions derived from flash silica chromatography
of fraction 2.4. DMi - dry matter incubated. Control - oaten chaff + EtOH..

Bioassay results of 2.8 fractions

The active fraction 2.8 (309.5 mg) was separated by semi-preparative HPLC using
20-60% MeCN/H2O (+0.1% TFA) to give ten fractions that were tested in the
IVFT assay. Yields and summary of the proceeding separation steps is shown in
Figure 3.8.
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Figure 3.8: overview on antimethanogenic bioassay guided fractionation of E. glabra extract.
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The results revealed that none of the tested fractions from 2.8 inhibited the
production of methane gas (Figure 3.9). Although, HPLC analysis revealed the
presence of a mixture of compounds, loss of activity could be due to
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decomposition, additive effect and solubility.
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Figure 3.9: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of fractions derived from SP.HPLC of fraction 2.8.
DMi - dry matter incubated. Control - oaten chaff + EtOH.

After the second round of fractionation none of the fractions isolated from the
active fractions 2.4 and 2.8 showed antimethanogenic activity. A likely explanation
is that it could be due to the loss or degradation of the active compounds during the
isolation steps. Loss of activity at this point of fractionation prevented further
investigation of these fractions. Therefore, a new separation methodology was
investigated using fresh plant material to optimise purification of the active
compounds responsible for the observed antimethanogenic activity.
3.2.2

Anti-methanogenic bioassay results of 2E. glabra extraction

Variability in anti-methanogenic activity has been observed within E. glabra, with
different E. glabra obtained from different regions and also at different
development stages. The initial E. glabra used here was grown in Western
Australia and collected at the post-flowering stage, which showed methane
inhibition ranging from approximately 40% - 60% inhibition when tested as
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ground plant material. A different lot of E. glabra grown in South Australia and
collected at the reproductive stage showed greater inhibition of methane
production ranging between 93% - 70% inhibition [9], so this was chosen for
further studies.

The new E. glabra (termed 2E. glabra) plant material was extracted using
MeOH/CHCl3. A modified separation of the 2E. glabra crude extract (2.22 g) was
conducted using flash silica chromatography instead of RSF, to save a step in the
separation procedure. The fractions were collected as the column was eluted with
100% hexanes followed by increasing concentrations of EtOAc in hexanes to
100% EtOAc, then increasing concentrations of MeOH in EtOAc to 100% MeOH
to give 12 fractions (termed F1-F12). A subset of each fraction (ca. 10%) was
tested using the IVFT assay to evaluate the antimethanogenic effects of these
fractions.

The result from the modified separation showed that methane production was
decreased by fractions F4-F8 (Figure 3.10). Since multiple fractions caused
methane inhibition it indicated that there might be at least 2 active compounds
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Figure 3.10: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of 2E.glabra fractions. DMi - dry matter incubated.
Control - substrate control (oaten chaff + ethanol). * significantly (P<0.05) lower than the
control. Total gas volumes in appendix A.
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Fraction F4 caused approximately 93% inhibition of methane compared with the
control. However, fraction F4 also caused reasonable reduction in overall gas
emission by the microbes, down to 15% compared with the control. On the other
hand, fractions F5 and F7 inhibited methane production by 80% and 70%
respectively. Fraction F6 and F8 reduced methane production down to 40% and
22% respectively and did not cause any reduction in the overall gas emission.
Other fractions were also active with less than 20% methane reduction compared
with the control. Since fractions F4-F8 were the most potent fractions they were
chosen for further investigation.

Bioassay results of F5a fractions

As fractions F4 and F5 were consecutive fractions, which showed inhibitory effect,
and the HPLC analysis of these fractions revealed similar profiles (Appendix B),
the fractions were combined (named F5a). Fraction F5a was subjected to further
fractionation by flash silica chromatography using a narrower range of solvents to
give eight fractions that were tested in the IVFT assay.

Fractions F5a.3, F5a.4 and F5a.8 showed reasonable inhibition of methane
production, more than 50% when compared with the control (Figure 3.11). The
other fractions reduced methane production less than 50%. Therefore the most
active fractions F5a.3, F5a.4 and F5a.8 were selected for further investigation.
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Figure 3.11: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of E. glabra fractions derived from flash silica
chromatography of fraction F5a (F4+F5). DMi - dry matter incubated. Control - oaten chaff
+ EtOH. * significantly (P<0.05) lower than the control.

Bioassay results of fraction F5a.3

Fraction F5a.3 was the most potent fraction in reducing methane to approximately
70% and overall fermentation to 32% compared with the control. Analysis of the
active fraction 5a.3 by HPLC revealed essentially one main compound (58) present
(Figure 3.12), that was obtained as a white residue and identified as (+)-sesamin,

UV absorbance (280 nm)

which was the main compound of the earlier fraction 2.4.

UV absorbance (280 nm)

Retention time (min)
Figure 3.12: HPLC chromatograms of bioactive fraction F5a.3.
c nm.
UV absorbance was recorded at 280

a b
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Structural characterisation of compound 58

Compound 58 was isolated from fraction F5a.3 as white residue with HRMS
analysis giving a molecular ion [M+H]+ at m/z at 355.1171, (C20H19O6 [M+H]+
requires 355.1176), The 1H, 13C NMR (Table 3.2 and Appendix C) showed an
interesting sharp singlet at δ5.95 ppm along with multiple aromatic signals. By
consideration of the spectral data, a search of the literature indicated the data was
in agreement with the structure of 5,5'-(1S,3aR,4S,6aR)-(tetrahydro-1H,3Hfuro[3,4-c]furan-1,4-diyl)bis-1,3-benzodioxole, which is commonly referred to as
sesamin (58) (Figure 3.13) [13]. To confirm the structure a commercial sample of
sesamin was obtained and compared with the isolated compound 58 by NMR and
HPLC, analysis of the data showed the two compounds to be identical.

Sesamin is a furofuran type lignan commonly found in over 30 different plants
belonging to different genera [14]. It is a clinically important antioxidant lignan
with a number of reported bioactive properties, including anti-carcinogenic, antiinflammatory, and antioxidant activities [14, 15].
1

Table 3.2: H,
C1,5
2,6
4a,8a
4b,8b
Ar.
OCH2O
1ʹ
2ʹ
3ʹ
4ʹ
5ʹ
6ʹ
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13

C Chemical shifts for compound 58 compared with authentic (+)-sesamin.
Present work (DMSO-d6)
δC/ppm
δH/ppm
54.4
3.05, m
85.9
4.71, d, J= 4.5 Hz
71.8
3.88, dd, J= 4, 9 Hz
4.24, dd, J=7, 9 Hz
6.77-6.84, m
101.2
5.95, s
135.1
106.6
147.2
148.1
108.3
119.5

Authentic (DMSO-d6)
δC/ppm
δH/ppm
54.3
3.05, m
85.8
4.71, d, J=4.5 Hz
71.7
3.87, dd, J=4, 9 Hz
4.24, dd, J=7, 9 Hz
6.77-6.84 m
101.2
5.95, s
134.9
106.6
147.3
148.1
108.3
119.5

CHAPTER 3

Figure 3.13: Chemical structure of sesamin (58) isolated from E. glabra.

The purified sesamin (58) (4.0 mg/g) was tested in IVFT to confirm its activity.
The result revealed that sesamin (58) reduced methane production by up to 40%
and did not cause significant reduction in total gas production compared with the
control.
Bioassay results of commercial sesamin
A commercial sample of sesamin (Sesamin ≥ 95%, crystalline, S9314, Sigma
Aldrich) was tested for anti-methanogenic activity in IVFT at concentrations of 0.1,
4 and 10 mg/g of substrate (oaten chaff). The results showed that there was some,
very small, 5% reduction in methane gas at the lower concentration of 0.1 mg/g
(Figure 3.14).
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Figure 3.14: Methane production (mean ± SEM) from authentic sesamin incubated
with oaten chaff. PC- oaten chaff + EtOH, DMi - dry matter incubated.

As the commercial sesamin sample showed no significant activity, a different
commercial product was obtained so that it could be tested at higher inclusion
levels. Sesamin extract (100%, Bulk Nutrients, Grove, Tas, Australia, 'Sesamin
BN') was tested in IVFT at three different concentrations 100, 500 and 1000 mg/g
of substrate (oaten chaff) (Figure 3.15).

CH4 (mL/g DMi)

60
50

*

40
30
20
10
0
Control

100 mg/g

500 mg/g

1000 mg/g

Treatment
Figure 3.15: Methane production (mean ± SEM) from commercial sesamin BN incubated
with oaten chaff. Control - substrate control (oaten chaff). DMi - dry matter incubated.
* significantly (P<0.05) lower than the control.

The results showed that the 100 mg/g dose reduced methane gas down to 20% and
caused 24% inhibition of the overall gas produced. The 500 mg/ g dose however
showed no methane gas inhibition and only 1% inhibition of overall gas. Whereas
the 1000 mg/g showed no inhibition effect on methane gas. It appears that the 100
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mg/g dose can potentially inhibit methane by 20%, this is however combined with
an overall gas reduction.

The commercial samples of sesamin didn’t show much reduction in methane gas
compared to the isolated compound. The likely explanation is that there could be
enantiomers presented in the isolated compound, as sesamin can potentially exist
in 16 possible configurations or stereoisomers. It is also possible that some
impurities present in the isolated compound are required for the activity of sesamin.
Bioassay results of fraction F5a.4
Fraction F5a.4 inhibited methane production up to 60% and caused approximately
25% inhibition of total gas production compared with the control. Analysis of the
HPLC profile of fraction F5a.4 showed that it contained a mixture of minor
compounds and two major compounds present (Figure 3.16). Fraction F5a.4 was
subjected to further fractionation using semi-preparative HPLC with an isocratic
method 46% MeCN/H2O (+ 0.1% TFA) to yield the two major compounds. The
first compound was identified as (+)-sesamin (58) and the second compound was
identified as the related lignan, (+)-kobusin (59).

UV absorbance (280 nm)

59
58

Retention time (min)

UV absorbance (280 nm)

Figure 3.16: HPLC chromatogram of bioactive fraction F5a.4 derived from flash silica
c
chromatography of fraction F5a. UV absorbance recorded
at 280 nm.

a b
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Structural characterisation of compound 59
Compound 59 was isolated as a white residue; 1H, 13C and 2D NMR spectroscopy
data (Table 3.2 and Appendix D) indicated essentially one main compound was
present. Analysis of HRMS revealed the protonated molecular ion [M+H]+ at m/z
371.1497, which corresponded to molecular formula of C21H22O6 (C21H23O6
requires 371.1495). The 1H NMR spectrum displayed a very similar 1H NMR
spectrum to that of compound 58. The only observed differences were that 59
showed two methylene signals at δ3.83 and 3.87 ppm. A search of the literature
indicated the structure of 5-[(1S,3aR,4S,6aR)-4-(3,4-Dimethoxyphenyl)tetrahydro1H,3H-furo[3,4-c]furan-1-yl]1,3-benzodioxole commonly named (+)-Kobusin, to
be proposed for compound 59 (Figure 3.17) [16, 17].

(+)-Kobusin is a furofuran type lignan, which is one of the largest groups of
lignans known for their biological activity such as anti-inflammatory,
antihypertension and cancer prevention properties [18, 19]. To the best of our
knowledge this is the first report of (+)-Kobusin from E. glabra.
1

Table 3.3: H,
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13

C Chemical shifts for compound 59 compared with literature [16, 17].

C-

Present work (CDCl3)
δC/ppm
δH/ppm

1,5
2,6
4a,8a
4b,8b
Ar.
1ʹ,1ʹʹ
2ʹ,2ʹʹ
3ʹ,3ʹʹ
4ʹ,4ʹʹ
5ʹ,5ʹʹ
6ʹ,6ʹʹ
OCH2O
OCH3
OCH3

54.3
85.7
71.9
137.0
106.7
n.d.
n.d.
107.9
119.3
101.0
55.6
59.5

3.07, m
4.72,dd, J=5.0, 10.0 Hz
3.89, m
4.24, m
6.77-6.85, m
-

5.95, s
3.83, s
3.87, s

Literature value
δC/ppm
δH/ppm
(CDCl3)
(CD3OD)
54.9
3.11, m
86.5
4.72, dd, J= J=5.0, 10.5 Hz
71.9
3.86, dd, J=4.0, 9.0 Hz,
4.23, dd, J= 7.0, 9.0 Hz
6.77-6.97 m
135.7
106.4
147.8
148.8
109.3
119.3
101.2
5.92, s
56.10
3.81, s
56.10
3.83, s

CHAPTER 3

Figure 3.17: Chemical structure of the (+)-Kobusin (59) isolated from E. glabra

The purified compound (+)-kobusin (59) (1.3 mg/g) was tested in IVFT to test for
activity. However, the result showed no significant reduction in either methane or
total gas production compared with the control. There are a number of possible
explanations for the observed loss of activity at this point. There may have been
synergistic effects between compounds present in the earlier fraction responsible
for activity, which upon further separation, resulted in no activity. Or simply, the
compound(s) needed to be tested at higher concentrations. Also, it is possible that
sesamin or another minor compound/s present in the fraction may have been
responsible for the reduction in methane gas produced.
Analysis of the active fraction F5a.8
Fraction F5a.8 inhibited methane production by 60%, and reduced the total gas by
25% compared with the control. Analyses of this fraction by HPLC revealed a
mixture of compounds was present. The HPLC and HPLC-MS profiles of fraction
F5a.8 showed that the main compounds (a, b, and c) in fraction F5a.8 (Figure 3.18)
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were present in the active fraction F7a (compounds 60, 61 and 62) (Figure 3.19).
Hence, these fractions were combined to facilitate isolation and identification of
the main compounds.

UV absorbance (280 nm)

c

c

a b

Retention time (min)
Figure 3.18: HPLC chromatogram of bioactive fractions F5a.8 derivative from flash silica
chromatography of fraction F5a. UV absorbance recorded at 280 nm.
UV absorbance (220 nm)

Bioassay results of F7a fractions

60

61

62

Since fractions F6, F7 and F8 were consecutive fractions showing reasonable
inhibitory effect, and HPLC analysis of these fractions revealed a similar metabolic
profile (Appendix B), the fractions were combined along with fraction F5a.8
(named F7a). Yields and summary of the proceeding separation stages is shown in
Retention time (min)

Figure 3.19.

UV absorbance (220 nm)

1

2

Retention time (min)
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Figure 3.19: Overview on antimethanogenic bioassay guided fractionation of 2E. glabra.
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a b

Analysis of fraction F7a by HPLC showed that three main compounds along with
some minor compounds were present (Figure 3.20). The fraction was further
fractionated using semi-preparative HPLC to
yield time
three(min)
compounds that were
Retention
identified as the flavonoids hispidulin (60), jaceosidin (61), and cirsimaritin (62).
61

UV absorbance (220 nm)

60

62

Retention time (min)
Figure 3.20: HPLC chromatograms of bioactive fraction F7a.
UV absorbance was recorded at 220 nm.

UV absorbance (220 nm)

1
Structural characterisation of compounds (60, 61 and 62)
Compound 60 was obtained as a yellow residue and HRMS analysis gave a
protonated molecular ion [M+H]+ at m/z 301.0706 corresponding to a molecular
formula of C16H12O6 (C16H13O6 requires 301.0712). The NMR spectroscopic data
(Table 3.4 and Appendix E) showed a sharp three-proton singlet at δH 3.88 which
was assigned to a methoxy group at C-6 as it showed 3J correlation with the C-6
carbon at δC 129.4 ppm in its HMBC spectrum. In the aromatic region two doublet
Retention time (min)

signals present as an AAʹBBʹ pattern were observed at δH 7.85, and 6.93 ppm with
an ortho-coupling constant of J = 8.3 Hz, indicating a 1,4- di-substituted phenyl
ring. Along with the presence of 2 singlets at δH 6.59 and 6.55 ppm, indicating a
flavonoid type compound. With the aid of HRMS and 1D/2D NMR spectroscopic
experiments and comparison with literature values [20], compound 60 was
identified as the known 4ʹ,5,7-trihydroxy-6-methoxyflavone commonly referred to
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as hispidulin (Figure 3.21). Hispidulin has been isolated previously from a variety
of plant species such as Scoparia dulcis [21], Artemisia vestita [22], Salvia
officinalis [23] and Clerodendrum inerme [24].
1

Table 3.4: Comparison of H and
C2
3
4
5
6
7
8
9
10
1ʹ
2ʹ, 6ʹ
3ʹ, 5ʹ
4ʹ
OCH3
n.d.

13

C NMR data of 60 with literature [20]

Present work (MeOD)
δC/ppm
δH/ppm
166.3
103.3
6.59, s
184.2
n.d.
133.1
n.d.
95.5
6.55, s
n.d.
105.6
123.2
129.4
7.85, d, J = 8.3 Hz
117.0
6.93, d, J = 8.3 Hz
162.7
60.9
3.88, s

Literature values (DMSO)
δC/ppm
δH/ppm
163.8
102.4
6.75, s
182.1
152.8
13.05, s
131.4
157.3
94.2
6.57, s
152.4
104.0
121.2
128.4
7.90, d, J = 8.8 Hz
115.9
6.90, d, J = 8.8 Hz
161.2
59.9
3.73, s

Not detected

The second compound 61 was isolated as a yellow residue and HRMS gave a
protonated molecular ion [M+H]+ at m/z 331.0810 corresponding to a molecular
formula of C17H14O7 (C17H15O7 requires 331.0808). The NMR spectroscopic data
(Table 3.5 and Appendix F) was similar to those of compound 60 with the
exception that the hydrogen at C-3ʹ in 60 had been replaced by a methoxy group,
and consequently an extra three-proton singlet at δH 3.96 was observed. Based on
the MS and 1D/2D NMR spectroscopic data analyses and comparison with
literature values [25], compound 61 was identified as 4ʹ,5,7-trihydroxy-3ʹ,6dimethoxyflavone which is trivially referred to as jaceosidin (Figure 3.21).
Confirmation of this assignment was obtained with a commercially available
standard.
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1

Table 3.5: Comparison of H and
C2
3
4
5
6
7
8
9
10
1ʹ
2ʹ
3ʹ
4ʹ
5ʹ
6ʹ
3ʹ-OCH3
6- OCH3
n.d.

13

C NMR data of 61 with standard values

Present work(DMSO)
Standard values (DMSO)
δC/ppm
δH/ppm
δC/ppm
164.7
163.7
102.8
6.67, s
102.7
182.6
182.1
n.d.
13.01, s
152.7
131.5
131.3
n.d
157.3
94.1
6.38, s
94.3
153.3
152.4
104.0
104.0
122.4
121.5
110.0
7.50, s
110.1
150.7
150.7
148.1
148.0
115.6
6.91, d, J =8.7 Hz
115.7
120.3
120.3
55.6
3.87, s
55.9
59.5
3.70, s
59.9

δH/ppm
6.69, s
13.02, s
6.42, s
7.51, s
6.92, d, J =8.7 Hz
3.88, s
3.71, s

Not detected

The third compound 62 was isolated as yellow oil, and HRMS analysis gave a
protonated molecular ion [M+H]+ at m/z 315.0870 corresponding to a molecular
formula of C17H14O6 (C17H15O6 requires 315.0869). A 1H NMR spectroscopic data
(Table 3.6 and Appendix G) was obtained and indicated the presence of one major
compound. Compound 62 displayed a very similar 1H NMR spectrum to that of
compound 60. The only observed differences were that 62 showed signals for two
methoxy groups at δH 3.79 and 3.99 ppm. A search of the literature indicated the
structure of 62 as 4ʹ,5-dihydroxy-6,7-dimethoxyflavone which is known as
cirsimaritin [20] (Figure 3.21).
1

Table 3.6: Comparison of H NMR data of 62 with literature [20]
Position
3
5
8
2ʹ, 6ʹ
3ʹ, 5ʹ
6-OCH3
7- OCH3
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Present work (Acetone-d6)
δH/ppm
6.68, s
12.97, s
6.85, s
7.95, d, J=8.7
7.03, d, J =8.7
3.79, s
3.99, s

Lit. values (Acetone-d6)
δH/ppm
6.68, s
12.94, s
6.85, s
7.95, d, J =8.8
7.02, d, J =8.8
3.79, s
3.98, s
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Figure 3.21: Flavonoids isolated from E. glabra

Flavonoids such as hispidulin, jaceosidin and cirsimaritin are commonly
distributed in fruit, seeds, flowers, nuts and honey. They are considered as
beneficial constituents as they have been reported for various medicinal properties
including antifungal, antiviral and antibacterial activity [26]. Despite common
occurrence of flavonoids within many plants, limited identification of flavonoids
has been reported from the genus Eremophila with the exception of jaceosidin that
was isolated from E. microtheca [27, 28]. To the best of our knowledge, this is the
first report of the isolation of hispidulin, jaceosidin and cirsimaritin from E. glabra.

The isolated compounds hispidulin (60), jaceosidin (61) and cirsimaritin (62) were
tested in the IVFT at the available masses (2.2, 1.3 and 2 mg respectively).
Commercial hispidulin and jaceosidin were also tested at a mass of 0.3 mg.
Commercial cirsimaritin was also purchased, but the NMR spectrum did not match
the literature values or the isolated compound, which inferred it was not as stated
on the label and was subsequently unavailable from the supplier. Hence it could
not be included for testing.

The assay results (Figure 3.22) showed that the isolated hispidulin and commercial
jaceosidin inhibited methane production by only 5% compared with the control.
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The commercial hispidulin caused approximately 3% methane inhibition compared
to control, while the isolated jaceosidin and cirsimaritin did not cause any methane

CH4 (mL/g Dmi)

inhibition compared with the control.
45
40
35
30
25
20
15
10
5
0

Treatment
Figure 3.22: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in the presence of isolated compounds hispidulin, jaceosidin,
and cirsimaritin, and the commercial C.hispidulin and C.jaceosidin. DMi - dry matter
incubated. Control - oaten chaff + EtOH.

Since the tested flavonoids showed limited activity, it is possible that the antimethanogenic activity was due to a synergistic effect among these flavonoids
present in the fraction. Synergism has been reported between several combinations
of flavones and flavonols previously, such as the synergistic effect of kaempferol
and luteolin against herpes simplex virus (HSV) [26]. Another study reported that
plant extracts rich in flavonoids have potential as bioactive ruminant regulators
with anti-methanogenic activity [29], thus supporting the detection of flavonoids as
active compounds in this study.

The lack of activity from the isolated flavonoids could also suggest that the activity
may have been due to minor compounds present in the fraction. Future work will
focus on scaling up the separations further and examine more closely the minor
compounds that might be present. Moreover, fractions should also be tested in
combination to investigate potential synergistic effects of these compounds.
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3.3

Conclusion

Active fractions showing reasonable reductions in methane production have been
obtained from the E. glabra MeOH/CHCl3 crude extract. This confirms that E.
glabra contains compounds with potential antimethanogenic activity. In this study,
variability in anti-methanogenic activity within E. glabra was observed. Further
fractionation of the active fractions resulted in isolation of five relatively pure
compounds, which were identified to be (+)-sesamin (58), (+)-kobusin (59),
hispidulin (60), jaceosidin (61), and cirsimaritin (62). These compounds having
been derived from active fractions, provide information about the types of
compounds that may inhibit methane production.

The antimethanogenic activity appears to become more difficult to detect after the
second round of fractionation. It is possible that a potential synergistic effect
among compounds in active fractions may contribute to overall reduction in
methane production. There could also be degradation or loss of compounds during
the fractionation. Thus the low supplementation level was not efficient enough to
reduce methane. Future work should be focused on testing higher supplementation
levels and testing candidate compounds in combination.

The accuracy of the replicate measurements may have also been compromised
because of difficulty in conducting the IVFT assay. Sheep have to be on a
controlled diet for two weeks following which, a lengthy series of steps are
required for the final measurement of methane production (Section 2.3). Gas leaks
during the testing procedure could have also occurred from time to time and cause
variability in the results. Degradation of compounds with time is another factor for
the loss of activity.
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As we cannot draw definitive conclusions about the mechanism of action of E.
glabra in reducing methane production, further studies on a pure culture of
methanogenic bacteria to investigate the antimethanogenic activity and to
determine the dose response of the isolated compounds is warranted. A general
antibacterial bioassay guided fractionation, could help to identify potential
bioactive compounds present in E. glabra, which might have anti methanogenic
activity as well. In this regard, Chapter 4 describes efforts to isolate more general
antimicrobial compounds using a bacterial assay to guide isolation efforts.
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3.4
3.4.1

Experimental
Experimental design

The initial challenge was to optimise the fractionation of E. glabra fractions and
then purify compounds using chromatographic techniques. A stepwise approach
was used to isolate fractions from E. glabra, which were then mixed with oaten
chaff in the IVFT to examine their antimethanogenic activity. The active fractions
were then subjected for further fractionation and each of the resulting fractions was
tested in the IVFT. The potent fractions were then subjected to further
investigation using LC-MS, NMR, and GC/MS to identify the compounds present
in these fractions. The resulting isolated compounds were then tested in the IVFT.
3.4.2

Plant material

For initial separation the plant material used was E. glabra accession SA 45599.
Registered plant breeders SARDI South Australia supplied the breeding material
for E. glabra. It was grown at the UWA Future Farm Ridgefield in Pingelly
(Western Australia). Plant material (leaves and stems <5 mm) was harvested in
May 2014 from multiple plants at the post-flowering stage. The plant material was
freeze-dried and ground through a 1.0 mm screen (Glen Creston, Stanmore,
England) before use.

For the modified separation, the plant used was E. glabra accession number SA
45599. It was harvested in February 2008 from multiple plants grown at an
experimental site under the control of the South Australian Research and
Development Institute (SARDI, Waite Institute, South Australia) at reproductive
stage. Leaves were collected, freeze-dried and ground (Glen Creston, Stanmore,
England) to pass through a 1.0 mm screen before experimentation.
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3.4.3

In vitro fermentation assay

Details of the bioassay are described in section 2.3
3.4.4

RSF partitioning of E. glabra

Ground plant material of E. glabra (30.07 g) was extracted with MeOH/CHCl3
(1:1 v/v) (3 × 150 mL) by stirring overnight. The extract was filtered (Whatman
No.1, 24.0 cm) and evaporated to dryness under reduced pressure (40°C) followed
by drying under a stream of N2(g) to give a dark green residue (6.16 g, further
referred to as crude extract).

The crude extract (6.1 g) was dissolved in a minimal amount of MeOH and added
to an RSF column (12 × 4.5 cm) containing 10 g silica gel. The column was eluted
with hexanes (200 mL) followed by solvent mixtures containing increasing
concentrations of ethyl acetate (EtOAc) in hexanes to 100% EtOAc, followed by
increasing amounts of MeOH in EtOAc to give five fractions in total (Table 3.7).
A sub sample of each fraction (ca. 5%) was taken for anti-methanogenic bioassay
and evaporated under a stream of N2(g) to dryness.

Table 3.7: Yields of fractions from RSF fractionation of E. glabra
Fraction
1
2
3
4

Elution solvent
100% hexanes
50% EtOAc/ hexanes (1:1 v/v)
100%EtOAc
50% MeOH/EtOAc (1:1 v/v)

Yield (g)
0.16
1.61
1.10
1.90

5
Total

100%MeOH

0.68
5.45

Fraction 1 (154.3 mg) was dissolved in a minimal amount of hexanes and
subjected to flash silica chromatography (40 × 2 cm) containing silica gel (15 g)
equilibrated with hexanes. The column was eluted with hexanes (100 mL)
followed by solvent mixtures as indicated in Table 3.8 to give 6 fractions.
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Table 3.8: Yields from silica gel fractionation of fraction 1
Fraction
1
2
3
4

Elution solvent
100% hexanes
5% EtOAc/ hexanes
10% EtOAc/ hexanes
15% EtOAc/ hexanes

Yield (mg)
22.3
53.7
32.4
12.2

5
6
Total

20% EtOAc/ hexanes
25% EtOAc/ hexanes

2.7
3.4
126.7

Fraction 2 (1.61 g) was subjected to further fractionation using flash silica
chromatography. The sample was dissolved in a minimal amount of
hexanes/EtOAc and added to a column (45 × 4.5 cm) containing silica gel (20 g)
equilibrated with hexanes. The column was eluted with hexanes (100 mL)
followed by solvent mixtures as indicated in Table 3.9 to give 10 fractions.

Table 3.9: Yields from silica gel fractionation of fraction 2
Fraction
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
Total

Elution solvent
100% hexanes
20% EtOAc/ hexanes
40% EtOAc/ hexanes
45% EtOAc/ hexanes
60% EtOAc/ hexanes
80% EtOAc/ hexanes
100% EtOAc
20% MeOH/EtOAc
50% MeOH/EtOAc
55% MeOH/EtOAc

Yield (mg)
3.1
22.5
23.4
104.9
260.5
291.5
210.6
309.5
120.2
147.9
1494.1

Fraction 2.4 was found to have inhibition activity in IVFT test. Therefore it was
subjected to further fractionation by flash silica chromatography. Fraction 2.4
(104.9 mg) was dissolved in minimal amount of hexanes /EtOAc and added to a
column (40 × 1.5 cm) containing silica gel (15 g) equilibrated with 100% hexanes.
The column was eluted with hexanes (100 mL) followed by solvent mixtures as
indicated in Table 3.10.
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Table 3.10: Yields from silica gel fractionation of fraction 2.4
Fraction
2.4.1
2.4.2
2.4.3
2.4.4
2.4.5
2.4.6
2.4.7
2.4.8
2.4.9
Total

Elution solvent
100% hexanes
10% EtOAc/ hexanes
20% EtOAc/ hexanes
30% EtOAc/ hexanes
30% EtOAc/ hexanes
40% EtOAc/ hexanes
50% EtOAc/ hexanes
100% EtOAc
50% MeOH/EtOAc

Yield (mg)
7.8
8.8
28.0
13.4
8.6
11.8
7.2
9.9
7.6
103.1

The active fraction 2.8 was subjected to further fractionation by semi-preparative
HPLC. The sample (309.5 mg) was dissolved in MeOH and was subjected to
reversed phase semi-preparative HPLC. The column was eluted with 20%
MeCN/H2O (+0.1% TFA (trifluoroacetic acid)) increasing to 60% MeCN/H2O
(+0.1% TFA) over 50 minutes to give ten fractions in total (Table 3.11).
Table 3.11: Yields from semi-preparative HPLC fractionation of fraction 2.8

3.4.5

Fraction

Yield (mg)

2.8.1
2.8.2
2.8.3
2.8.4
2.8.5
2.8.6
2.8.7
2.8.8
2.8.9
2.8.10
Total

12.5
5.7
7.6
11.5
10.3
9.4
18
29.7
11.7
11.5
127.9

2E. glabra extraction partitioning

Ground plant material of 2E. glabra (5.01 g) was extracted with MeOH/CHCl3
(1:1 v/v) (3 × 150 mL) by stirring overnight. The extract was filtered (Whatman
No.1, 24.0 cm) and evaporated to dryness under reduced pressure (40 °C) to give
the crude extract (2.22 g).
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3.4.5.1

Silica gel fractionation of 2E. glabra

The crude extract (2.22 g) was subjected to flash silica chromatography. The
column (30 × 1.5 cm) containing silica gel (15 g) was equilibrated with hexanes.
The column was eluted with hexanes (100 mL) followed by solvent mixtures
containing increasing concentrations of EtOAc/ hexanes to 100% EtOAc, followed
by increasing amounts of EtOAc/MeOH as indicated in Table 3.12 to give twelve
fractions in total. A sub sample of each fraction (ca. 10%) was taken for antimethanogenic bioassay and evaporated under a stream of N2(g) to dryness.
Table 3.12: Yields from silica gel fractionation of 2E. glabra.
Fraction
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
Total

Elution solvent
100% hexanes
100% hexanes
100% hexanes
100% hexanes
20% EtoAc/ hexanes
20% EtoAc/ hexanes
40% EtoAc/ hexanes
60% EtoAc/ hexanes
100 % EtoAc
20% MeOH / EtoAc
50% MeOH / EtoAc
100% MeOH

Yield (mg)
1.4
8.2
9.5
455.9
254.5
62.6
23.2
6.1
69.9
251.1
274.1
118.2
1534.7

Fractions F4 and F5 were combined (named F5a) and fractionated using flash
silica chromatography. Fraction F5a (503.2 mg) was added to a column (30 × 1.5
cm) containing silica gel (15 g). The column was eluted with gradient elution of
hexanes (100 mL) followed by solvent mixtures containing increasing
concentrations of EtOAc/ hexanes to 100% EtOAc to give eight samples in total as
indicated in Table 3.13.

107

CHAPTER 3
Table 3.13: Yields from silica gel fractionation of E. glabra fraction 5a
Fraction
F5a.1
F5a.2
F5a.3
F5a.4
F5a.5
F5a.6
F5a.7
F5a.8
Total

Elution solvent
100% hexanes
10% EtoAc/ hexanes
20% EtoAc/ hexanes
30% EtoAc/ hexanes
40% EtoAc/ hexanes
50% EtoAc/ hexanes
60% EtoAc/ hexanes
100 % EtoAc

Yield (mg)
13.9
29.7
33.2
17.2
38.9
56.5
44.2
49.9
283.5

Fraction F5a.3 yielded the single major compound sesamin (58). A commercial
sample of sesamin was obtained and compared with the isolated compound.
Comparison of the isolated compound with the authentic (+)-sesamin by NMR and
HPLC showed that they were the same.

Sesamin (58): white residue ([α]25 + 10.5 (c 0.66 CHCl3)); 1HNMR (600 MHz,
DMSO-d6, δ ppm): data are given in Table 3.2; HRMS m/z 355.1171 [M+H]+
(C20H19O6 requires, 355.1182).

Fraction F5a.4 was subjected for further fractionation using semi preparative
HPLC with an isocratic mobile phase consisting of 46% MeCN/H2O (+ 0.1% TFA)
over 35 min, at a flow rate of 4 mL/min. Separation of fraction F5a.4 yielded two
major compounds, the first was identified as sesamin (58) and the second
compound was identified as (+)-kobusin (59).

(+)-Kobusin (59) [16, 17]:colorless powder; 1H, 13C NMR (600 MHz, CDCl3, δ
ppm): data are given in Table 3.3; HRMS m/z 371.1497 [M + H]+ (C21H23O6
requires 371.1495).

Fraction F7 was separated by semi-preparative HPLC (Apollo C18 column 250 mm
× 10.0 mm i.d., 5 µm) using an isocratic solvent system of 32% MeCN/H2O
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(+0.1% TFA) at 4 mL/min to yield hispidulin (60) jaceosidin (61) and cirsimaritin
(62).

Hispidulin (60) [20]: Yellow oil; 1H,

13

C NMR (600 MHz, methanol-d4, δ ppm):

data are given in Table 3.4; HRMS m/z 301.0706 [M+H]+ (C16H13O6 requires
301.0712).

Jaceosidin (61) [25]: Yellow oil; 1H NMR (600 MHz, methanol-d4, δ ppm): data
are given in Table 3.5; HRMS m/z 331.0804 [M+H]+ (C17H15O7 requires 331.0818).

Cirsimaritin (62) [20]:Yellow oil; 1H NMR (600 MHz, Acetone-d6,δ ppm): δ
12.97 (1H, s, 5-OH), 7.95 (2H, d, J = 8.7, H-2′, H-6′), 7.03 (2H, d, J = 8.7, H-3′, H5′), 6.86 (1H, s, H-8), 6.67 (1H, s, H-3), 3.99 (3H, s, 7-OMe), 3.79 (3H, s, 6-OMe);
HRMS m/z 315.0853 [M + H]+ (C17H15O6 requires 315.0869).
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4.1

Introduction

Eremophila (Scrophulariaceae) are endemic Australian native plants represented
by over 200 different species [1]. Several species of Eremophila have been
reported to be used by the Australian indigenous people for relief from a number of
disorders such as colds, fever, influenza, insomnia, and internal pain [2]. Other
species, such as E. fraseri, E. freelingii, and E. alternifolia, have been used for the
treatment of rheumatism, diarrhoea and to encourage deep sleep [3]. From a
western perspective, these species have the potential to assist in the treatment of
illnesses that mainly come from bacterial origin, and as such there have been
reports of Eremophila demonstrating antimicrobial activities [3, 4]. A broad
antimicrobial screening program of 72 Eremophila species, which included E.
glabra, showed that many of these species have antimicrobial activity against
Gram-positive organisms related to a number of important human diseases [6].

In a recent study of Australian plants that can reduce ruminal lactic acidosis, E.
glabra was found to be the most effective plant [7]. Further investigation revealed
that extractable compounds, in particular the serrulatane diterpenes, were
inhibitory to the lactate-producing Gram-positive organism Streptococcus bovis [8].
From a phytochemistry perspective, Eremophila species are considered a rich
source of novel and interesting secondary metabolites that have been well studied
over the years [4]. Chemical investigation of the resin from a number of
Eremophila species has resulted in the isolation of a large variety of novel
diterpenoids [9]. Diterpenes are the major represented class in Eremophila species
[4], and the serrulatane skeleton (20, Figure 1.4), which is unique to Eremophila, is
the most common diterpene encountered in this genus [10]. Ghisalberti et al.
(1994) suggested that the serrulatanes might possess antimicrobial activity based
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on their terpenoid/phenolic structure [3]. Subsequently, an examination of the
extracts of E. duttonii for antibacterial activity showed that the serrulatane type
compounds were the principal components responsible for the antibacterial activity
in this plant [11]. Furthermore, serrulatanes isolated from E. sturtii were found to
have antibacterial activity against S. aureus [12] in addition to serrulatanes isolated
from E. neglecta, which showed activity against other medically important bacteria
[13, 14].

In this chapter, we report the bioassay-guided isolation of secondary metabolites
from E. glabra that inhibit Gram-positive bacteria of medical significance namely
S. aureus NCTC 10442 and S. epidermidis ATCC 14990.
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4.2

Results and Discussion

Five different E. glabra solvent extracts (water, EtOH, MeOH, acetone, and
MeOH/CHCl3 extracts) were tested for antimicrobial activity against two Grampositive bacteria, S. aureus and S. epidermidis, and two Gram-negative bacteria, S.
marcescens and E. coli. All extracts, except the water extract, showed activity
against the Gram-positive bacteria S. aureus, while no activity was observed
against S. epidermidis except for the MeOH/CHCl3 extract. However, all extracts
showed no activity against the Gram-negative bacteria S. marcescens and E. coli
(Table 4.1).

The MeOH/CHCl3 (1:1 v/v) extract was found to possess the most antimicrobial
activity giving the largest zone of inhibition in agar diffusion assay (Table 4.1).
This extract had activity against the Gram-positive bacteria S. aureus (23 mm
zone) and S. epidermidis (30 mm zone) (Table 4.1). As S. aureus is a significant
global pathogen that contributes substantially to morbidity and mortality, and S.
epidermidis is a largely harmless commensal skin organism, S. aureus was selected
for guiding further separations of the crude extract.
Table 4.1:Antimicrobial activity of different solvent extracts from E. glabra against
selected bacterial species.

Extract/treatment

Zone of inhibition (mm)

Water
EtOH
MeOH
Acetone
MeOH/CHCl3
DMSO (control)
Trimethoprim (5 µg)

S. aureus
NCTC 10442
NI
17
17
16
19/23*
NI
26

S. epidermidis
ATCC 14990
NT
NT
NT
NT
30
NI
26

S. marcescens
NCTC 1377
NT
NT
NT
NT
NI
NI
26

NI – not inhibitory; NT – not tested; * results obtained in two separate assays
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E. coli
ATCC 25922
NT
NT
NT
NT
NI
NI
26
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4.2.1

Anti-bacterial bioassay results of E. glabra fractions

Analysis by HPLC of the E. glabra crude MeOH/CHCl3 extract revealed a complex
mixture of compounds were present (Figure 4.1). To simplify the mixture the extract
was initially separated by rapid silica filtration (RSF) into five fractions using mixtures
of hexanes, EtOAc and MeOH as eluents. Testing of each fraction by the agar diffusion
assay revealed that fractions 2 and 3 were the most active against S. aureus (Figure 4.2).
Due to the similarity of these two fractions as determined by HPLC analysis, they were
combined (named fraction 2).

zone of inhibition (mm)

Figure 4.1: HPLC chromatogram of the E. glabra crude MeOH/CHCl3 extract

30
25
20
15
10
5
0

E. glabra fractions
Figure 4.2: Results of the agar diffusion assay for E. glabra RSF fractions against S.
aureus. wells size 8 mm.
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Bioassay results of fractions derived from fraction 2

Fraction 2 was further fractionated by flash silica gel chromatography into ten
fractions using mixtures of hexanes and EtOAc as eluents. Testing by the agar
diffusion assay showed that fractions 2.4-2.8, derived from fraction 2, were active

zone of inhibition (mm)

against S. aureus (Figure 4.3).
30
25
20
15
10
5
0

E. glabra fractions
Figure 4.3: Results of the agar diffusion assay tested with flash silica chromatography
fractions derived from combined RSF fractions 2-3 (Fig. 4.2) against S. aureus.

For each of the active fractions 2.4-2.8 (Figure 4.3), further separations were
attempted to simplify the mixtures and to track the active compounds (Figure 4.4).
The activity of each resulting fraction was then assessed using the agar diffusion
assay.

Fraction 2.4 was fractionated by flash silica chromatography using mixtures of
hexanes, EtOAc and MeOH as eluents to give nine fractions. Of these fractions,
fraction 6 and 8 showed activity against S. aureus (Figure 4.4).

Fraction 2.5 was further fractionated by semi-preparative HPLC using a gradient
mobile phase 45-100% MeCN/H2O (+ 0.1% TFA) to give seven fractions, where
fraction 5 showed activity against S. aureus.
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Fraction 2.6 was further fractionated by semi preparative HPLC using an isocratic
mobile phase consisting of 50% MeCN/H2O (0.1% TFA) to give seven fractions,
though none of these fractions showed activity against S. aureus.

Fraction 2.7 was further fractionated by flash silica gel chromatography using
mixtures of hexanes, EtOAc and MeOH to give seven fractions. Testing of these
fractions showed fractions 3-5 were active, which were subjected to further
fractionation using flash silica gel chromatography, though activity was lost.

Finally, fraction 2.8 was further fractionated by semi preparative HPLC using a
gradient mobile phase consisting of 20-60% MeCN/H2O (0.1% TFA) to give
eleven fractions. Of these fractions, fractions 2.8.7 and 2.8.11 showed activity
against S. aureus. Fraction 2.8.7 was further fractionated using semi preparative
HPLC to yield trace amounts of two pure compounds. HRMS analysis of the first
compound gave a protonated molecular ion [M+H]+ at m/z 301.0712, which
corresponds to a molecular formula of C16H12O6 The second compound returned a
protonated molecular ion [M+H]+ at m/z 331.0818 which corresponds to a
molecular formula of C17H14O7. For both compounds, insufficient material was
obtained for detailed NMR analysis. A diagram showing the various fractionation
methods and yields, along with activity, is shown in Figure 4.4.
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Figure 4.4: Flow diagram of E. glabra crude extract fractionation showing the activity of the fractions against S. aureus in
the agar diffusion assay.
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4.2.2

Anti-bacterial bioassay results of 2E. glabra fractions (scaled up)

To obtain more material, a modified separation was conducted using a Reveleris
flash chromatography module instead of RSF to separate more of the E. glabra
crude extract (termed 2E. glabra) using mixture of hexanes, EtOAc and MeOH to
give 145 fractions. A diffusion assay of 13 combined fractions (from 145 initially
collected) showed fractions 5-7 had the greatest activity against S. aureus. Since
these were consecutive fractions which showed significant activity they were
combined (named fraction 6). Analysis of fraction 6 by HPLC revealed similarity
to the previous fraction 2 derived from RSF fractionation (Appendix H).

Bioassay results of fractions derived from fraction 6

Fraction 6 was separated further by semi-preparative HPLC using 20-100%
MeCN/H2O (+ 0.1% TFA) to give 26 fractions. A sub-sample from all resulting
fractions were tested using the agar diffusion assay. Of these fractions, fractions 4,
5 and 11 showed strong activity (> 20 mm zone) against S. aureus in the diffusion
assay, while a number of fractions showed moderate activity (10-20 mm, Figure

zone of inhibition (mm)

4.5).
30
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0

E. glabra fractions
Figure 4.5: Results of the agar diffusion assay with S. aureus tested with HPLC fractions
collected from the separation of the Reveleris combined fractions 5-7.
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The active fractions (Figure 4.5) were analysed by HPLC and separations were
optimised to isolate purified compounds for further testing. A summary of this
process is described in the remainder of this section and shown schematically in
Figure 4.6.

Fractionation of fraction 4

The active fraction 4 was subjected to semi-preparative HPLC separation using an
isocratic solvent system of 20% MeCN/H2O (+ 0.1% TFA) to afford a sufficiently
pure compound 34 as the major compound.

Structural characterisation of compound 34

Compound 34 was isolated as a pale yellow amorphous powder with the molecular
formula C29H36O15 derived from the protonated molecular ion at m/z 625.2125
C29H36O15 (requires 625.2132) in the high-resolution mass spectrum (HRMS,
APCI+). The 1H NMR spectroscopy data of compound 34 was compared with
previous literature for E. glabra and indicated the structure to be verbascoside
(Figure 4.7) [15, 16].
Fractionation of the active fraction 11

Fraction 11 was found to have inhibitory activity against S. aureus NCTC 10442,
thus it was subjected to further fractionation using semi preparative HPLC with an
isocratic solvent system of 32% MeCN/H2O (+ 0.1% TFA). This fractionation
yielded two flavonoids, hispidulin (60) [17] and jaceosidin (61) [18]. These two
compounds corresponded to previous active compounds isolated using the
antimethanogenic assay (Chapter 3) and here in the initial fractionation from the
active fraction 2.8.7 (Figure 3.20).
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Structural characterisation of compound 60 and 61

Details of the characterisation of compounds 60 and 61 are described in Chapter 3.

Fractionation of the active fraction 13

Fractions 12 and 13 were consecutive fractions that showed inhibition as well as
similarity in HPLC, thus they were combined (named 12). Fraction 13 was
separated by semi-preparative HPLC using an isocratic solvent system of 55%
MeOH/H2O (+ 0.1% TFA). This fractionation yielded a previously undescribed
serrulatane, 18-acetoxy-8,20-dihydroxyserrulat-14-en-19-oic acid 63, along with
the known 8,18,20-trihydroxyserrulat-14-en-19-oic acid 29 (Figure 4.7) [8]. The
flavonoid cirsimaritin 62, was also obtained (Figure 3.20) [19].

Structural characterisation of compounds 63, 29 and 62

Compound 63 was isolated as a colourless amorphous powder. Analysis of 1H and
13

C NMR spectroscopic data (Appendix I), along with HRMS indicated that

essentially one main compound was present. HRMS analysis of the main
compound revealed the protonated molecular ion [M+H]+ at m/z 391.2141 which
corresponded to a molecular formula of C22H30O6 (requires 391.2121). The NMR
data indicated the structure of 63 was consistent with 18-acetoxy-8,20dihydroxyserrulat-14-en-19-oic acid based on the NMR spectroscopy data, which
is detailed below.

The molecular formula of 63 (C22H30O6) indicated eight degrees of unsaturation.
The 13C NMR spectrum was consistent with twenty two carbon resonances (Table
4.2) with three methyl signals (δC 17.6, 20.8, and 25.7), six methylenes, with two
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directly attached to oxygen (δC 20.5, 22.1, 26.9, 29.2, 65.4, and 65.8), three sp3
methines (δC 36.6, 38.5, and 43.1), five quaternary sp2 carbons (δC 129.5, 132.2,
132.3, 142.0, and 156.8), and two carbonyls (δC 167.8, and 170.9). The 1H NMR
(acetone-d6, Table 4.2) spectrum showed signals for one acetyl methyl (δH 2.02, s),
two methyl singlets (δH 1.51 and 1.61), two oxy-methylene groups (δH 3.52, dd, J =
7.9, and 10.1 Hz; δH 3.82, dd, J = 5.5, and 10.1 Hz) and (δH 4.04, dd, J = 4.8, and
11.3 Hz; δH 4.11, dd, J = 7.7, and 11.3 Hz) and two aromatic singlets (δH 7.36, and
7.45). The spectral data was consistent with a monoacetylated serrulat-14-ene-19oic acid structure, which required 2D NMR to elucidate the position of the acetyl
group. In the 1H-1H COSY spectrum, one of the oxy-methylene groups (δH 3.52,
and 3.82) showed coupling to the benzylic proton at δH 3.30 (δC 36.7) and the
methylene protons at δH 1.85, m (δC 22.1). A HMBC correlation for the oxymethylene protons (δH 3.52, and 3.82) to the aromatic quaternary carbon (δC 132.2)
was also observed indicating that this group was located on C-20. The protons of
the second oxy-methylene group (δH 4.04, and 4.11) showed 1H-1H COSY
correlations to the methine proton of C-4 (δH 2.20), and also HMBC correlations to
the carbons of C-11 (δC 38.5) and C-4 (δC 43.2). HMBC was also observed
between the acetyl carbonyl and this oxy-methylene group, indicating the location
of the acetoxy group was at C-18.
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Table 4.2:

13

1

C and H-NMR present work (acetone-d6) of compound 63

Pos.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18a
18b
19
20a
20b
21
22

δC/ppm
36.6
22.1
20.5
43.0
122.4
132.3
114.6
156.7
129.5
142.0
38.5
29.2
26.9
125.0
132.2
17.5
25.7
65.4
167.8
65.8
170.9
20.8

δH/ppm
3.30, m
1.85, 1.90, m
1.70, 1.83, m
2.20, m
7.45, s
7.36, s
2.98, m
1.21, 1.31, m
1.95, 2.02, m
4.97, t
1.51, s
1.61, s
4.04 dd , J= 4.8, 11.3 Hz
4.11. dd , J= 7.7, 11.3 Hz
3.52, dd, J= 7.9, 10.1 Hz
3.82, dd, J= 5.5, 10.1 Hz
2.02, s

A second compound 29, isolated as a yellow oil, and HRMS gave a protonated
molecular ion [M+H]+ at m/z 349.2034 which corresponded to a molecular formula
of C20H28O5 (requires 349.2015). Analysis of

1

H NMR spectroscopic data

(Appendix J), along with HRMS indicated that essentially one main compound
was present. Compound 29 displayed a very similar 1H NMR spectrum to that of
compound 63. The only observed differences were that 29 lacked the 1H and

13

C

signals of an acetoxy group, and that the H-18 resonances of 29 (δH 3.68 and δH
3.56) resonated further upfield than that of 63 (δH 4,04 and δH 4.11). A comparison
with literature values confirmed the compound 29 to be 8,18,20-trihydroxyserrulat14-en-19-oic acid [8].

The third compound 62 was isolated as a yellow oil. HRMS gave a protonated
molecular ion [M+H]+ at m/z 315.0853 [M+H]+ which corresponded to a molecular
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formula of C17H14O6 (requires 315.0869). Details of the structural characterisation
of compound 62, identified as cirsimaritin is described in Chapter 3.

Fractionation of the active fraction 19

Fraction 19 was separated by semi preparative HPLC using an isocratic solvent
system of 70% MeOH/H2O (+ 0.1% TFA). Three novel serrulatanes were obtained,
18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic

acid

(64),

8,18,20-

triacetoxyserrulat-14-en-19-oic acid (65) and 18-acetoxy-8-hydroxyserrulat-14-en19-oic acid (66) (Figure 4.7).

Structural characterisation of compound 64, 65 and 66

HRMS analysis of 64 returned a protonated molecular ion [M+H]+ at m/z 433.2227
that was consistent with a molecular formula of C24H32O7 (requires 433.2227)
indicating nine degrees of unsaturation. The 1H and

13

C NMR spectra (Table 4.3

and Appendix K) were consistent with a diacetylated serrulat-14-ene-19-oic acid
and showed similarity to 63 with an acetoxy group located at C-18. Through 2D
NMR measurements (1H-1H COSY and HMBC) the second acetoxy group was
determined to be connected at C-20, thus indicating the structure to be 18,20diacetoxy-8-hydroxyserrulat-14-en-19-oic acid (64).
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Table 4.3: NMR spectroscopic data (CDCl3, 600 MHz) for 64

Pos.

δC/ppm

δH/ppm

1
2
3
4
5
6
7
8
9
10
11
12
13

31.9
21.5
23.0
42.9
122.5
130.2
115.0
n.d.
128.2
n.d.
37.0
29.3
25.9

3.32, m
n.d.
n.d.
2.35, m
7.47, s
7.41, s
2.99, m
1.21, m
1.82, 1.94, m

14
15
16
17
18

123.7
132.4
17.4
25.4
65.1

19
20

168.2
66.3

21
22
23
24

171.2
20.7
173.2
20.9

4.91, t
1.51, s
1.63, s
4.01, dd, J =4.5,11.3
4.09, dd, J =7.8,11.3
3.84, br t, J = 11.3
4.30, dd, J =3.1,11.4
2.14, s
2.07, s

HRMS analysis of 65 returned a protonated molecular ion [M+H]+ at m/z 475.2314
that was consistent with a molecular formula of C26H34O8 (requires 475.2332)
indicating ten degrees of unsaturation. The NMR spectroscopic data (Table 4.4)
and (Appendix L) were consistent with a triacetylated serrulat-14-ene-19-oic acid
and showed similarity with 63 and 64. Through 2D NMR measurements (HMBC),
the third acetoxy group was confirmed to be connected at C-8, thus indicating the
structure to be 8,18,20-triacetoxyserrulat-14-en-19-oic acid (65).
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Table 4.4: NMR spectroscopic data (CDCl3, 600 MHz) for 65

Pos.

δC/ppm

δH/ppm

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

32.7
20.9
19.0
42.3
128.1
128.0
121.9
149.4
135.3
142.4
37.3
28.3
26.2
123.7
123.6
17.7
25.7
65.2

19
20

170.2
65.3

21
22
23
24
25
26

170.9
21.1
171.3
21.1
169.6
21.2

3.33, m
1.80, 1.90, m
1.74, 1.98, m
2.18, m
7.85, s
7.64, s
3.03, m
1.27, m
1.83, 2.02, m
4.91, t
1.52, s
1.63, s
4.06, dd, J =4.4, 11.4
4.10, dd, J =8.0, 11.4
3.83, br t, J =10.9
4.30, dd, J = 4.5,10.9
2.07, s
2.08, s
2.39, s

HRMS analysis of 66 returned a protonated molecular ion [M+H]+ at m/z 375.2171
that was consistent with a molecular formula of C22H30O5 (requires 375.2171)
indicating 8 degrees of unsaturation. The NMR spectroscopic data (Table 4.5 and
Appendix M) were consistent with a monoacetylated serrulat-14-ene-19-oic acid
and showed similarity with 63 with an acetoxy group located at C-18. However,
signals for the oxy-methylene group at C-20 were absent and an additional methyl
doublet (δH 1.22) was observed. 2D NMR measurements (HMBC) confirmed the
location of acetoxy group to be connected at C-18, and a methyl group was
confirmed at C-20. Hence, the compound was identified as 18-acetoxy-8hydroxyserrulat-14-en-19-oic acid (66).
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Table 4.5: NMR spectroscopic data (CDCl3, 600 MHz) for 66

Pos.

δC/ppm

δH/ppm

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

27.3
n.d.
19.5
42.4
123.5
n.d.
136.9
n.d.
37.7
29.8
26.3
124.0
132.3
17.7
25.7
65.8

19
20
21
22
n.d.

20.9
171.1
21.1
Not detected

3.23, m
n.d.
1.75.1.95
2.10, m
7.51, s
7.27, s
2.97, m
1.26, 1.32 m
1.85, 1.98, m
4.94, t
1.51, s
1.63, s
4.01, dd, J =4.4, 11.3
4.10, dd, J =7.6,11.3
1.22, d (6.9)
2.08, s

Fractionation of the active fraction 20

Fraction 20 was separated by semi preparative HPLC using an isocratic solvent
system 75% MeOH/H2O (+ 0.1% TFA) to yield the known serrulatane 20-acetoxy8-hydroxyserrulat-14-en-19-oic acid (67), previously isolated from E. serrulata
(Figure 4.7) [20].

Structural characterisation of compound 67

Compound 67 was isolated as pale yellow oil, and HRMS gave a protonated
molecular ion [M+H]+ at m/z 375.2180 that was consistent with a molecular
formula of C22H30O5 (requires 375.2171) indicating 8 degrees of unsaturation.
Analysis of 1H NMR spectroscopic data (Appendix N) indicated that essentially
one main compound was present. Compound 67 displayed a very similar 1H NMR
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spectrum to that of compound 64. The only observed differences were that 67
showed signals for only one acetyl methyl group at δH 2.03. Through 2D NMR
experiments (1H-1H COSY and HMBC), the acetoxy group was confirmed to be
connected at C-20, thus indicating the structure to be 20-acetoxy-8hydroxyserrulat-14-en-19-oic acid (67) (Figure 4.7). A comparison with literature
values confirmed the compound structure of 67 [20].

Fractionation of fraction 22
Although fraction 22 showed no antibacterial activity (Figure 4.5), it yielded 8,20diacetoxyserrulat-14-en-19-oic acid (27) (Figure 4.7), which has previously been
isolated from E. glabra and E. serrulata [11, 18].

Structural characterisation of compound 27

Compound 27 was isolated as pale yellow oil, and HRMS gave a protonated
molecular ion [M+H]+ at m/z 417.2257 that was consistent with a molecular
formula of C24H33O6 (requires 417.2277). Analysis of 1H NMR spectroscopic data
(Appendix O) indicated that essentially one main compound was present. The 1H
NMR spectrum showed signals for two acetyl methyl groups at δH 2.06 and δH 2.39
ppm. Through 2D NMR measurements (1H-1H COSY and HMBC) the acetoxy
groups were confirmed to be connected at C-20 and C-8 respectively. A
comparison of the NMR data with literature indicated the structure of compound
27 to be 8,20-diacetoxyserrulat-14-en-19-oic acid [10].
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Figure 4.6:Flow diagram of 2E. glabra crude extract fractionation showing the activity of the fractions against S. aureus in the
agar diffusion assay.
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Figure 4.7: Chemical structures of compounds isolated from E. glabra HPLC fractions
that had antibacterial activity (Figure 4.5).
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4.3

Results of minimal inhibitory concentration (MIC) test for pure
compounds from E. glabra

The antibacterial activity of the isolated compounds were assessed in a quantitative
minimum inhibitory concentration (MIC) assay using the two Gram-positive
bacteria S. aureus and S. epidermidis, which showed activity with the crude extract.
The results showed that compounds 60, 61, 65, 66 and 67 exhibited moderate
activity, with MICs ranging from 32-512 µg/mL (Table 4.6). Compound 61,
identified as the flavonoid jaceosidin, demonstrated the highest activity against S.
aureus NCTC 10442 with an MIC of 128 µg/mL. Previously, jaceosidin isolated
from E. microtheca showed good activity against methicillin-resistant S. aureus
(clinical isolate and DapRSA) at 16 µg/mL and at 32 µg/mL towards two
glycopeptide intermediate isolates NRS 1 and NRS 17 [5]. However, an additional
S. aureus strain (MRSA, ATCC 43300) was not inhibited by jaceosidin at the
highest test concentration (128 µg/mL) [5].
Table 4.6: Antimicrobial activity of compounds 27, 29, 60-67 against S. aureus NCTC
10442 and S. epidermidis ATCC 14990.

Compound
27
29
34
60
61
62
63
64
65
66
67
Vancomycin
DMSO (10% v/v)

Minimal inhibitory concentration (µg/mL)
S. aureus

S. epidermidis

> 512
512
> 512
512
128
> 512
> 512
> 512
256
512
512
2
> 10%

> 512
256
> 512
> 512
> 512
> 512
> 512
> 512
256
256
32
2
5%

Conversely, the serrulatane 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (67)
showed only minimal activity towards S. aureus (512 µg/mL) but demonstrated the
lowest MIC of 32 µg/mL against S. epidermidis (Table 4.6). Compound 67 was
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first isolated from E. serrulata and was previously reported to show moderate
activity against S. aureus ATCC 29213 (MIC 125 µg/mL) [20]. However, in our
study, we did not observe activity of 67 at this level with S. aureus. Instead, the
triacetylated serrulatane 65 showed the highest activity of the serrulatanes at a
marginal level of 256 µg/mL with S. aureus. Generally though, acetylation of the
C-8 phenolic hydroxyl has usually shown a reduction in antibacterial activity for
similar compounds previously reported [21].

Verbascoside (34) showed no activity against the two tested organisms at the
concentrations tested, even though it was the major compound isolated from the
active fraction 6.4 and the major compound present in fraction 6.5. This is in
agreement with the observations of Barnes et al. (2013), who found that
verbascoside isolated from E. microtheca was also inactive against all bacterial
strains tested in their study [5]. This suggests that an unknown compound present
in minor amounts may be responsible for the diffusion activity observed for this
fraction, which warrants further investigation.
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4.4

Antimethanogenic testing of isolated serrulatane diterpenes from E.
glabra

Since E. glabra is known to have serrulatane diterpenes as major compounds that
are known to have antimicrobial properties and can inhibit lactate fermentation in
vitro [8], 22, 23]. Our expectation was that they might be responsible, at least in
part, for the antimethanogenic activity associated with E. glabra. Therefore, to
examine this hypothesis, all serrulatane diterpenes isolated from E. glabra using
the antibacterial bioassay guided fractionation were tested using the IVFT assay to
evaluate their effect on methane gas production. As only minor amounts were
isolated through multiple separation procedures, all available material was used for
testing. The results showed that only compounds 27 and 67 showed some marginal
antimethanogenic activity (Figure 4.8). Compound 8,20-diacetoxyserrulat-14-en19-oic acid (27) caused a slight reduction in methane, reducing methane
production by approximately 5%. Compound 20-acetoxy-8-hydroxyserrulat-14-en19-oic acid (67) caused also minor methane reduction, and inhibited methane
production by approximately 15%, while the other compounds had no measurable
inhibitory effect. These results indicate that the serrulatane diterpenes 27 and 67
might have a small effect on methane gas production and may be a part of the
overall antimethanogenic activity of E. glabra. Future work will focus on testing
the serrulatanes present in E. glabra at higher concentrations to confirm their
activity and to determine their dose response.
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Figure 4.8: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of isolated serrulatanes S.27, S.29, S.34, S.63-S.67.
DMi - dry matter incubated. PC - oaten chaff + EtOH.
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4.5

Conclusion

This study investigated the antibacterial activity of E. glabra extracts against two
bacterial strains S. aureus NCTC 10442 and S. epidermidis ATCC 14990 and
showed that serrulatane diterpenes and flavonoids are key compounds responsible
for antimicrobial activity in this species. The serrulatane, 20-acetoxy-8hydroxyserrulat-14-en-19-oic acid (67), showed good activity against S.
epidermidis but only minimal activity against S. aureus. In contrast, the flavonoids,
hispidulin (60) and in particular, jaceosidin (61), contributed to the overall activity
against S. aureus, but appeared to have less activity against S. epidermidis
compared with the serrulatane diterpenes. This study revealed the presence of
flavonoids in E. glabra, which has not been reported previously. Although
compounds 60 and 61 were identified as the previously known flavonoids
hispidulin and jaceosidin, to the best of our knowledge, this is the first report of
hispidulin and jaceosidin from the Eremophila genus. Further studies are now
needed to confirm the activity of these compounds against a wider range of
bacteria and under different test conditions.

In the search for new antibacterial compounds, an important consideration is the
effects against beneficial commensal flora. It is encouraging then that jaceosidin
(61) was not active towards a common skin commensal, S. epidermidis, implying
that the effect may be specific and directed more to pathogenic bacteria such as S.
aureus. The testing of additional bacterial strains is required to confirm this finding.
Given that S. aureus is notorious for developing antibiotic resistance, finding
compounds that are more active against this organism may lead to better tools to
combat this global issue.

Although these results are preliminary and the testing was limited, we have shown
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that a range of antibacterial compounds are produced by the Australian native plant
E. glabra. As can be seen with the bioassay-directed fractionation approach, many
fractions showed activity and most of these were followed to identify the
compound(s) responsible for that activity. The challenge with this method is
always to isolate of sufficient compound(s) in pure form, and retain activity over
many separation steps to enable structural elucidation and further testing. It will be
important to confirm these findings, as well as to apply these findings further in
other assays that have shown promising activity with E. glabra.
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4.6
4.6.1

Experimental
Plant material

E. glabra accession SA 45599 was grown at the UWA Future Farm Ridgefield in
Pingelly (Western Australia). Plant material (leaves and stems <5 mm) was
harvested in May 2014 from multiple plants at the post-flowering stage. The plant
material was freeze-dried and ground through a 1.0 mm screen (Glen Creston,
Stanmore, England) before use.
4.6.2

Agar diffusion assay

Details of the bioassay are described in section 2.4
4.6.3

Extractions of E. glabra

Initially, samples of ground E. glabra leaves (2.0 g each) were extracted with five
different solvents (20 mL) that included water, EtOH, MeOH, acetone, or 1:1
MeOH/ CHCl3. The extracts were stirred overnight at room temperature before
being filtered (Whatman No.1, 15 cm) and evaporated to dryness under reduced
pressure at 40 °C to give dark green residues (yields 0.34 g, 0.64 g, 0.68 g, 0.50 g,
and 0.81 g respectively). A sample of each extract (ca. 10%) was tested using the
antibacterial agar diffusion assay.

For bioassay-guided isolation, ground plant material of E. glabra (15 g, E. glabra)
(70.11 g, 2E. glabra) was extracted with MeOH/CHCl3 (1:1 v/v) (3 x 150 mL) by
stirring overnight. The extract was filtered (Whatman No.1, 24.0 cm) and
evaporated to dryness under reduced pressure to give a dark green residue (6.2 g, E.
glabra) (14.5 g, 2E. glabra), further referred to as crude extract.
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4.6.4

E. glabra partitioning (RSF)

The crude extract (6.2 g) was dissolved in a minimal amount of MeOH and added
to a RSF column. The column was eluted with hexanes (200 mL) followed by
solvent mixtures containing increasing concentrations of EtOAc/hexanes to 100%
EtOAc, followed by increasing amounts of MeOH in EtOAc to give five fractions
in total (Table 4.7). A sample of each fraction (ca. 10%) was tested in the
antibacterial diffusion assay.

Table 4.7: Yields of fractions from RSF fractionation of E. glabra

Fraction
1
2
3
4
5
Total

Elution solvent
100% hexanes
50% EtOAc/hexanes
100% EtOAc
50% MeOH/EtOAc
100 MeOH

Yield (g)
0.16
1.61
1.28
2.36
0.68
6.09

Fraction 2 and 3 were found to be active against S. aureus and HPLC of these
fractions revealed similar profiles, thus they were combined (named 2). Fraction 2
(2.50 g) was subjected to further fractionation using flash silica chromatography. It
was added to a column (45 × 4.5 cm) containing silica gel (20 g) equilibrated with
hexanes. The column was eluted with hexanes (100 mL) followed by solvent
mixtures as indicated in Table 4.8 to give ten fractions.
Table 4.8: Yields from silica gel fractionation of Eremophila glabra fraction 2

Fraction
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
Total
140

Elution solvent
100% hexanes
20% EtOAc/ hexanes
40% EtOAc/ hexanes
45% EtOAc/ hexanes
60% EtOAc/ hexanes
80% EtOAc/ hexanes
100% EtOAc
20% MeOH/EtOAc
50% MeOH/EtOAc
55% MeOH/EtOAc

Yield (mg)
3.1
32.5
33.4
245.1
316.5
404.5
450.6
402.2
166.2
247.9
2302.0
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Fraction 2.4 (209.6 mg) was fractionated using flash silica chromatography. The
column was eluted with hexanes followed by increasing concentrations of EtOAc
in hexanes to 100% EtOAc, then increasing concentrations of MeOH to 50%
MeOH to give nine fractions (Table 4.9).
Table 4.9: Yields from silica gel fractionation of Eremophila glabra fraction 2.4

Fraction
2.4.1
2.4.2
2.4.3
2.4.4
2.4.5
2.4.6
2.4.7
2.4.8
2.4.9
Total

Elution solvent
100% hexanes
10% EtOAc/ hexanes
20% EtOAc/ hexanes
30% EtOAc/ hexanes
30% EtOAc/ hexanes
40% EtOAc/ hexanes
50% EtOAc/ hexanes
100% EtOAc
50% MeOH/EtOAc

Yield (mg)
13.8
14.8
34.0
19.4
14.6
17.8
13.2
15.9
13.6
157.1

Fraction 2.5 (298.4 mg) was fractionated by semi preparative HPLC using an
Apollo C18 column (250 mm × 10.0 mm i.d., 5 µm). The column was eluted with a
gradient mobile phase consisting of 45% MeCN /H2O (+ 0.1% TFA) which
increased to 100 % MeCN over 30 min, and held for 10 min. The flow rate was 4
mL/min. and fractions were collected at 1 min intervals to give 38 fractions that
were combined based on TLC to give 7 fractions in total.

Fraction 2.6 (376.5 mg) was fractionated by semi preparative HPLC using an
Apollo C18 column (250 mm × 10.0 mm i.d., 5 µm). The column was eluted with
an isocratic mobile phase consisting of 50% MeCN /H2O (0.1% TFA) over 35 min.
The flow rate was 4 mL/min. and fractions were collected every 1 min to give 33
fractions that were combined based on TLC to give 6 fractions in total.

Fraction 2.7 (359.8 mg) was fractionated using flash silica chromatography. The
column was eluted with hexanes followed by increasing concentrations as
indicated in table 4.10 to give 7 fractions in total.
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Table 4.10: Yields from silica gel fractionation of Eremophila glabra fraction 2.7

Fraction
2.7.1
2.7.2
2.7.3
2.7.4
2.7.5
2.7.6
2.7.7
Total

Elution solvent
100% hexanes
20% EtOAc/hexanes
40% EtOAc/hexanes
60% EtOAc/hexanes
80% EtOAc/hexanes
100% EtOAc
20% MeOH/EtOAc

Yield (mg)
1.4
23.9
39.2
45
49.1
7.7
21.3
187.6

Fraction 2.8 (309.5 mg) was fractionated by semi preparative HPLC using an
Apollo C18 column (250 mm × 10.0 mm i.d., 5 µm). The column was eluted with a
gradient mobile phase consisting of 20% MeCN/H2O (0.1% TFA) which increased
to 60 % MeCN over 50 min. The flow rate was 4 mL/min. and fractions were
collected at 1 min intervals to give 49 fractions that were combined based on TLC
to give ten fractions in total.

Activity was located in a number of further purified fractions, however, in all cases
only trace amounts of compounds were isolated which were too low for detailed
spectroscopic analysis as these fractions were tested in both assays IVFT and agar
diffusion. Therefore, a scaled up method was obtained using Reveleris flash
chromatography.
4.6.5

2E. glabra partitioning (Reveleris flash chromatography)

The crude extract (14.5 g) was dissolved in MeOH and adsorbed to celite before
packing in a solid loader of a Reveleris flash chromatography module equipped
with a cartridge containing silica gel as the stationary phase (120 g, 40 µm,
Reveleris p/n 145146134). It was eluted with a gradient solvent system consisting
of 100% hexanes and increasing to 100% EtOAc over 30 min. The mobile phase
was then increased from EtOAc to 100% MeOH over a further 30 min and held for
5 min. The flow rate was set at 60 mL/min and fractions were collected in 25 mL
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aliquots throughout the run to give 145 fractions in total. Fractions were combined
based on similar profiles as assessed by TLC and HPLC, to give 13 fractions for
testing in total.

Fraction 6 (2.52 g) from the Reveleris separation was subjected to further
fractionation by semi preparative HPLC using an Apollo C18 column (250 mm ×
22 mm i.d., 5 µm). The sample was dissolved in MeOH and 1 mL was injected
repeatedly (x 4). The column was eluted with a gradient mobile phase consisting of
20% MeCN/H2O (+ 0.1% TFA) which increased to 100% MeCN over 50 min, and
held for 10 min. The flow rate was 10 mL/min. and fractions were collected every
2 min. Allowing for solvent delay and column cleaning, 26 fractions were
collected and a sample of each was tested for activity.

Fraction 4 was separated further by semi preparative HPLC (Apollo C18 Column
250 mm × 10.0 mm i.d., 5 µm). Using an isocratic solvent system of 20%
MeCN/H2O (+ 0.1% TFA) at 4 mL/min led to the isolation of verbascoside (34, 8
mg, yield 0.05% from crude extract) from this fraction, which was also the major
product of fraction 5.

Verbascoside (34) [15, 16]: Pale yellow powder; [α]25D − 46.3 (c 1.0, MeOH), 1H
NMR (600 MHz, methanol-d4, δ ppm) δ 7.57 (1H, d, J= 15.9 Hz, H-7), 7.05 (1H, d,
J= 2.0 Hz, H-2), 6.94 (1H, dd, J= 8.3, 2.0 Hz, H-6), 6.77 (1H, d, J= 8.3 Hz, H-5),
6.69 (1H, d, J= 2.0 Hz, H-2′′′), 6.67 (1H, d, J= 8.0 Hz, H-5′′′), 6.55 (1H, dd, J= 8.0,
2.0 Hz, H-6′′′), 6.25 (1H, d, J= 15.9 Hz, H-8), 5.18 (1H, d, J= 1.7 Hz, H-1′′), 4.90
(1H, t, J= 9.0 Hz, H-4′), 4.38 (1H, d, J= 8.0 Hz, H-1′), 4.04 (1H, m, H-8B′′′), 3.92
(1H, dd, J= 3.2, 1.8 Hz, H-2′′), 3.81(1H, t, J= 9.0 Hz, H-3′), 3.71 (1H, m, H-8A′′′),
3.61(2H, m H-6′), 3.58 (1H, m, H-5′), 3.56 (1H, m, H-3′′), 3.51 (1H, m, H-5′), 3.38
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(1H, dd, J= 9.0, 8.0 Hz, H-2′), 3.29 (1H, t, J= 9.5 Hz, H-4′′), 2.77 (2H, m, H-7′′′),
1.08 (3H, d, J= 6.2 Hz, H-6′′); HRMS m/z 625.2125 [M+H]+ (C29H37O15 requires
625.2132).

Fraction 11 was separated by semi preparative HPLC (Apollo C18 column 250 mm
× 10.0 mm i.d., 5 µm) using an isocratic solvent system of 32% MeCN/H2O (+
0.1% TFA) over 55 min, at 4 mL/min to yield hispidulin (60, 2.8 mg, 0.01%), and
jaceosidin (61, 2.1 mg, 0.01%).

Hispidulin (60) [17]: Yellow oil; Detailed of the 1H and 13C NMR are described in
chapter 3; HRMS m/z 301.0706 [M+H]+ (C16H13O6 requires 301.0712).
Jaceosidin (61) [18]: Yellow oil; Detailed of the 1H and

13

C NMR are described in

chapter 3; HRMS m/z 331.0804 [M+H]+ (C17H15O7 requires 331.0818).

Fraction 13 was separated by semi preparative HPLC (Apollo C18 Column 250 mm
× 10.0 mm i.d., 5 µm) using an isocratic solvent system of 55% MeOH/H2O (+
0.1% TFA) at 4 mL/min which gave 18-acetoxy-8,20-dihydroxyserrulat-14-en-19oic acid (63, 2.1 mg, 0.01%), 8,18,20-trihydroxyserrulat-14-en-19-oic acid (29, 2.3
mg, 0.01%), and cirsimaritin (62, 2.5 mg, 0.01%).
18-Acetoxy-8,20-dihydroxyserrulat-14-en-19-oic acid (63): Pale yellow oil; [α]25D +
34.7 (c 1.0, MeOH); 1H and 13C NMR (acetone-d6): data are given in Table 4.2; HRMS
m/z 391.2121 [M+H]+ ( C22H31O6 requires 391.2141).
8,18,20-Trihydroxyserrulat-14-en-19-oic acid (29) [8]: Pale yellow oil; [α]25D +
10.1 (c 0.56 MeOH); 1H NMR (600 MHz, Acetone-d6, δ ppm) δ 7.54 (1H, s, H-5), ),
7.34 (1H, s, H-7), 4.94 (1H, t, J = 7.0, H-14), 3.80 (1H, dd, J = 10.1, 5.8 Hz,
H20A), 3.68 (1H, dd, J = 10.8, 4.8 Hz, H-18A), 3.56 (1H, m, H-18B), 3.52 (1H, m,
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H-20B), 3.30 (1H, m, H-1), 3.16 (1H, m, H-4), 1.59 (3H, s, H-17), 1.48 (3H, s, H16); HRMS m/z 349.2034 [M+H]+ (C20H29O5 requires 349.2015).
Cirsimaritin (62) [19]: Yellow oil; Detailed of the 1H and 13C NMR are described
in chapter 3; HRMS m/z 315.0853 [M+H]+ (C17H15O6 requires 315.0869).

Fraction 19 was separated by semi preparative HPLC (Apollo C18 Column 250 mm
× 10.0 mm i.d., 5 µm) using an isocratic solvent system of 70% MeOH/H2O (+
0.1% TFA) at 4 mL/min to yield three novel serrulatanes, 18,20-diacetoxy-8hydroxyserrulat-14-en-19-oic acid (64, 1.5 mg, 0.01%), 8,18,20-triacetoxyserrulat14-en-19-oic acid (65, 4.8 mg, 0.03%) and 18-acetoxy-8-hydroxyserrulat-14-en19-oic acid (66, 3.4 mg, 0.02%).

18,20-Diacetoxy-8-hydroxyserrulat-14-en-19-oic acid (64): Pale yellow oil; [α]25D
+ 48.0 (c 0.33, MeOH); 1H and

13

C NMR (CDCl3) data are shown in Table 4.3;

HRMS m/z: 433.2227 [M+H]+ (C24H33O7 requires 433.2227).

8,18,20 Triacetoxyserrulat-14-en-19-oic acid (65): Pale yellow oil; [α]25D + 9.0 (c
1.0 MeOH); 1H and

13

C NMR data (CDCl3) are shown in Table 4.4; HRMS m/z

475.2314 [M+H]+ (C26H35O8 requires 475.2332).
18-Acetoxy-8-hydroxyserrulate-14-en-19-oic acid (66): Pale yellow oil; [α]25D +
18.9 (c 0.72 MeOH); 1H and

13

C NMR (CDCl3) data are shown in Table 4.5;

HRMS m/z: 375.2171[M+H]+ (C22H31O5 requires 375.2171).

Fraction 20 was separated by semi preparative HPLC (Apollo C18 column 250 mm
× 10.0 mm i.d., 5 µm) using an isocratic solvent system of 75% MeOH/H2O (+
0.1% TFA) to yield 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (67, 1.5 mg,
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0.01 %).

20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (67) [20]: Pale yellow oil; [α]25D
+ 44.1 (c 0.28 MeOH); 1H NMR (600 MHz, CDCl3, δ ppm); δ 7.51(1H, br s, H-5),
7.43 (1H, s, H-7), 4.95 (1H, t, J= 7.0 Hz, H-14), 4.34 (1H, dd, J= 10.4, 2.9 Hz, H20A), 3.91 ( 1H, br t, J= 10.4, H- 20B), 3.37 (1H, m, H-1), 2.67 (1H, m, H-4), 2.13
(3H, s, H-22), 1.98 (1H, m, H-13A), 1.89 (1H, m, H-11), 1.83 (1H, m, H-13B),
1.82 (1H, m, H-2), 1.80 (1H, m, H-3A), 1.79 (1H, m, H-3B), 1.63 (3H, br s, H-17),
1.53 (3H, br s, H-16), 1.25 (1H, m, H-12A) 1.11 (1H, m, H-12B), 0.95 ( 3H, d, J=
6.6, H-18),; HRMS m/z 375.2180 [M+H]+ (C22H31O5 requires 375.2171).

Fraction 22 was separated by semi preparative HPLC (Apollo C18 column 250 mm
× 10.0 mm i.d., 5 µm) using an isocratic solvent system of 85% MeOH/H2O (+
0.1% TFA) at 4 mL/min to afford 8,20-diacetoxyserrulat-14-en-19- oic acid (27,
1.3 mg, 0.01 %).

8,20-diacetoxyserrulat-14-en-19- oic acid (27) [10]: Pale yellow oil; [α]25D + 31.3
(c 0.48 MeOH); 1H NMR (600 MHz, CDCl3, δ ppm) δ 7.83 (lH, s, H-7), 7.61(1H,
br d, J = 1.2 Hz, H-5), 4.96 (1H, t, J= 7.3 Hz, H-14), 4.28 (1H, dd, J= 10.9, 4.5 Hz,
H-20B), 3.85 (1H, t, J= 10.4 Hz, H-20A), 3.29 (1H, m, H-l), 2.72 (lH, m, H-4),
2.39 (3H, s, OAc), 2.06 (3H, s, OAc), 1.64 (3H, s, H-17), 1.54 (3H, s, H-16), 0.99
(3H, d, J = 7.0 Hz, H- 18); HRMS m/z 417.2257 [M+H]+ (C24H33O6 requires
417.2277).
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5.1

Introduction

Biserrula pelecinus, also known Astragalus pelecinus, is one of the new annual
legume species developed over the past 20 years by the National Annual Pasture
Legume Improvement Program (NAPLIP) in Australia [1]. The ability of B.
pelecinus to persist in the dry and frequently variable seasonal conditions of
Australia was outstanding compared with other traditional legumes [1]. Along with
dry persistence, B. pelecinus has other desirable properties such as a hard seed,
deep roots and can adapt to a wide range of soil types, which makes it a suitable
legume for the Australian climate [1].

In a study of different pasture species, B. pelecinus was found to have antimethanogenic activity against rumen methanogens [2]. It caused seven times lower
methane production compared to other pasture species such as Trifolium
subterraneum L. and Medicago sativa L. [2]. Thirty accessions of Biserrula were
tested for antimethanogenic effects and have been found to inhibit methane
production significantly in the range of 0.5–8.4 mL/g DM compared with the
controls using subterranean clover and red clover, which gave 28.4 mL/g DM and
36.1 mL/g DM levels of methane respectively [2]. It was also found that solvent
extracts of B. pelecinus had anti-methanogenic properties, suggesting that the
bioactivity is due to PSCs present in this plant [2,[3]. The specific PSCs
responsible for the anti-methanogenic activity and the way they reduce methane
output in IVFT is currently unknown.

Many species of the Astragalus genus have been used for medicinal benefit [4]
(see chapter 1 for more details), and there are a number of biological activities
attributed to B. pelecinus. However, there is very little published about the PSCs of
B. pelecinus. Therefore, it is important to characterise and identify the chemical
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compounds responsible for the biological activity of B. pelecinus. If the active
compounds can be identified, there would be many benefits, such as use in pure
form as additives to rumen feed, or simply to screen different varieties of plant
under different growth conditions for higher levels of beneficial compounds. In
this study we describe the results of the antimethanogenic bioassay-guided
fractionation of B. pelecinus. The aim was to identify particular PSCs that might be
implicated in the antimethanogenic effects of this plant.

153

CHAPTER 5
5.2

Results and Discussion

Five different solvent extracts of B. pelecinus (DI water, acetone, 70% EtOH, 80%
MeOH and (1:1 v/v) MeOH/CHCl3) were tested in the IVFT test. The
MeOH/CHCl3 (1:1 v/v) extract possessed the highest antimethanogenic activity as
it caused 90% reduction of methane gas with only 19% inhibition of total gas
compared to the oaten chaff control (Figure 5.1) [5]. The MeOH/CHCl3 solvent
system also provided the highest biomass return out of all the extracts. Therefore,
this extract was chosen for bioassay-guided fractionation to identify the anti-

CH4 (mL/g Dmi)

methanogenic compound/s in B. pelecinus.
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Figure 5.1: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of fractions from B. pelecinus extracts and assay
controls. DMi - dry matter incubated. Control - oaten chaff + ethanol. * significantly
(P<0.05) lower than the control. Total gas volume in appendix P.

5.2.1

Anti-methanogenic bioassay results of acid-base fractions of B.
pelecinus

Analyses of the MeOH/CHCl3 (1:1 v/v) crude extract by HPLC revealed a
complex mixture of compounds were present (Figure 5.2). To determine if the
active compound might be acidic or a neutral compound, an acid-base solvent
partitioning was investigated with the aim of simplifying the mixture. The crude
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extract (1.18 g) was separated by acid-base solvent partitioning to give a stronger
acid (SA), weaker acid (WA) and neutral (N) fractions. A sub-sample (ca. 10 %) of
each fraction was tested in the IVFT assay.

Figure 5.2: HPLC chromatogram of B. pelecinus crude extract.
UV absorbance recorded at 254 nm.

The results (Figure 5.3) showed that all fractions derived from the acid-base
fractionation showed significant methane inhibition. The result suggested that the
methanogenic bacteria might have been adversely affected by the treatments.
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Figure 5.3: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in the presence of acid-base fractions of B. pelecinus. DMi - dry
matter incubated. C- substrate control- (oaten chaff + ethanol), AMC - antimethanogenic
control (tea tree oil).
N- neutral fraction, SA- stronger acid fraction and WA- weaker acid fraction

The test was repeated with more dilute samples (ca. 5 %) from the fractions. The
results (Figure 5.4) showed that none of the fractions inhibited methane production.
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Figure 5.4: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of acid-base fractions of B. pelecinus. DMi - dry
matter incubated. C - substrate control (oaten chaff + ethanol), AMC - antimethanogenic
control (tea tree oil).
N- neutral fraction, SA- stronger acid fraction and WA- weaker acid fraction

These results suggested that the acid-base fractionation was not beneficial for
simplification of the extract. Therefore, other methods for separating the crude
extract were attempted.
5.2.2

Anti-methanogenic bioassay results of B. pelecinus fractions

Since the acid-base fractionation had not been useful in simplifying the extract a
modified separation was conducted using flash silica chromatography instead of
acid-base separation. The crude extract (3.17 g) was separated by flash silica
chromatography using 100% hexanes followed by increasing concentrations of
EtOAc in hexanes to 100% EtOAc, then increasing concentrations of MeOH in
EtOAc to 100% MeOH to give ten fractions. For all fractions and crude extract, a
sub-sample of each fraction (ca. 10%) was tested in the IVFT.

The results (Figure 5.5) showed that crude extract reduced methane production
down to 86%. It also showed that out of the ten fractions tested in the IVFT, only
two areas of activity were observed, in fraction 2 and in fractions 8 and 9. Fraction
2 was the most potent fraction as it caused significant reduction in methane
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production down to 7.1 mL/g DMi (88% inhibition) compared with the control of
57.5 mL/g DMi. In addition, fraction 2 also reduced the total gas production by
14% compared to the control. Methane gas and total gas production were
significantly decreased by fraction 8 with 65% and 19% inhibition respectively
compared with the control. Fraction 9 also reduced methane production and total
gas production by 48% and 17% respectively. These results indicate that the
fractions contained multiple compounds with antimethanogenic activity in addition
to general inhibitory effects on overall fermentation. Therefore fractions 2, 8 and 9
were selected for further investigation of anti-methanogenic compounds in this
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Figure 5.5: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of silica fractions from B. pelecinus crude extract.
DMi - dry matter incubated. Control (oaten chaff + ethanol). * significantly (P<0.05) lower
than the control. Total gas volume in appendix P.

Testing silica fractions with pure methanogen cultures
There was an opportunity to test these silica fractions in collaboration with CSIRO
Livestock Industry, Queensland Bioscience Precinct, St Lucia, QLD. A colleague, PhD
candidate Bidhyut Banik, travelled to Prof C. S. McSweeneys laboratory were work
was being conducted investigating pure cultures of methanogens and the development
of methods for testing methane output of Biserrula. Bidhyut Banik was involved in
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testing the bioactivity of these fractions of Biserrula on five individual methanogenic
bacterial cultures. Results confirmed the inhibited growth of Methanosphaera
stadtmanae by fractions 2 and 9, whereas in M. gallocaecium and Methanobrevibacter
ruminantium cultures only fraction 2 showed growth inhibition. Fractions 2, 3, 8 and 9
showed methane inhibition in Methanobacterium bryantii culture. However, M.
gottschalkii was unaffected by any of the fractions tested [5] (see Appendix W).

Analysis of the active fractions 2, 8 and 9 by HPLC revealed that they all
contained a mixture of compounds requiring additional separation procedures

UV absorbance (254 nm)

(Figure 5.6).
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Figure 5.6: HPLC chromatogram of B. pelecinus active fraction 2 (UV absorbance
recorded
at 254nm) and fractions 8 and 9 (UV absorbance recorded at 220 nm).
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Bioassay results of fractions derived from fraction 2

Fraction 2 was subjected to further fractionation by flash silica gel chromatography
using mixtures of hexanes and EtOAc as eluents to yield eight fractions. All
fractions were subjected to the IVFT test.

The result showed that only fraction 2.5 caused minor reduction in methane
production of 10%, and caused only 2% reduction of total gas (Figure 5.7).
Analysis by LC/MS of fraction BP.2.5 showed that the major compound gave a
protonated molecular ion [M+H]+ at m/z 279.2309, which corresponded to a
molecular formula of C18H30O2 (requires 279.2324). The second major compound
returned a protonated molecular ion [M+H]+ at m/z 277.1283 corresponding to a
molecular formula of C12H18O4 (requires 277.1283). Further separation of this
fraction was required to determine the active compound in this fraction.
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Figure 5.7: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of BP.2 silica fractions. DMi - dry matter incubated.
Control - (oaten chaff + ethanol), * significantly (P<0.05) lower than the control. Total gas
volume in appendix P.
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Bioassay results of 2.5 fractions

Fraction 2.5 was subjected to flash silica chromatography using 100% hexanes
followed

by

solvent

mixtures

containing

increasing

concentrations

of

EtOAc/hexanes to 100% EtOAc followed by 20% MeOH/EtOAc to offer 13
fractions that were subjected to the IVFT test. The results (Figure 5.8) showed that
none of the fractions derived from fraction 2.5 flash silica fractionation showed
inhibition of methane production. However, analysis by HPLC of these fractions
revealed only minor compounds were present and did not match the initial fraction
BP2.5, which indicated that there could be degradation of the active compounds

CH4 (mL/g Dmi)

during the separation steps.
60.0
58.0
56.0
54.0
52.0
50.0
48.0

Treatment
Figure 5.8: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of BP.2.5 silica fractions. DMi - dry matter incubated.
Control - oaten chaff + ethanol).

Bioassay results of fractions derived from 8a fractionation

Fractions 8 and 9 showed reasonable inhibition of methane gas when tested in
IVFT (Figure 5.5). As fractions 8 and 9 were consecutive fractions showing
methane inhibition and HPLC analysis of these fractions showed similarity (Figure
5.6), they were combined (named 8a). Fraction 8a was subjected for further
fractionation using semi-preparative HPLC to give 8 fractions. Yields and
summary of the proceeding separation stages is shown in Figure 5.9.
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Figure 5.9: Summary diagram of antimethanogenic bioassay guided fractionation of silica fractions of B. pelecinus.
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The resulting samples from fraction 8a were tested in IVFT. The result revealed

CH4 (mL/g Dmi)

that none of the fractions showed inhibition of methane production (Figure 5.10).
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Figure 5.10: Methane production (mean ± SEM) by rumen microbes when fermenting
oaten chaff in presence of selected fractions from BP.8a in vitro. DMi - dry matter
incubated. Control - oaten chaff + ethanol.

Although none of the sub-fractions of fraction 8a showed activity, an attempt was
made to characterise the type of main compounds present in the fractions.

Identification of major compounds present in fraction8a

Analysis by HPLC-DAD for fraction 8a showed that the main compounds present
were observed to exhibit two UV absorbance maximums (230 and 340 nm). This
type of UV absorbance is consistent with the flavonoid class of compounds, which
are known to show a maximum at long UV wavelengths (~ 330-400 nm) and
another peak at shorter wavelengths (~ 210-290 nm) [6].

The flavonoid constituents of fraction 8a were investigated using a combination of
LC–UV and LC–MS (Figure 5.11 & Table 5.1). The compounds showed neutral
losses of 146, 162 and 176 amu as the major fragments in their MS spectra
suggesting a common glycosidic component of deoxyhexose, hexose and one
hexuronic acid residue, respectively. In previous work, a series of luteolin and
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apigenin mono- and diglycosides were identified in B. pelecinus [7]. The presence
of luteolin and apigenin was also reported in other Astragalus species [8]. This was
confirmed in this study as luteolin (48) and apigenin (49) (Figure 5.12) and the
series of mono, di and tri diglycosides were detected as the major compounds in
fraction 8a. The LC-ESI/MS analysis showed the presence of two peaks in the
chromatogram that were associated with m/z values 287 [M+H]+ and 271 [M+H]+.
Through analysis of the major fragments in the mass spectra for each compound
(Table 5.1) the presence of a series of luteolin and apigenin mono, di and
triglycosides was confirmed.
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Figure 5.11: LC/MS chromatogram of fraction 8a.
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Table 5.1:Retention time and UV and ESI mass spectral data of the top 5 possible
compounds
present in fraction 8a

1

tR
(min)
15.67

λmax (nm)
in MeOH
266, 342

[M+H]+
(m/z)
757

2

16.82

741

3

17.08

4

18.63

229, 266,
337
252, 266,
338
252, 343

5

19.24

266, 333

No

Molecular
formula
C33H40O20

Possible
aglycone
luteolin

Glycoside
type
triglycoside

Rf

C33H40O19

apigenin

triglycoside

[10]

C34H42O20

luteolin

triglycoside

[11]

611

Major
fragments
611, 449,
287
595, 433,
271
625,449,
287
449, 287

C27H30O16

luteolin

diglycoside

[10]

433

271

C21H20O10

apigenin

mono
glycoside

[12]

771

[9]

Figure 5.12: Chemical structure of luteolin (48) and apigenin (49) identified in fraction 8a.

These results suggest that flavonoid type compounds may be responsible for the
antimethanogenic activity of fraction 8a, which is in agreement with previous
studies showing that plant extracts rich in flavonoids have inhibitory effect on
methane production [3, 13, 14]. It has also been reported that addition of flavonoid
substances can reduce gas production as well as alter the concentration of
methanogenic archaea [15]. The most likely explanation of loss of activity after the
sub-fractionation is that there was a synergistic effect amongst the flavonoid
compounds present in the fraction, or that the level of the flavonoids in the subfractions was not high enough to decrease methane production. This was supported
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by another study, which showed that individual flavonoids had antimethanogenic
activity that was lower than the mixture of flavonoids, suggesting that different
flavonoid substances may have a synergistic effect in relation to methane gas
reduction or that the flavonoids may have a threshold level for antimethanogenic
activity [15].

Despite the antimethanogenic activity observed in the initial silica fractions,
activity was lost after a second round of silica gel chromatography. This could be
due to a number of reasons such as the compounds being labile and degrading
during multiple chromatographic steps with exposure to air (i.e. oxidation) or light
(i.e. UV light initiated rearrangement or degradation of active compounds). It is
also possible that there was a synergistic effect between compounds present in the
active fractions and upon separation activity was lost. In addition, the low mass of
fractions recovered after the second stage of separation could also have been a
possible reason. Therefore, a scaled up separation of a fresh B. pelecinus crude
extract was attempted.
5.2.3

Anti-methanogenic bioassay results of 2B. pelecinus fractions

New plant material was obtained from Emu Hill WA in 2015 and a scaled up
separation was conducted using rapid silica fractionation (RSF) instead of flash
silica chromatography to separate more of the B. pelecinus (termed 2B. pelecinus)
using mixtures of hexanes, EtOAc and MeOH to give five fractions (termed
2BP.1-2BP.5). All fractions derived from RSF partitioning and the crude extract
were tested in the IVFT.

The results (Figure 5.13) showed that B. pelecinus crude extract (54.3 mg) caused
reasonable methane inhibition of 56% compared to the control, and 12% reduction
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of total gas production. Although this 2B. pelecinus extract significantly reduced
methane production, the initial B. pelecinus extract (53.9 mg) reduced methane
down to 86% (Figure 5.5), showing that there is variability in the methanogenic
potential of Biserrula extracts. The PSCs present in B. pelecinus at different
growth stages have previously shown variability in methanogenic potential of the
plant [2]. The first plant material used which showed greater activity was grown in
Shenton Park WA and collected at the flowering stage, whereas the second plant
was grown at Emu Hill WA in 2015 and collected at the pre-flowering stage.

Amongst the new fractions tested in the IVFT, three fractions showed reasonable
reduction of methane production, these were 2BP.1, 2BP.2 and 2BP.5 (Figure 5.
13). Fractions 2BP.1 and 2BP.2 reduced methane production down to 15%
compared to the control, while fraction 2BP.5 inhibited methane production only
6% compared to the control.
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Figure 5.13: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of 2B. pelecinus crude extract and RSF fractions. DMi
- dry matter incubated. Control- (oaten chaff + ethanol). * significantly (P<0.05) lower than
the control.
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Bioassay result of 2BP.2 fractions

Since fractions 2BP.1 and 2BP.2 were consecutive fractions that showed inhibition
activity as well as analysis by TLC showed similarity they were combined (termed
2BP.2). Fraction 2BP.2 was fractionated by flash silica gel chromatography using
100% hexanes followed by solvent mixtures containing increasing concentrations
of EtOAc in hexanes to 100% EtOAc to give 12 fractions in total. A sub-sample of
all fractions derived from flash silica chromatography were tested in the IVFT.

The results showed that fractions 2BP.2.1, 2BP.2.4 and 2BP.2.5 reduced methane
production down to 18% compared to the control, and fraction 2BP.2.11 showed
methane inhibition by 13% compared to the control (Figure 5.14). These fractions

CH4 (mL/g DMi)

were selected for further bioassay-guided fractionation.
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Figure 5.14: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of 2BP.2 silica fractions. DMi - dry matter incubated.
Control - oaten chaff + ethanol). * significantly (P<0.05) lower than the control.
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Analysis of fraction 2BP.2.1
GC/MS analysis of fraction 2BP.2.1 (Figure 5.15 & Table 5.2) showed the fraction to
be composed of one major fatty acid: myristic acid, and two minor fatty acids: linolenic
acid, methyl ester and pentadecanoic acid. Myristic acid has been shown to have
antimethanogenic activity previously [16]. As the active compounds were detected in
this fraction they were not pursued further.

Abundance

Retention time (min)

Retention time (min)

Retention Time (mins)
Figure 5.15: GC/MS chromatogram of fraction 2BP.1

Table 5.2: Top 10 possible compound structure in 2BP.1 from NIST library

Retention Possible structure
*SI % Area%
time
1
19.18
Lauric acid
96
4.02
2
19.30
Unknown
75
0.37
3
21.559
Myristic acid, methyl ester
94
1.07
4
22.63
Myristic acid
95
44.47
5
23.19
cis-9-Octadecenyl alcohol
86
0.60
6
24.49
Hexadecanoic acid,
94
0.40
7
25.22
Pentadecanoic acid
89
13.99
8
26.93
Phytol
96
0.55
9
27.57
Linolenic acid, methyl ester
86
29.11
10 27.77
Pentadecanoic acid
86
3.82
* similarity index : A percentage indication of the library match to the experimental
spectrum.
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Bioassay result of fractions derived from fraction 2BP.2.4a

Analysis by TLC of the active fraction 2BP.2.4 and 2BP.2.5 showed similarity,
therefore they were combined (termed 2BP.4a). The TLC of fraction 2BP.4a
revealed one major compound present along with some minor compounds. The
major compound was purified further by preparative TLC using 20%
EtOAc/hexanes to give compound 68, which was identified as the triglyceride
1,2,3-propanetriyl ester tetradecanoic acid. Previous studies have shown that
feeding dietary lipid (10 g/kg DM) to ruminants can reduce methane production by
0.79 g CH4/kg DM intake or ~3.5% [16], which supports the results in this study.

Structure characterisation of compound 68

Compound 68 was isolated as an amorphous white residue from fraction 2BP.2.4a.
1

H NMR spectroscopy data was obtained (Table 5.3 and Appendix Q) which

indicated essentially one major compound. The 1H NMR of the major compound
showed two characteristic resonances in the spectrum, appearing at δH 4.15 - 4.27
ppm and 5.25 ppm that were consistent with a glyceride, along with signals at
δH 0.87 ppm was observed, which was assigned to a terminal methyl group of a
fatty acid chain. The spectrum also showed signals at δH 5.35 which is attributed to
CH=CH bonds that are found in unsaturated fatty acids. A search and comparison
of the NMR data with literature [17] indicated the structure of compound 68 to be
consistent with fatty acid triglyceride. To determine the fatty acid side chains,
derivatisation of the triacylglyceride was undertaken.
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1

Table 5.3: H NMR spectrum of compound 68 compared with the literature value [17].

Proton
-CH3
CH2
CH2-CH2–COO
CH2-CH=CH
CH2-COO
CH2O(α)
CH2 (β)
CH=CH

Present work
(CDCl3)
δH/ppm
0.87, m
1.25, m
1.59, m
2.05, m
2.29, m
4.15-4.28, dd-dd
5.25, m
5.35, m

Literature values
(CDCl3)
δH/ppm
0.86
1.24
1.59
2.00
2.29
4.10-4.28
5.24
5.32

In order to identify the fatty acids present in the fraction, the sample was derivatised for
preparation of fatty acid methyl esters (FAMEs) from triacylglycerol for gas
chromatography (GC). The FAMEs sample was analysed by GC-MS under electron
impact (EI) conditions. The mass spectra of the compounds were compared to the EI
mass spectra of known compounds available in a mass spectral library (NIST 2011). It
showed one major fatty acid ester of myristic acid, and 2 minor fatty acid esters of
lauric acid and palmitic acid (Figure 5.16, Table 5.4). The data suggested that the main
triacyl glyceride isolated consisted of tetradecanoic (C14) acid fatty chains, and the
other fatty acids were most likely from additional triacylglycerides co-isolated in minor
amounts.
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Figure 5.16: GC-MS chromatogram of the FAMEs in compound 86.

Table 5.4: GC/MS retention time and the matching compounds from the mass spectral
library (NIST 2011).

Retention
Compound
SI
Area %
time
13.05
lauric acid methyl ester
85.1
4.3
15.39
myristic acid methyl ester
87.3
81.4
17.47
palmitic acid methyl ester
87.9
7.7
* similarity index : A percentage indication of the library match to the
experimental spectrum

It has been demonstrated that saturated fatty acids (SFAs) can suppress ruminal
methanogenesis [18]. Previous study showed that low concentrations of lauric (C12; 1
µg/mL), myristic (C14; 1 and 5 µg/mL), or palmitic (C16; 3 and 5 µg/mL) acids did not
effect methanogenesis, however higher concentrations (10 𝜇g/mL) of these fatty acids
inhibit methane production [18]. A previous study also has reported that using a mixture
of lauric acid (C12) and myristic acid (C14) in ruminant nutrition could reduce methane
emission as mixtures will reduce the amounts of the less palatable C12 required in feed
[19]. This supported that the presence of lauric acid and especially myristic acid might
be responsible for the antimethanogenic activity observed in this fraction.
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Bioassay result of fractions derived from fraction 2BP.2.11

Fraction 2BP.2.11 was shown to contain a mixture of several compounds by
HPLC and was further fractionated using preparative TLC (10% EtOAc/hexanes)
to give three compounds. All compounds were tested in IVFT. Unfortunately, none
of the compounds showed any inhibitory effect on methane production. For the
three compounds, insufficient material was obtained for detailed NMR analysis
and hence there was no enough mass for the IVFT testing. Some analysis was
completed though as follows. HRMS analysis of the first compound gave a
protonated molecular ion [M+H]+ at m/z 197.1176, which corresponded to a
molecular formula of C11H17O3 (requires 197.1178), this compound was later
identified as (-)-loliolide (70) (see Chapter 6). The second compound returned a
protonated molecular ion [M+H]+ at m/z 429.3715 corresponding to a molecular
formula of C29H49O2 (requires 429.3733). The third compound returned a
protonated molecular ion [M+H]+ at m/z 409.3701 which corresponded to a
molecular formula of C26H49O3 (requires 409.3682).

Bioassay result of fractions derived from fraction 2BP.5

Fraction 2BP.5 was further separated by flash silica chromatography using 100%
EtOAc followed by solvent mixtures containing increasing concentrations of
MeOH/EtOAc to give 5 fractions. Yields and summary of the proceeding
separation stages is shown in Figure 5.17.
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Figure 5.17: Yields and summary of the anti-methanogenic bioassay guided fractionation of 2B. pelecinus
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The 12 fractions of 2BP.5 were combined based on TLC analysis, but only for the IVFT
test to give 5 fractions that were tested. The results (Figure 5.18) showed that none of
the fractions inhibited methane production in the IVFT. Though HPLC analysis of the
fractions revealed that each fraction still contained a number of compounds. Analysis of
Fraction 2BP.5 by LC/MS showed molecular masses similar to those present in earlier

CH4 (ml/g DMi)

fraction BP.8a, which indicated that this fraction contained flavonoid glycosides.

58
56
54
52
50
48
46
44
42

Treatment
Figure 5.18: Methane production (mean ± SEM) by rumen microbes in vitro when
fermenting oaten chaff in presence of 2BP.5 silica fractions. DMi - dry matter incubated.
Control - oaten chaff + ethanol).
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5.3

Conclusion

This study demonstrated that the methanogenic activity of different B. pelecinus
samples varies due to the variation of the ecological factors. Fractions from B. pelecinus
were shown to retain activity compared with the crude extract. However, multiple
separation steps and the time involved for testing fractions resulted in loss of activity.
For some fractions, there are still measurable compounds present. The methane
inhibition observed overall was usually greater than the reduction in the total gas
produced by the microbes in the IVFT assay, suggesting that the B. pelecinus
compounds were targeting methanogenic archaea specifically.

Interestingly, two regions of activity were observed, the non-polar fractions 1 and
2 as well as the more polar fractions 8 and 9. In IVFT and pure culture bioassays
the most potent fraction was fraction 2. Fatty acids have been identified in
fractions 1 and 2, which could be considered as candidate compounds for the
observed inhibition of methane production. It has been demonstrated that adding a
mixture of lauric acid (C12) and myristic acid (C14) in ruminant nutrition could
reduce methane emission [19], supporting the results of this study.

The activity of fraction 8 and 9 (8a) might be due to the luteolin (48) and apigenin
(49) and their glycosides. This is supported by other studies which demonstrated
that plant extracts rich in flavonoids have inhibitory effect on methane production
[3, 13, 14]. However, again after the separation of these compounds, activity was
lost, which indicated that there could be a synergistic effects amongst the
compounds in this fraction. Confirming the type of compounds that might be
responsible for the antimethanogenic activity of B. pelecinus in future studies may
allow for the mechanism of how these compounds affect methanogenic archaea to
be examined in more detail.
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5.4
5.4.1

Experimental
Plant material

Registered plant breeders DPRID Western Australia supplied the breeding material
for Biserrula. The first plant material used was B. pelecinus cv Casbah grown at
Shenton Park in 2012 and collected at 14 weeks in reproductive – flowering stage
by a collaborator (School of Animal Biology, UWA). Second Plant material used
for scale up was B. pelecinus grown at Emu Hill WA in 2015 and collected in preflowering stage by a collaborator (School of Animal Biology, UWA). Plant
material was collected, freeze dried and ground (Glen Creston, Stanmore, England)
to pass through a 1.0 mm screen before experimentation.
5.4.2

Testing methane output in IVFT (bioassay)

Details of the bioassay are described in section 2.3
5.4.3
5.4.3.1

Extraction and Partitioning
Acid-base partitioning of B. pelecinus

B. pelecinus cv Casbah (6.2 g) ground material was extracted using 1:1 (v/v)
MeOH /CHCl3 (300 mL) by magnetic stirring overnight under an N2 atmosphere.
The sample was filtered, and the residual solids were extracted with further
portions of 1:1 MeOH/CHCl3 (100 × 2 mL). The combined extract was filtered
(Whatman No.1, 18 cm) and the solvent removed under reduced pressure followed
by drying under a stream of N2 (g) to give a dark green residue (0.85 g). The crude
extract was dissolved in CHCl3 with the aid of a small addition of H2O and
extracted firstly with 1 M NaHCO3 to isolate the stronger acids, followed by
extraction with 1 M NaOH to isolate the weaker acids. The resulting organic
extract was dried (MgSO4), filtered and evaporated under reduced pressure (38 °C)
to yield the neutral fraction (162.8 mg). The stronger acid and weaker acid extracts
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were acidified with 1 M HCl and back extracted with CHCl3. The organic fractions
were dried (MgSO4), filtered and evaporated to dryness to give the stronger acid
fraction (133.3 mg) and the weaker acid fraction (136.6 mg).
5.4.3.2

Flash silica fractionation of B. pelecinus

B. pelecinus cv Casbah (17.1 g) was extracted using the same methodology
mentioned earlier in section 5.4.3.1 to yield a dark green residue (3.17 g). The
crude extract was dissolved in a minimal amount of MeOH/ hexanes and added to
a column (12 × 4.5 cm) containing silica gel (10 g) equilibrated with hexanes. The
column was eluted with hexanes (200 mL) followed by solvent mixtures
containing increasing concentration of EtOAc/hexanes to 100% EtOAc, followed
by increasing amounts of MeOH in EtOAc as indicated in Table 5.5. A sub sample
of each fraction (ca. 10%) was taken for testing in the anti-methanogenic bioassay.
Table 5.5: Yields from silica gel fractionation of B. pelecinus

Fraction
1
2
3
4
5
6
7
8
9
10
Total

Elution solvent
100% hexanes
20% EtOAc/hexanes
40% EtOAc/hexanes
60% EtOAc/hexanes
80% EtOAc/hexanes
100% EtOAc
20% MeOH/EtOAc
50% MeOH/EtOAc
80% MeOH/EtOAc
100% MeOH

Yield (mg)
59.3
451.8
45.0
354.0
35.9
34.9
327.9
429.5
643.6
40.3
2422.2

Fraction 2 (100.5 mg) was subjected for fractionation using silica gel
chromatography. It was added to a column (40 × 2.5 cm) containing silica gel (15
g). The column was eluted with hexanes (100 mL) followed by solvent mixtures
containing increasing concentrations of EtOAc/ hexanes to 100% EtOAc, as
indicated in Table 5.6. A sub-sample of each fraction (ca. 10%) was taken for the
bioassay and evaporated under a stream of N2 (g) to dryness.
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Table 5.6: Yields from silica gel fractionation of 2

Fraction
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
Total

Elution solvent
100% hexanes
5% EtOAc/hexanes
10% EtOAc/hexanes
15% EtOAc/hexanes
20% EtOAc/hexanes
30% EtOAc/hexanes
35% EtOAc/hexanes
100% EtOAc

Yield (mg)
14.1
6.3
10.9
7.5
35.2
9.6
4.8
2.9
91.3

Fraction 2.5 was subjected to separation by flash silica chromatography using a
column (40 × 2.5 cm) containing silica gel (15 g). The column was eluted with
100% hexanes followed by solvent mixtures containing increasing concentrations
of EtOAc/hexanes to 100% followed by 20% MeOH/EtOAc, as indicated in Table
5.7.
Table 5.7: Yields from silica gel fractionation of BP.2.5a

Fraction
2.5.1
2.5.2
2.5.3
2.5.4
2.5.5
2.5.6
2.5.7
2.5.8
2.5.9
2.5.10
2.5.11
2.5.12
2.5.13
Total

Elution solvent
100% hexanes
5% EtOAc/hexanes
10% EtOAc/hexanes
15% EtOAc/hexanes
20% EtOAc/hexanes
25% EtOAc/hexanes
30% EtOAc/hexanes
35% EtOAc/hexanes
40% EtOAc/hexanes
45% EtOAc/hexanes
50% EtOAc/hexanes
100% EtOAc
30% MeOH/EtOAc

Yield (mg)
1.7
1.8
3.4
4.4
2.2
2.7
2.7
1
1.2
0.8
4.7
2.9
3.7
33.2

Fractions 8 and 9 were combined due to similar profiles in HPLC chromatograms
(named 8a, 76.5 mg) and subjected for fractionation by semi-preparative HPLC
using an Apollo C18 column (250 mm × 10.0 mm i.d., 5 µm). The column was
eluted with a gradient mobile phase consisting of 10% MeCN/H2O (+ 0.1% TFA)
which increased to 30% MeCN over 40 min. The flow rate was 4 mL/min and
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fractions were collected every 5 min to give 8 fractions.
5.4.3.3

Rapid silica filtration (RSF) of 2B. pelecinus

2B. pelecinus (51.12 g) was extracted using the same method mentioned earlier in
section 5.4.3.1 to yield a dark green residue (10.42 g). The crude extract of 2B.
pelecinus (10.42 g) was dissolved in a minimal amount of MeOH/ hexanes and
added to an RSF column (12 × 4.5 cm) containing silica gel (10 g) equilibrated
with hexanes. The column was eluted with 100% hexanes (200 ml) followed by
solvent mixtures containing increasing concentration of EtOAc/hexanes to 100%
EtOAc, followed by increasing amounts of MeOH in EtOAc as indicated in the
Table 5.8. A sub sample of each fraction (ca. 10%) was taken for antimethanogenic bioassay and evaporated under a stream of N2 (g) to dryness.
Table 5.8: Yields from silica gel fractionation of 2B. pelecinus

Fraction
2BP.1
2BP.2
2BP.3
2BP.4
2BP.5
Total

Elution solvent
100% hexanes
50% EtOAc/hexanes
100% EtOAc
50% MeOH/EtoAc
100% MeOH

Yield (mg)
401.0
1271.0
552.1
710.3
547.0
3481.4

Fraction 2BP.2 (1.2 g) was further fractionated using flash silica chromatography
the fraction was added to flash silica gel column chromatography (20 × 3 cm)
containing silica gel (15 g) equilibrated with hexanes. The column was eluted with
100% hexanes followed by solvent mixtures containing increasing concentration of
EtOAc/hexanes to 100% EtOAc, as indicated in the Table 5.9. A sub sample of
each fraction (ca. 10%) was taken for anti-methanogenic bioassay and evaporated
under a stream of N2 (g) to dryness.
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Table 5.9:Yields from silica gel fractionation of BP.2

Fraction
2BP.2.1
2BP.2.2
2BP.2.3
2BP.2.4
2BP.2.5
2BP.2.6
2BP.2.7
2BP.2.8
2BP.2.9
2BP.2.10
2BP.2.11
2BP.2.12
Total

Elution solvent
100% hexanes
5% EtOAc/hexanes
10% EtOAc/hexanes
15% EtOAc/hexanes
20% EtOAc/hexanes
25% EtOAc/hexanes
30% EtOAc/hexanes
35% EtOAc/hexanes
40% EtOAc/hexanes
45% EtOAc/hexanes
50% EtOAc/hexanes
100% EtOAc

Yield (mg)
6.6
42.3
693.7
35.5
42.7
76.6
46.8
23.1
13.8
7.3
3.5
7.7
999.6

Fractions 2BP.2.4 and 2BP.2.5 were combined (named 2BP.2.4a) and separated
further by prep TLC using 20% EtOAc/hexanes to give a residue that was
determined to be a sufficiently pure compound (68, 2.0 mg).
1,2,3-propanetriyl ester tetradecanoic acid (68): amorphous white residue; 1HNMR
(600 MHz, CDCl3, δ ppm): see Table 5.4.
For compound 68, derivatisation was conducted by dissolving ca. 1 mg in 500 µL of
MeOH/conc. H2SO4 (99:1) and 300 µL of toluene and heating for 2 h at 50ºC. More
toluene (300 µL) was added after 1 h. This transmethylation step was used to convert
the triacylglyceride into fatty acid methyl esters (FAME) and glycerol.
To the cooled mixture, hexane (200 µL), brine (100 µL) and NaHCO3 (200 µL) were
added. A glass syringe was used to homogenise the mixture (five times). The top layer
was then carefully extracted into a GC vial and subjected to GC/MS analysis (section
2.2.2).
Fraction 2BP.2.11 was separated further by prep TLC using 10% EtOAc/hexanes to
give three compounds in total.

The active fraction 2BP.5 was separated further by flash silica chromatography
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using 100% EtOAc followed by solvent mixtures containing increasing
concentrations of MeOH/EtOAc to give 12 fractions in total as indicated in Table
5.10.

Table 5.10: Yields from silica gel fractionation of 2BP.5

Fraction
2BP.5.1
2BP.5.2
2BP.5.3
2BP.5.4
2BP.5.5
2BP.5.6
2BP.5.7
2BP.5.8
2BP.5.9
2BP.5.10
2BP.5.11
2BP.5.12
Total

Elution solvent
100% EtOAc
5% MeOH/EtOAc
10% MeOH/EtOAc
15% MeOH/EtOAc
20% MeOH/EtOAc
25% MeOH/EtOAc
30% MeOH/EtOAc
35% MeOH/EtOAc
40% MeOH/EtOAc
45% MeOH/EtOAc
50% MeOH/EtOAc
60% MeOH/EtOAc

Yield (mg)
4.2
32.3
38.5
23.5
89.5
70.1
90.4
52
42.2
41.7
40.3
13.4
538.1
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6.1

Introduction

The increasing incidence of antibacterial resistance has drawn interest towards
studies on the potential antimicrobial activity of PSCs [1]. Plants and PSCs are a
natural source for antimicrobial compounds that have great potential for the
medicinal industry [2]. Astragalus species have been used significantly in
traditional medicine, especially in China [3]. This species has been reported to
possess varied antimicrobial activities including antibacterial, antiviral and antiinflammatory activity [4].

Biserrula pelecinus (Astragalus pelecinus) has shown a number of biological
activities such as antimethanogenic activity (this work and [2]). A number of
flavonoids have been identified in the extracts of Biserrula cv. Casbah such as
luteolin (48) and apigenin (49) as well as mono and diglycosides, that have been
reported to have antioxidant, anti-inflammatory and anti-tumour properties [5]. In
addition a number of isoflavones including daidzein (50), glycitein (51), genistein
(52), pratensein (53), formononetin (54), biochanin A (55), genistin (56) and
irilone (57) have also been identified in Biserrula extracts [6] (Figure 1.15). The
isoflavones have been reported to exhibit different biological activities such as
antioxidant, anticancer, antimicrobial, and anti-inflammatory properties [7]. Of the
isoflavones, genistein and daidzein have previously been reported to inhibit the
growth of S. aureus [8].

Although many species of the Astragalus genus are used for medicinal benefit [8],
to the best of our knowledge no study has evaluated the antibacterial activity of the
PSCs in B. pelecinus. In this study B. pelecinus extracts were assessed for
antibacterial activity and identification of the compound/s responsible for the
activity was attempted.
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6.2

Results and Discussion

The MeOH/CHCl3 (1:1 v/v) crude extract of B. pelecinus was tested against four
common bacteria, two of which were the Gram-positive bacteria S. aureus and S.
epidermidis, and two Gram-negative bacteria S. marcescens and E. coli. The
results from testing the crude extract (Table 6.1) showed activity only against the
Gram-positive bacteria S. aureus (17 mm zone), while no activity was observed
against the Gram-positive bacteria S. epidermidis and the Gram-negative bacteria S.
marcescens and E. coli. Thus, S. aureus was used in the bioassay-guided
fractionation of the B. pelecinus MeOH/CHCl3 extract.
Table 6.1: Antimicrobial activity of MeOH/CHCl3 extract of B. pelecinus against selected
bacterial species.

Extract/treatment

B.
pelecinus
MeOH/CHCl3 extract
DMSO (control)
Trimethoprim (5 µg)

6.2.1

Zone of inhibition (mm)
S. aureus
NCTC 10442

S. epidermidis
ATCC 14990

S. marcescens
NCTC 1377

E. coli
ATCC 25922

17

NI

NI

NI

NI
26

NI
26

NI
26

NI
26

Antibacterial bioassay results of B. pelecinus fractions

The extract was initially separated by flash silica chromatography using increasing
concentrations of different mixtures of hexanes, EtOAc and MeOH as eluents to
give ten fractions. Testing of each fraction in the agar diffusion assay revealed that
fractions 4-6, 8 and 9 showed inhibition of S. aureus with zones of inhibition
greater than 10 mm (Figure 6.1).
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B. pelecinus fractions

Figure 6.1: Results of the agar diffusion assay for B. pelecinus flash silica
chromatography fractions against S. aureus.

Bioassay results of fractions derived from fraction 6a (fractions 4-6)

Fraction 4 was found to possess the most activity against S. aureus (25 mm zone of
inhibition). Analysis of fraction 4 by HPLC revealed that it is relatively similar to
the active fractions 5 and 6 (Appendix R), which were also found to have
inhibition activity against S. aureus (18 mm and 17 mm zones respectively).
Therefore, these fractions were combined (named 6a) and further fractionated by
semi-preparative HPLC to give 6 fractions. Sub samples of each derived fraction
from fraction 6a were tested in the agar diffusion assay. The results showed that
only fraction 6a.3 was active against S. aureus (Figure 6.2).
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Figure 6.2: Results of the agar diffusion assay tested with semi-preparative HPLC
fractions derived from fraction 6a (combined fractions 4-6, Fig. 6.1) against S. aureus.

Analysis of the active fraction 6a.3
The HPLC analysis of fraction 6a.3 revealed essentially one major compound 69 along
with a minor compound 70 (Figure 6.3) detected at a UV absorbance of 220 nm. Further
analysis of fraction 6a.3 by GC/MS indicated that the major compound was a small
molecule with a molecular ion [M]˙+ indicated at m/z 196. A search of the mass spectral
library (NIST2011) failed to indicate a likely candidate. However, analysis of the minor
compound present suggested a reasonable match to 3-hydroxy-5,6-epoxy-β-ionone (70)
with the mass spectral library (Figure 6.4).

69

70

Figure 6.3: HPLC chromatogram of fraction BP.6a.3,
UV absorbance recorded at 220 nm.
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Figure 6.4: MS spectrum (top) and the closest library match (bottom) of the minor
compound 70 in fraction BP.6a.3.

A literature search of 3-hydroxy-5,6-epoxy-β-ionone (70) confirmed its
identification through comparison of relevant signals in the 1H NMR spectrum
(Table 6.3). On further literature searching, the mass spectrum of the major
compound was found to match that of loliolide (69) [9, 10](Figure 6.5).

Figure 6.5: Chemical structure of compound 69 and 7 isolated from B. pelecinus fraction
6a.3.
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Structures of loliolide (69) and 3-hydroxy-5,6-epoxy-β-ionone (70) were further
confirmed based on the spectral analyses including 1H, 13C NMR and HRMS and
comparison with data in the literature as discussed below.

Structural characterisation of compound 69

The more polar compound 69 (Figure 6.5) had a protonated molecular ion [M+H]+
at m/z 197.1186 which corresponded to a molecular formula of C11H16O3
(C11H17O3 requires 197.1178). The 1H NMR (Table 6.2 and Appendix S) spectrum
showed three sharp methyl singlets at δH 1.76, 1.46 and 1.27 ppm which were
assigned to methyl groups attached to quaternary carbons, two methylene groups at
δH 2.41 and 1.73; 1.98 and 1.52 ppm. The

13

C NMR spectrum (Table 6.2 and

Appendix S) revealed the presence of a carbonyl signal at δC 172.6 ppm indicating
the presence of an ester, or lactone functionality. In addition, two further carbons
attached to oxygen at δC 88.9 and 67.2 ppm were detected. Comparison of HRMS
and NMR spectral data of this compound with previously published data [9, 11,
12], indicated the structure of 69 to be the known 5,6,7,7a-tetrahydro-6-hydroxy4,4,7a-trimethyl-2(4H)-benzofuranone commonly referred to as (-)-loliolide.
Loliolide is a wide occurring lactone that can be found in animals (insects) and
plants (flowers, shrubs, trees) [13]. It has been isolated previously from a variety of
plant species including Sargassum ringgoldianum subsp. (brown seaweed) [14],
and from soft corals Sinularia capillosa [14] and Marsilea crenata [15].
Throughout the research history on plants used for traditional folk medicine,
loliolide is well represented with a variety of biological properties reported such as
anti-inflammatory, anti-tumor, antioxidant, antiviral, antifungal and anti-bacterial
activity [11, 13, 14, 16]. It has been reported to exhibit inhibitory activity against
Mycobacterium tuberculosis with MIC 250 µg/mL [17]. Loliolide has also
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previously been reported to show inhibitory effects against S. aureus with MIC
value of 1.0 mg/mL [18], thus supporting the results of this study . To the best of
our knowledge this is the first report of the isolation of loliolide from B. pelecinus.

An authentic loliolide sample was obtained for further testing and confirming the
activity, however the NMR spectrum did not match the literature values or those
obtained for the isolated compound, potentially as a result of mislabelling by the
supplier. Another commercial sample of loliolide was unfortunately not available
during the remaining course of this study.
1

Table 6.2: H,
loliolide

C1
2
3
4
5
6
7
8
9
10
11

13

C chemical shift for compound 69 compared with those reported for (-)-

Present work (CD3OD)
δC/ppm δH/ppm
37.1
47.9
1.52, dd, J = 3.6, 14.4 Hz.
1.98, dt, J = 2.6, 14.6 Hz.
67.2
4.21, q
46.4
1.73, d, J = 4.2 Hz
2.41, dt, J =2.5, 13.4 Hz
88.9
185.2
113.3
5.74, s, 1H
172.6
27.4
1.76, s, 3H
31.0
1.27, s, 3H
26.9
1.46, s, 3H

Lit. values (CD3OD)
δC/ppm δH/ppm
37.2
48.0
1.52, dd, J= 3.6, 14.4 Hz.
1.98, dt, J= 2.5, 13.7 Hz.
67.3
4.21, m
46.5
1.72, overlapped,
2.41, dt, J=2.5, 13.7 Hz
88.9
185.7
113.4
5.74, s , 1H
174.5
27.5
1.75, s, 3H
31.0
1.26, s, 3H
27.0
1.46, s, 3H

The HRMS of the minor compound 3-hydroxy-5,6-epoxy-β-ionone (70) gave a
molecular ion [M+H]+ at m/z 225.1498 which corresponded to a molecular formula
of C13H20O3 (C13H21O3 requires 225.1491). The NMR spectroscopic data (Table
6.3) was in agreement with literature values [9, 19] for the proposed structure of 3hydroxy-5,6-epoxy-β-ionone, which is reported for the first time in B. pelecinus.
Previously 3-hydroxy-5,6-epoxy-β-ionone has been identified in Prunus species
such as apricot, peach, and yellow plum [20]. It was also isolated from Athyrium
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yokoscense and found to exhibit inhibitory activity for lettuce seed germination
[21]. 3-Hydroxy-5,6-epoxy-β-ionone along with loliolide were also identified in
Petiveria alliacea which was reported to have good antitumor activity [9].
1

Table 6.3: H, chemical shift for compound 70 compared with those reported for 3hydroxy-5,6-epoxy-β-ionone.

C1
2

Present work (CD3OD)
δH/ppm
n.d.

3
4

n.d.
n.d.
1.65, dd, J = 9.2, 14.3 Hz
5
6
7
7.18, d, J=15.7 Hz
8
6.19, d, J=15.7 Hz
9
10
2.29, s, 3H
11
1.18, s, 3H
12
0.95, s, 3H
13
1.19, s, 3H
*n.d.: not detected.

Lit. values (CD3OD)
δH/ppm
1.60, dd, J= 4.3, 12.2 Hz.
1.28, dd, J= 10.3, 12.2 Hz.
3.77, m
2.32,dd, J=5.2, 9.3 Hz
1.66, dd, J=9.3, 14.7 Hz
7.19, d, J=15.1 Hz
6.21, d, J=15.1 Hz
2.30, s, 3H
1.19, s, 3H
0.97, s, 3H
1.20, s, 3H

Bioassay results of fractions derived from fraction 9a
Analysis of the active fractions 8 and 9 by HPLC showed that they were similar, thus
fractions 8 and 9 were combined (named 9a). Fraction 9a was separated further by semipreparative HPLC to give nine fractions. Yields and summary of the proceeding
separation stages is shown in Figure 6.7.
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Figure 6.6: Flow diagram of B. pelecinus crude extract fractionation showing the activity of the fractions against S. aureus
in the agar diffusion assay.
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Sub samples of all resulting fractions from fraction BP.9a were tested in the agar
diffusion assay. The results revealed minor inhibition of S. aureus by fractions 7 and 8

UV of
absorbance
(254
nm)
zone
inhibition
(mm)

(Figure 6.8).

30
25
20
15
10
5
0

Data File C:\CHEM32\1\DATA\AZIZAH\2104160000008.D
Sample Name: BP.pt.4a.7
Retention time (min)

BP.9a fractions

UV absorbance (220 nm)

=====================================================================
Acq. Operator
: Azizah
Seq. Line :
8
Acq. Instrument : Instrument 1
Location : Vial 8
Injection Date : 21/04/2016 4:53:55 PM
Inj :
1
Figure 6.7: Results of the agar diffusion assay
Inj tested
Volume :with
20.0flash
µl silica chromatography
fractions: derived
from combined fractions 8-9 (Fig.6.1) against S. aureus.
Acq. Method
C:\CHEM32\1\METHODS\AZ_EGLABRA.M
Last changed
: 21/04/2016 12:04:53 PM by Azizah
Analysis Method : C:\CHEM32\1\METHODS\BB_DIOL.M
Last changed
: 21/04/2016 2:34:08 PM by Azizah
69
(modified after loading)
Analysis
of fraction
Method Info
: grfBP.9a7a
general
DAD1 A, Sig=220,4 Ref=off (AZIZAH\2104160000008.D)

Fractions 9a.7 and 9a.8 were analysed by HPLC, the resulting chromatograms showed
1400

1200
similarity
(Appendix T) therefore they were combined (named 9a.7a). HPLC analysis of

Retention time (min)

1000

fraction BP.9a.7a showed a major peak absorbing at 254 nm wavelengths, which
800
600
400

indicated
an aromatic type structure might be present (Figure 6.9).
200

UV absorbance (254 nm)

0
0
5
10
DAD1 B, Sig=254,16 Ref=off (AZIZAH\2104160000008.D)
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Figure 6.8: HPLC chromatogram of fraction BP.9a.7a
UV absorbance recorded at 254 nm.
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Analysis by HPLC/HRMS indicated the major compound had a molecular ion [M+H]+
at m/z 271. 0614 which correspond to the molecular formula C15H10O5.

Identification of major compound present in BP.9a.7a fraction

Further fractionation of fraction BP.9a.7a by semi-preparative HPLC using 20%50% MeCN/H2O (+ 0.1% TFA) gave 6 fractions. Of these fractions, fraction
BP.9a.7a.4 yielded a major and sufficiently pure compound 52 (Figure 6. 10).

Figure 6.9: HPLC chromatogram of fraction BP.9a.7a.4
UV absorbance recorded at 254 nm

Structural characterisation of compound 52

Compound 52 was isolated as a pale yellow powder with HRMS indicating a
molecular ion [M+H]+ at m/z at 271.0614 suggesting a molecular formula of
C15H10O5 (C15H10O5 requires m/z 271.0606). The 1H NMR spectrum (Table 6.5
and Appendix U) showed five signals in the aromatic region that were indicative of
a flavonoid type structure. Two upfield meta-coupled doublets, at δ 6.22 ppm (H-6,
J= 2.1 Hz), and at δ 6.34 ppm (H-8, J= 2.1 Hz)], along with a 1′,4′-substituted
phenyl ring showing two ortho-coupled doublets, at δ 6.84 ppm (H-3′ and H-5′, J=
8.6 Hz), and at δ 7.37 ppm (H-2′ and H-6′, J= 8.6 Hz), and a singlet at δ 8.05 ppm
for H-2 indicated specifically an isoflavone. Compound 52 showed signals and
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coupling constants in agreement with the known 4',5,7-trihydroxyisoflavone,
which is referred to as genistein, and has been reported previously in B. pelecinus
[6] (Figure 6.11).

Figure 6.10: Chemical structures of genistein (52) isolated from fraction BP.9a.7a.

1

Table 6.4: Comparison of H NMR data of 52 with literature value [22].

C5-OH
7-OH
4′-OH
2
2′,6′
3′,5′
8
6

Present work (MeOD)
δH/ppm
8.05, s
7.37, d, J=8.60
6.84, d, J=8.60
6.34, d, J=2.10
6.22, d, J-2.10

Lit. values (DMSO)
δH/ppm
12.96, s
10.87, bs
9.61, bs
8.33, s
7.37, d
6.82, d
6.39, d
6.23, d

Genistein is a natural isoflavone found in a variety of plants, especially in soybean
products [23]. Genistein has been reported to have a variety of biological
properties such as antioxidant, antiangiogenic, anthelmintic, and anticancer activity
[24]. It has been reported to have beneficial effects on several human disorders,
including cancer and cardiovascular diseases [25]. The inhibitory activity of
genistein against a number of Staphylococcal strains tested including S. aureus
strains (MIC value 100 µM) and Methicillin-resistant Staphylococcus aureus
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(MRSA) has previously been reported [26], supporting the results of this study.
Furthermore, genistein can also inhibit the growth of some Gram negative bacteria
including Streptococcus pasteurianus, Bacillus cereus, and Helicobacter pylori
[26]. Since genistein was well known as an antimicrobial compound it was not
pursued further in this study.
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6.3

Conclusion

In this study B. pelecinus MeOH/CHCl3 crude extract was tested against four common
bacteria: the Gram-positive bacteria S. aureus, S. epidermidis and the Gram-negative
bacteria S. marcescens and E. coli. B. pelecinus was found to only have activity against
the Gram-positive bacteria S. aureus. The potential anti-bacterial activity of B.
pelecinus was investigated using bioassay-guided fractionation against the bacterial
strain S. aureus (NCTC 10442). The bioassay guided fractionation led to the isolation of
the previously reported antimicrobial compounds loliolide (69), 3-hydroxy-5,6-epoxyβ-ionone (70) and genistein (52), as the candidate compounds responsible for the
antibacterial activity against S. aureus (NCTC 10442) in B. pelecinus. Since these
compounds are well known for their antimicrobial activity and due to time constraints,
they were not pursued any further.
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6.4

Experimental of antibacterial assay

6.4.1

Plant material

B. pelecinus in pre-flowering stage were grown and collected by Zoey Durmic
(School of Animal Biology, UWA) from Shenton Park Station and Esperance WA
in 2014.
6.4.2

Agar diffusion assay

Details of the bioassay are described in section 2.4
6.4.3

Initial extraction

B. pelecinus (15.1 g) was extracted using MeOH /CHCl3 1:1 (v/v) (300 mL)
overnight. The sample was filtered using filter paper (Whatman 32.0 cm), and the
residual solids were extracted with further portions of 1:1 MeOH/CHCl3 (2 × 100
mL). The combined extract was evaporated to dryness to yield 1.82 g of dark green
crude extract.
6.4.4

B. pelecinus flash silica fractionation

The crude extract (1.82 g) was dissolved in a minimal amount of MeOH/hexanes
and added to a flash silica gel column chromatography (12 × 4.5 cm) containing
silica gel (10 g) equilibrated with hexanes. The column was eluted with hexanes
(200 mL) followed by solvent mixtures containing increasing concentrations of
EtOAc/hexanes to 100% EtOAc, followed by increasing amounts of MeOH in
EtOAc as indicated in Table 6.6. A sub- sample of each fraction (ca. 10%) was
taken for antibacterial bioassay and evaporated under a stream of N2 (g) to dryness.
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Table 6.5: RSF fractionation of B. pelecinus

Fraction
BP.1
BP.2
BP.3
BP.4
BP.5
BP.6
BP.7
BP.8
BP.9
BP.10
Total

Elution solvent
100% hexanes
20% EtOAc/hexanes
40% EtOAc/hexanes
60% EtOAc/hexanes
80% EtOAc/hexanes
100% EtOAc
20% MeOH/EtOAc
50% MeOH/EtOAc
80% MeOH/EtOAc
100% MeOH

Yield (mg)
16.5
35.5
9.6
216.1
78.5
8.0
9.0
55.9
562.5
416.4
1391.5

Fractions 4, 5 and 6 were combined due to similarity (named 6a) and subjected for
further fractionation. Fraction 6a was fractionated by semi-preparative HPLC using
an Apollo C18 column (250 mm × 10.0 mm i.d., 5 µm). The column was eluted
with a gradient mobile phase consisting of 100% H2O (+ 0.1% TFA) followed by
increasing concentration of MeCN /H2O (+ 0.1% TFA) to 100 % MeCN over 35
min, and held for 10 min. The flow rate was 4 mL/min and fractions were collected
at 5 min intervals to give 6 fractions.

The active fraction 6a.3 yielded two compounds loliolide (69) and 3-hydroxy-5,6epoxy-β-ionone (70).

Loliolide (69) [11, 12]: colourless amorphous powered; 1H-NMR (CD3OD, 600
MHz): data are given in Table 6.2; HRMS: m/z 197.1186 [M+H]+ (C11H17O3
requires 197.1178).

3-hydroxy-5,6-epoxy-β-ionone (70) [9, 19]: colourless residue; 1H-NMR (CD3OD,
600 MHz): data are given in Table 6.3;HRMS: m/z 225.1498 [M+H]+ (C13H20O3
requires 225.1491).
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Fractions 8 and 9 were combined (named 9a) due to similarity of HPLC profile.
Fraction 9a was fractionated by semi-preparative HPLC using an Apollo C18
column (250 mm × 10.0 mm i.d., 5 µm). The column was eluted with a gradient
mobile phase consisting of 10% MeCN/H2O (+ 0.1% TFA) which increased to
30% MeCN over 40 min. The flow rate was 4 mL/min and fractions were collected
at 5 min intervals to give 8 fractions.

Fractions 9a.7 and 9a.8 were combined and the major compound was isolated by
semi-preparative HPLC (Apollo C18 column 250 mm × 10.0 mm i.d., 5 µm) using
a gradient solvent system of 20%-50% MeCN/H2O (+ 0.1% TFA) over 15 min, at
4 mL/min to yield the major compound genistein (52) in sufficient purity.

Genistein (52) [22]: yellow powder;1H NMR (600 MHz, methanol-d4, δ ppm) data
are given in Table 6.5; HRMS at m/z 271.0614 [M+H]+ (C15H11O5 requires 271.
0606).
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7.1

Introduction

The study described in this thesis has covered many different areas of scientific
research; natural product isolation, separation science, analytical chemistry and
structural elucidation as well as the biological sciences including bacterial and
rumen microbiology. Each has played a significant role in the success of this
project, the isolation and identification of potential bioactive compounds from E.
glabra and B. pelecinus. A summary of the project and suggestions for future work
are presented below.
7.2

Discussion

This PhD project was focused on investigating bioactive compounds from two
plants: E. glabra and B. pelecinus.

In Chapter 3, the focus was on obtaining potential antimethanogenic compounds
from E. glabra which could tackle the global problem by reducing methane
emission from ruminant. Initially, the MeOH/ CHCl3 crude extract of E. glabra
was confirmed as having activity and experience was gained in conducting the
methane bioassay. A step-wise approach using bioassay-guided fractionation was
used to fractionate extracts of E. glabra and test the resulting chromatographic
fractions/compounds using the in vitro batch system (IVFT) for antimethanogenic
activity. Several compounds were isolated from active fractions. Of these, sesamin
(58), (+)-kobusin (59), hispidulin (60), jaceosidin (61) and cirsimaritin (62) were
identified as compounds with potential antimethanogenic activity. The activity of
these compounds could not however be confirmed with commercial standards
using the IVFT assay. A recent study showed that plants extracts rich in flavonoids
have potential as bioactive ruminant regulators with anti-methanogenic activity [1].
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In chapter 4, E. glabra MeOH/CHCl3 extract was investigated for activity against
four common bacteria. The results showed that the extract had activity against the
Gram-positive bacteria S. aureus and S. epidermidis while no activity was
observed against the Gram-negative bacteria S. marcescens and E. coli. On the
basis of this activity, S. aureus guided fractionation of E. glabra was conducted
which yielded seven serrulatane diterpenes, three flavonoids and the caffeoyl ester
disaccharide verbascoside as potential antibacterial compounds. Amongst these,
four serrulatanes: 18-acetoxy-8,20-dihydroxyserrulat-14-en-19-oic acid (63),
18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic

acid

(64),

8,18,20-

triacetoxyserrulat-14-en-19-oic acid (65) and 18-acetoxy-8-hydroxyserrulat-14-en19-oic acid (66) are described for the first time, while 8,20-diacetoxyserrulat-14en-19-oic acid (27), 8,18,20-trihydroxyserrulat-14-en-19-oic acid (29) and 20acetoxy-8-hydroxyserrulat-14-en-19-oic acid (67) have not been previously
reported for E. glabra. All three flavonoids: hispidulin (60), jaceosidin (61) and
cirsimaritin (62) are known but reported for the first time in E. glabra. All
compounds were tested in an agar diffusion antimicrobial assay against S. aureus
(NCTC 10442) and S. epidermidis (ATCC 14990). Compounds 60, 61, 65, 66 and
67 exhibited moderate activity, with minimum inhibitory concentrations (MICs)
ranging from 32 to 512 µg/mL. Compound 67 demonstrated the highest activity
against S. epidermidis ATCC 14990 with MIC of 32 µg/mL, while compound 61
demonstrated the highest activity against S. aureus NCTC 10442 with MIC of 128
µg/mL. It has been demonstrated that serrulatanes compound exhibit antimicrobial
activity against Gram-positive bacteria strains which supported our finding in this
study [2],[3],[4].

Chapter 5, describes the isolation of antimethanogenic compounds from B.
pelecinus. A multi-step separation using IVFT bioassay-guided fractionation was
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used to fractionate the B. pelecinus MeOH/ CHCl3 crude extracts in an approach
similar to that used in chapter three with E. glabra. The bioassay-guided
fractionation led to two active regions observed with chromatographic separation.
The antimethanogenic activity of the non-polar fraction was due to the presence of
bioactive fatty acids. While the more polar fraction contained the flavonoids
luteolin (48) and apigenin (49) and their glycosides that were proposed to be
responsible for activity. However, after purification of these flavonoids, a loss of
activity was observed, indicating that either the compounds were exhibiting
synergistic effects in the fraction, or that the isolated flavonoids were not tested at
high enough concentrations to cause a decrease in methane production. Difficulties
with reproducibility of the IVFT assay made it challenging to draw any confident
conclusions about the activity of authentic compounds also tested. It has been
reported that flavonoids especially luteolin-7-glucoside seems to have anti
methanogenic effect during ruminal fermentation in vitro [5]. Moreover, saturated
fatty acids (SFAs) have been shown to have antimethanogenic activity previously
which is supported the result of this study [6].

Chapter 6, described the search for potential antimicrobial compounds in the
legume plant B. pelecinus. The MeOH/CHCl3 extract of B. pelecinus showed
antimicrobial activity against S. aureus (NCTC 10442), while no activity was
observed against the Gram-positive bacteria S. epidermidis, the Gram-negative
bacteria S. marcescens and E. coli. Bioassay directed fractionation of a
MeOH/CHCl3 extract of B. pelecinus led to the isolation of three compounds from
active fractions, these are a loliolide (69), 3-hydroxy-5,6-epoxy-β-ionone (70),
which were isolated for the first time from B. pelecinus, and the isoflavone
genistein (52).
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7.3

Conclusion

At the start of this study, two different plant species had been identified that
showed promising effects for mitigating methane emission in ruminants, which is
favourable in environmental respect. Through a number of separation steps,
progress has been made on the types of compounds in these plants that might be
responsible for this activity. In addition, these plants have also been investigated
for antibacterial activity and a number of compounds have been isolated and
identified through the course of this study. Further studies are now needed to test
the compounds identified here, both as pure compounds and as a mixture, to fully
understand the effect of these compounds on different microbial populations.
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Appendix A
Total gas volume (mean) by rumen microbes in vitro when fermenting oaten chaff in
presence of E. glabra fraction. Control - oaten chaff + EtOH. AMC- antimethanogenic
control (tea tree oil). DMi- dry matter incubated..

Treatment
Control
AMC
1
2
3
4
5

Gas (mL/g DMi)
416
290
262
259
422
420
419

S.E.M
2.5
0.0
1.0
0.9
0.9
0.5
0.3

Total gas volume (mean) by rumen microbes in vitro when fermenting oaten chaff in
presence of 2E. glabra fraction. Control - oaten chaff + EtOH. AMC- antimethanogenic
control (tea tree oil).

Treatment
Control
AMC
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12

Gas (mL/g DMi)
358
360
358
302
344
362
377
356
355
365
367
355
362
354

S.E.M.
7.58
6.19
6.19
7.58
6.19
6.19
6.19
6.19
6.19
6.19
7.58
7.58
6.19
6.19

Total gas volume (mean) by rumen microbes in vitro when fermenting oaten chaff in
presence of E. glabra fractions derived from flash silica chromatography of fraction F5a
(F4+F5). Control - oaten chaff + EtOH. AMC- antimethanogenic control (tea tree oil).

Treatment
Control
AMC
F5a.1
F5a.2
F5a.3
F5a.4
F5a.5
F5a.6
F5a.7
F5a.8
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Gas (mL/g DMi)
358
360
358
302
344
362
377
356
355
365

Appendix

Retention time (min)

Appendix B
F4

UV
nm)
UVabsorbance
absorbance(220
(220
nm)

2.4

F5
2.8

Retention time (min)
Retention time (min)
HPLC chromatogram of bioactive fractions F4 and F5 derivative from flash silica
chromatography of 2E. glabra . UV absorbance recorded at 220 nm.

UV absorbance (220 nm)

F6

F7

F8

Retention time (min)

HPLC chromatogram of bioactive fractions F6, F7 and F8 derived from flash silica
chromatography of 2E. glabra. UV absorbance recorded at 220 nm.
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Appendix C

1

H NMR spectrum (DMSO) of (+)-sesamin

13
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C NMR spectrum (DMSO) of (+)-sesamin

Appendix

Current Data Pa
NAME
5EG.
EXPNO
PROCNO

1.56

7.26
6.85
6.85
6.80
6.80
6.79
6.57
5.95
4.74
4.73
4.72
4.30
4.28
4.28
4.27
4.26
4.26
4.25
3.92
3.91
3.91
3.90
3.90
3.89
3.87
3.84
3.08

Appendix D

F2 - Acquisition
Date_
201
Time
1
INSTRUM
PROBHD Z11
PULPROG
TD
65
SOLVENT
NS
DS
SWH
120
FIDRES
0
AQ
2.72
RG
13
DW
41
DE
6
TE
29
D1
5.000
TD0
SFO1
600.
NUC1
P1
10
PLW1
27.0

F2 - Processing
SI
655
SF
600.13
WDW
SSB
0
LB
0.
GB
0
PC
1.

1

5

4

3

2

1

ppm

2.74

6

2.79
2.13
2.99
2.63

7

2.15

8

2.59

9

3.36
1.17

10

H NMR spectrum (CDCl3) of (+)-kobusin (59).
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Current Data Parameters
NAME
5EG.2.11.1
EXPNO
23
PROCNO
1

3.31

3.89

4.87

6.94
6.92
6.60
6.56

7.86
7.84
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Appendix E

F2 - Acquisition Parameters
Date_
20161114
Time
17.08 h
INSTRUM
spect
PROBHD Z114607_0176 (
PULPROG
zg30
TD
65536
SOLVENT
MeOD
NS
16
DS
2
SWH
12019.230 Hz
FIDRES
0.366798 Hz
AQ
2.7262976 sec
RG
122.78
DW
41.600 usec
DE
6.50 usec
TE
298.0 K
D1
5.00000000 sec
TD0
1
SFO1
600.1337060 MHz
NUC1
1H
P1
10.00 usec
PLW1
27.00000000 W
F2 - Processing parameters
SI
65536
SF
600.1300113 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

7

6

5

4

1

3

2

1

ppm

3.08

8

2.09
0.95
0.96

9

2.00

10

H NMR spectrum (CD3OD) of hispidulin (60)

Appendix F
3.31

3.97
3.89

4.86

7.53
7.52
7.50
6.95
6.93
6.65
6.59

Current Data Parameters
NAME
5EG.2.11.6
EXPNO
20
PROCNO
1
F2 - Acquisition Parameters
Date_
20161114
Time
11.23 h
INSTRUM
spect
PROBHD Z114607_0176 (
PULPROG
zg30
TD
65536
SOLVENT
MeOD
NS
64
DS
2
SWH
12019.230 Hz
FIDRES
0.366798 Hz
AQ
2.7262976 sec
RG
122.78
DW
41.600 usec
DE
6.50 usec
TE
298.0 K
D1
5.00000000 sec
TD0
1
SFO1
600.1337060 MHz
NUC1
1H
P1
10.00 usec
PLW1
27.00000000 W
F2 - Processing parameters
SI
65536
SF
600.1300112 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

8.0

7.5

1
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7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.88
2.96

8.5

1.06
0.91
0.99

9.0

0.96
0.91

9.5

H NMR spectrum (CD3OD) of jaceosidin (61)

2.0

1.5

1.0

0.5

ppm

Appendix

Current Da
NAME
EXPNO
PROCNO

2.05

2.83

3.99
3.80

7.06
7.04
6.86
6.68

7.97
7.95

12.97

Appendix G

F2 - Acqui
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
5
TD0
SFO1
NUC1
P1
PLW1

F2 - Proces
SI
SF
5
WDW
SSB
0
LB
GB
0
PC

10

9

8

1

7

6

5

4

3

2

1

0 ppm

2.77
2.87

11

2.12
1.39
0.97

12

2.00

13
0.75

14

H NMR spectrum (Acetone-d6) of cirsimaritin (62)
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Appendix H

Comparison of HPLC chromatograms of EG fraction 2 (top) and scaled up Reveleris
fraction 6 (bottom).
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Current Data P
NAME
5EG
EXPNO
PROCNO

7.46
7.36
4.98
4.13
4.12
4.11
4.10
4.06
4.05
4.04
4.03
3.84
3.83
3.82
3.82
3.54
3.53
3.52
3.51
3.31
3.30
2.98
2.98
2.86
2.21
2.20
2.03
2.01
1.95
1.90
1.87
1.86
1.85
1.85
1.84
1.83

8.88

Appendix I

F2 - Acquisitio
Date_
20
Time
INSTRUM
PROBHD Z1
PULPROG
TD
6
SOLVENT
NS
DS
SWH
12
FIDRES
AQ
2.7
RG
1
DW
4
DE
TE
2
D1
5.00
TD0
SFO1
600
NUC1
P1
1
PLW1
27.

F2 - Processin
SI
65
SF
600.1
WDW
SSB
0
LB
0
GB
0
PC
1

5

4

3

2

1

ppm

1.12
1.22
1.46
1.27
1.30
1.26
0.80
2.27
0.88
0.70
0.84
0.63
0.66
1.03
3.17
2.91
0.90
1.05

6

Current Data Pa
NAME
5EG.
EXPNO
PROCNO

43.18
38.52
36.65
29.27
26.94
25.80
22.17
20.84
20.55
17.69

65.87

114.60

125.05
122.42

132.27

142.09

H NMR (600 MHz, Acetone-d6) spectrum of 18-acetoxy-8,20-dihydroxyserrulat-14-en-19oic acid (63)
171.00

1

7

1.03

8
1.00
0.98

9
0.97

10

F2 - Acquisition
Date_
201
Time
9
INSTRUM
PROBHD Z11
PULPROG
TD
65
SOLVENT
NS
204
DS
4
SWH
360
FIDRES
1.
AQ
0.908
RG
192
DW
13
DE
6.
TE
298
D1
2.0000
D11
0.030
TD0
SFO1
150.9
NUC1
P1
12.0
PLW1
78.00
SFO2
600.1
NUC2
CPDPRG[2
PCPD2
7
PLW2
27.00
PLW12
0.55
PLW13
0.27

F2 - Processing
SI
327
SF
150.90
WDW
SSB
0
LB
1.0
GB
0
PC
1.4

190

13

180

170

160

150

140

130

120

110

100

90

80

70

60

50

40

30

20

10

ppm

C NMR (600 MHz, Acetone-d6) spectrum of 18-acetoxy-8,20-dihydroxyserrulat-14-en-19oic acid (63)
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H(600 MHz, Acetone-d6) spectrum of 18-acetoxy-8,20-dihydroxyserrulat-14-en-19-oic acid
(63)
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1.484
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1
0 ppm

H NMR (600 MHz, Acetone-d6) spectrum of 8,18,20-trihydroxyserrulat-14-en-19-oic acid
(29)
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Current Dat
NAME
5
EXPNO
PROCNO

F2 - Acquis
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
2
RG
DW
DE
TE
D1
5.
TD0
SFO1
6
NUC1
P1
PLW1

F2 - Process
SI
SF
60
WDW
SSB
0
LB
GB
0
PC

4.91
4.31
4.30
4.29
4.28
4.12
4.10
4.10
4.09
4.01
4.00
3.99
3.99
3.88
3.86
3.86
3.84
3.50
3.32
3.32
3.31
3.19
3.18
3.16
2.99
2.18
2.15
2.11
2.07
1.94
1.63
1.51
1.25

7.48
7.42
7.42
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Current Data Parameters
NAME
5EG.R9a.Sp.19.1
EXPNO
1
PROCNO
1
F2 - Acquisition Parameters
Date_
20170727
Time
13.17 h
INSTRUM
spect
PROBHD Z114607_0176 (
PULPROG
zg30
TD
65536
SOLVENT
CDCl3
NS
16
DS
2
SWH
12019.230 Hz
FIDRES
0.366798 Hz
AQ
2.7262976 sec
RG
138.39
DW
41.600 usec
DE
6.50 usec
TE
298.0 K
D1
5.00000000 sec
TD0
1
SFO1
600.1337060 MHz
NUC1
1H
P1
10.00 usec
PLW1
27.00000000 W
F2 - Processing parameters
SI
65536
SF
600.1300143 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

1

4

3

2

1

ppm

2.30

5

1.06
2.21
0.51
2.25
2.82
2.02

6

1.36
1.44
1.06

7

1.08
1.36
1.19
1.54

8

1.14

9

1.00
0.93

10

H NMR (600 MHz, CDCl3) spectrum of 18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic
acid (64)
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Current Dat
NAME
5
EXPNO
PROCNO

4.93
4.32
4.31
4.30
4.29
4.13
4.12
4.11
4.09
4.08
4.07
3.87
3.85
3.84
3.33
3.04
3.04
2.40
2.19
2.09
2.07
1.99
1.88
1.82
1.75
1.64
1.52
1.27

7.86
7.64
7.64
7.26
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F2 - Acquis
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
2
RG
DW
DE
TE
D1
5.
TD0
SFO1
6
NUC1
P1
PLW1

F2 - Process
SI
SF
60
WDW
SSB
0
LB
GB
0
PC

7

6

5

1

4

3

2

1

0

ppm

1.08
1.10
1.07
1.20
1.14
1.05
3.20
1.22
2.97
3.25
1.50
1.05
1.19
1.23
1.00
1.46
3.14
3.13
2.43

8

1.07

9

1.00
1.02

10

H NMR (600 MHz, CDCl3) spectrum of 8,18,20 triacetoxyserrulat-14-en-19-oic acid (65)

F2 - Acquisition Parameters
Date_
20170804
Time
9.04 h
INSTRUM
spect
PROBHD Z114607_0176
PULPROG
zgpg30
TD
65536
SOLVENT
CDCl3
NS
18901
DS
4
SWH
36057.691 Hz
FIDRES
1.100393 Hz
AQ
0.9087659 sec
RG
192.81
DW
13.867 usec
DE
6.50 usec
TE
298.1 K
D1
2.00000000 sec
D11
0.03000000 sec
TD0
16
SFO1
150.9178981 MH
NUC1
13C
P1
12.00 usec
PLW1
78.00000000 W
SFO2
600.1324005 MH
NUC2
1H
CPDPRG[2
waltz16
PCPD2
70.00 usec
PLW2
27.00000000 W
PLW12
0.55102003 W
PLW13
0.27715999 W

42.4
37.3
32.7
28.4
26.3
25.8
21.2
21.1
21.1
20.9
19.0
17.8

65.2

135.4
132.6
128.2
128.1
123.7
121.9

142.4

149.5

171.3
171.0
170.2
169.6

Current Data Parameters
NAME 5EG.R9a.Sp.19.4
EXPNO
6
PROCNO
1

F2 - Processing parameters
SI
32768
SF
150.9027883 MHz
WDW
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SSB
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1.00 Hz
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C NMR (600 MHz, CDCl3) spectrum of 8,18,20 triacetoxyserrulat-14-en-19-oic acid (65)
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HMBC (600 MHz, CDCl3) spectrum of 8,18,20 triacetoxyserrulat-14-en-19-oic acid (65)
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Current Da
NAME
EXPNO
PROCNO

4.97
4.96
4.94
4.14
4.13
4.12
4.11
4.06
4.05
4.04
4.03
3.52
3.24
3.23
3.22
3.00
2.20
2.13
2.11
1.66
1.54
1.28
1.25
1.24

7.54
7.30
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F2 - Acqui
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
5
TD0
SFO1
NUC1
P1
PLW1

F2 - Proce
SI
SF
6
WDW
SSB
0
LB
GB
0
PC

5

1

4

3

2

1

ppm

0.54
0.48
1.24
2.71
3.77
3.50
3.03

6

1.26
1.08

7

1.26
1.35

8

1.18

9

1.00
1.25

10

H NMR (600 MHz, CDCl3) spectrum of 18-acetoxy-8-hydroxyserrulate-14-en-19oic acid (66)

F2 - Acquisition Parameters
Date_
20170805
Time
18.26 h
INSTRUM
spect
PROBHD Z114607_0176 (
PULPROG
zgpg30
TD
65536
SOLVENT
CDCl3
NS
30000
DS
4
SWH
36057.691 Hz
FIDRES
1.100393 Hz
AQ
0.9087659 sec
RG
192.81
DW
13.867 usec
DE
6.50 usec
TE
298.0 K
D1
2.00000000 sec
D11
0.03000000 sec
TD0
25
SFO1
150.9178981 MHz
NUC1
13C
P1
12.00 usec
PLW1
78.00000000 W
SFO2
600.1324005 MHz
NUC2
1H
CPDPRG[2
waltz16
PCPD2
70.00 usec
PLW2
27.00000000 W
PLW12
0.55102003 W
PLW13
0.27715999 W

29.8
27.4
26.3
25.8
21.1
21.0
19.5
17.8

65.6

124.1

Current Data Parameters
NAME 5EG.R9a.Sp.19.7
EXPNO
6
PROCNO
1

F2 - Processing parameters
SI
32768
SF
150.9027871 MHz
WDW
EM
SSB
0
LB
1.00 Hz
GB
0
PC
1.40
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C NMR (600 MHz, CDCl3) spectrum of 18-acetoxy-8-hydroxyserrulate-14-en-19-oic acid
(66)
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HMBC (600 MHz, CDCl3) spectrum of 18-acetoxy-8-hydroxyserrulate-14-en-19-oic acid
(66)
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4.97
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4.36
4.35
4.34
4.34
3.92
3.91
3.89
3.37
3.36
3.35
2.68
2.14
2.00
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1.84
1.64
1.54
1.29
1.28
1.27
1.27
1.26
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1.25
1.24
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7.44
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Current D
NAME
EXPNO
PROCNO

F2 - Acqu
Date_
Time
INSTRUM
PROBHD
PULPRO
TD
SOLVEN
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0
SFO1
NUC1
P1
PLW1

F2 - Proc
SI
SF
WDW
SSB
0
LB
GB
0
PC

1

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0 ppm

1.19
3.27
0.76
1.02
1.33
0.53
1.54
1.29
1.34
0.74
3.12
3.12
1.41
1.23
3.10

5.5

1.15

6.0

1.11

6.5

1.11

7.0

1.08

7.5
1.00
1.04

8.0

H NMR (600 MHz, CDCl3) spectrum of 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid
(67)
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Current Data Parameters
NAME
5EG.R9a.SP.22
EXPNO
1
PROCNO
1

4.97
4.96
4.69
4.66
4.66
4.31
4.30
4.29
4.28
3.87
3.85
3.84
3.49
3.30
2.72
2.39
2.07
1.64
1.54
1.29
1.25
1.05
1.04
1.01
0.99

7.84
7.61
7.61
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F2 - Acquisition Parameters
Date_
20170726
Time
12.54 h
INSTRUM
spect
PROBHD Z114607_0176 (
PULPROG
zg30
TD
65536
SOLVENT
CDCl3
NS
16
DS
2
SWH
12019.230 Hz
FIDRES
0.366798 Hz
AQ
2.7262976 sec
RG
94.81
DW
41.600 usec
DE
6.50 usec
TE
298.0 K
D1
5.00000000 sec
TD0
1
SFO1
600.1337060 MHz
NUC1
1H
P1
10.00 usec
PLW1
27.00000000 W
F2 - Processing parameters
SI
65536
SF
600.1300143 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

1
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3.27
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3.18
2.13
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H NMR (600 MHz, CDCl3) spectrum of 8,20-diacetoxyserrulat-14-en-19-oic acid (27)
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Total gas volume (mean) by rumen microbes in vitro when fermenting oaten chaff in
presence of B. pelecinus extracts. Control - oaten chaff + EtOH. AMC - antimethanogenic
control (tea tree oil). DMi- dry matter incubated.

Treatment
Control
AMC
100% DI H2O
100% Acetone
70% Ethanol
80% Methanol
50/50MeOH/CHCl3

Gas volume (ml/g DMi)
(mean)
407.1
283.4
396
410.5
346.7
345.6
330.8

Total gas volume (mean) by rumen microbes in vitro when fermenting oaten chaff in
presence of silica fractions from B. pelecinus crude extract. Control - oaten chaff + EtOH.
AMC - antimethanogenic control (tea tree oil). DMi- dry matter incubated.

Treatment
Control
AMC
BP.C
BP.1
BP.2
BP.3
BP.4
BP.5
BP.6
BP.7
BP.8
BP.9
BP.10

Gas volume (ml/g DMi)
(mean)
423.3
283.4
330.8
427.2
362.4
429.0
429.1
430.5
436.3
422.9
344.6
352.2
430.0

S.E.M
7.1
1.5
5.3
7.9
1.9
4.4
4.2
3.7
3.2
2.1
2.9
2.0
3.7

Total gas volume (mean) by rumen microbes in vitro when fermenting oaten chaff in
presence of BP.2 silica fractions. Control - oaten chaff + EtOH. AMC - antimethanogenic
control (tea tree oil). DMi- dry matter incubated.

Treatment
Control
AMC
BP.2.1
BP.2.2
BP.2.3
BP.2.4
BP.2.5
BP.2.6
BP.2.7
BP.2.8

Gas volume (ml/g DMi)
(mean)
384.67
280.3
387.67
390.00
386.33
389.33
378.50
388.67
382.50
380.00

S.E.M
2
0
2
6
1
4
4
2
4
5
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Current Data Parameters
NAME
BP-Pt-2.2
EXPNO
2
PROCNO
1

2.80
2.33
2.32
2.31
2.31
2.30
2.29
2.06
2.05
1.62
1.62
1.61
1.60
1.60
1.25
0.88

5.37
5.37
5.36
5.36
5.35
5.34
5.27
5.27
5.26
5.26
5.26
5.25
4.29
4.28
4.16
4.15

7.26
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F2 - Acquisition Parameters
Date_
20160413
Time
13.22
INSTRUM
spect
PROBHD 5 mm PABBO BB/
PULPROG
zg30
TD
65536
SOLVENT
CDCl3
NS
16
DS
2
SWH
12019.230 Hz
FIDRES
0.183399 Hz
AQ
2.7262976 sec
RG
31.72
DW
41.600 usec
DE
6.50 usec
TE
298.0 K
D1
5.00000000 sec
TD0
1
======== CHANNEL f1 ========
SFO1
600.1337060 MHz
NUC1
1H
P1
10.00 usec
PLW1
27.00000000 W
F2 - Processing parameters
SI
65536
SF
600.1300136 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

1
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H NMR (600 MHz, Acetone-d6) spectrum of compound 68.
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Retention time (min)

F4

UV absorbance (220 nm)

F5

F6

Retention time (min)

HPLC chromatogram of B. pelecinus antibacterial active fractions 4, 5 and 6.
UV absorbance recorded at 220 nm.
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1

Figure D 2: HNMR spectrum (CD3OD) of compounds loliolide (69) (major peaks) and 3Hydroxy-5,6-epoxy-β-ionone (70) (minor peaks).

Figure D 3:

234

13

C NMR spectrum (CD3OD) of compound 69 (loliolide)
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UV absorbance (452 nm)

F9a.7

F9a.8
F8

Retention time (min)

Figure D 4: Figure D 4: HPLC chromatogram of fraction BP.9a.7 and BP.9a.8.
UV absorbance recorded at 254 nm

F4

UV absorbance (220 nm)

F5

F6

Retention time (min)
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Current Data Parameters
NAME
BP.4a.7.4 pure
EXPNO
2
PROCNO
1

3.310

7.381
7.366
6.853
6.839
6.349
6.346
6.227
6.224

8.065

Pure BP.4a.7.4

F2 - Acquisition Parameters
Date_
20160524
Time
10.44 h
INSTRUM
spect
PROBHD Z114607_0176 (
PULPROG
zg30
TD
65536
SOLVENT
MeOD
NS
127
DS
2
SWH
12019.230 Hz
FIDRES
0.366798 Hz
AQ
2.7262976 sec
RG
138.39
DW
41.600 usec
DE
6.50 usec
TE
298.0 K
D1
5.00000000 sec
TD0
20
SFO1
600.1337060 MHz
NUC1
1H
P1
10.00 usec
PLW1
27.00000000 W
F2 - Processing parameters
SI
65536
SF
600.1300111 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

1

6

5

4

3

2

1.02
1.02

7

2.08

8

2.07

9

1.00

10

Figure D 5: H NMR spectrum (CD3OD) of compound genistein (52).
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Recent reports of Eremophila glabra (R.Br.) Ostenf. (Scrophulariaceae) displaying antibacterial activity has led us
to investigate the bioactive secondary metabolites responsible for this activity. Bioassay-directed fractionation of
solvent extracts prepared from the leaves of E. glabra led to the isolation of seven serrulatane diterpenes, three
ﬂavonoids and the caﬀeoyl ester disaccharide verbascoside. Among these, four serrulatanes, namely 18-acetoxy8, 20-dihydroxyserrulat-14-en-19-oic acid (14), 18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic acid (16),
8,18,20-triacetoxyserrulat-14-en-19-oic acid (17) and 18-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (18) are
described for the ﬁrst time, while 8,20-diacetoxyserrulat-14-en-19-oic acid (3), 8,18,20-trihydroxyserrulat-14en-19-oic acid (5) and 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (19) were previously reported. All three
ﬂavonoids hispidulin (12), jaceosidin (13) and cirsimaritin (15) are known but reported for the ﬁrst time in E.
glabra. All compounds were tested in an agar diﬀusion antimicrobial assay against Staphylococcus aureus (NCTC
10442) and Staphylococcus epidermidis (ATCC 14990). Compounds 12, 13, 17, 18 and 19 exhibited moderate
activity, with minimum inhibitory concentrations (MICs) ranging from 32 to 512 μg/mL. Compound 19 demonstrated the highest activity against S. epidermidis ATCC 14990 with MIC of 32 μg/mL, while 13 demonstrated
the highest activity against S. aureus NCTC 10442 with MIC of 128 μg/mL.

1. Introduction
Eremophila (Scrophulariaceae) are endemic Australian native plants
represented by over 200 diﬀerent species [1]. Several species of Eremophila have been reported to be used by the Australian Aboriginal
people for relieving a number of disorders such as cold, fever, inﬂuenza,
insomnia, and internal pain [2]. While some species were used for
treatment of rheumatism, diarrhoea, and to encourage deep sleep [3].
From a western perspective, these species have the potential to assist in
the treatment of illnesses that mainly come from bacterial origin, and as
such there have been reports of Eremophila demonstrating antimicrobial
activities [3,4]. A broad antimicrobial screening program of 72 Eremophila species, which included E. glabra, showed that many of these
species have antimicrobial activity against Gram-positive organisms
related to some important human diseases [6].
Recently, in a study of Australian native plants that can reduce
ruminal lactic acidosis, E. glabra was found to be the most eﬀective
plant [7]. Further investigation revealed that extractable compounds, in
particular serrulatane diterpenes in this plant, were inhibitory to the
lactate-producing Gram positive bacterium Streptococcus bovis[8]. In
another study, screening of 128 Australian perennial plants showed that

⁎

E. glabra was also one of the most active in reducing methane emissions
from ruminants [9]. A follow up study using an in vitro Rusitec system
further conﬁrmed the methane reducing ability of E. glabra and showed
that a signiﬁcant reduction in methane production by 45% was linked
to a reduction in methanogen populations by 42.1% compared with the
control substrate [10].
From a phytochemistry perspective, Eremophila species are considered a rich source of novel and interesting secondary metabolites
that have been well studied over the years [3]. Chemical investigation
of the resin from a number of Eremophila species has resulted in the
isolation of a large variety of novel diterpenoids [11]. Diterpenes are
the major represented class in Eremophila species [3], and the serrulatane skeleton (1, Fig. 1), which is unique to Eremophila, is the most
common diterpene encountered in this genus [12]. Ghisalberti had
previously suggested that the serrulatanes might possess antimicrobial
activity based on their terpenoid/phenolic structure [13]. Subsequently, an examination of the extracts of Eremophila duttonii for antibacterial activity showed that the serrulatane type compounds were the
principal components responsible for the antibacterial activity in this
plant [14]. Furthermore, serrulatanes isolated from E. sturtii were found
to have antibacterial activity against Staphylococcus aureus[15] in
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Fig. 1. General serrulatane diterpene structure along with
examples of serrulatanes previously isolated from E. glabra.

addition to serrulatanes isolated from E. neglecta, which showed activity
against other medically important bacteria [16,17].
Previous chemical investigations of E. glabra has led to the isolation
of 8,20-dihydroxyserrulat-14-en-19-oic acid (2, Fig. 1) and the corresponding diacetate (3) as the major serrulatanes produced by this plant
[12]. In addition to 2 and 3, the isolation of 3,8-dihydroxyserrulat-14en-19-oic acid (4) and 8,18,20-trihydroxyserrulat-14-en-19-oic acid (5)
from E. glabra has also been reported. Interestingly, 2–5 along with
other serrulatane diterpenes isolated from E. rugosa and E. denticulata,
were shown to inhibit ruminal lactic-acid forming bacteria to varying
degrees (4 essentially not active, 5 the most active) [8]. More recently,
ﬁve additional serrulatanes have been isolated from E. glabra and reported to have an anti-diabetic eﬀect, including 8,16-dihydroxyserrulat-19-oic acid (6), 8-hydroxy-16-[4-methylpent-3-enoyloxy]serrulat-19-oic acid (7), 8-hydroxy-16-hydrocinnamoyloxyserrulat-19-oic
acid (8), 8-hydroxy-16-cinnamoyloxyserrulat-19-oic acid (9) [18]. In
addition, 8-hydroxyserrulat-14- en-19-oic acid (10) was also isolated
but showed no activity in this assay [18].
In this paper, we report the bioassay-guided isolation of secondary
metabolites from E. glabra that can inhibit Gram-positive bacteria of
medical signiﬁcance – namely pathogenic Staphylococcus aureus NCTC
10442 and a commensal Staphylococcus epidermidis ATCC 14990. The
isolation, structural elucidation, and antimicrobial evaluation of seven
serrulatane diterpenes, three ﬂavonoids and verbascoside are described
herein.
2. Materials and methods
2.1. General experimental
Rapid silica ﬁltration (RSF) was conducted using a sintered glass
column (4.5 × 12 cm) containing silica gel (10 g, Grace-Davisil,
40–63 μm) equilibrated with hexanes. Flash chromatography was conducted using a thick walled glass column (4.5 × 45 cm) packed with
silica gel and eluted under positive air pressure. Scaled up silica chromatography was conducted using the Reveleris X2 chromatography
system equipped with a cartridge containing silica gel as the stationary
phase (120 g, 40 μm, Reveleris, p/n 145,146,134). High performance
liquid chromatography (HPLC) was performed on an Agilent 1200
HPLC system, equipped with a photodiode array detector (PDA) and
fraction collector. Analytical separations were achieved using an Apollo
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C18 Column (250 mm × 4.6 mm i.d., 5 μm, Grace-Davison) while semipreparative HPLC separations were achieved using either an Apollo C18
Column (250 mm × 10.0 mm i.d., 5 μm, Grace-Davison) or Apollo C18
Column (250 mm × 22 mm i.d., 5 μm, Grace-Davison). UV absorbance
was routinely measured at wavelengths of 220, 254 and 280 nm. NMR
spectra were acquired on a Bruker Avance 600 MHz spectrometer and
chemical shifts were calibrated to resonances attributed to residual
solvents. High and low resolution mass spectra were obtained on a
Waters Alliance e2695 HPLC connected to a Waters LCT Premier XE
time-of-ﬂight (TOF) mass spectrometer with an atmospheric pressure
chemical ionization source (APCI) in positive ionization mode.
Polarimetry was acquired on a Kruss Optronic P-8000 polarimeter.
Solvents were of HPLC grade unless otherwise stated.
2.2. Plant material
E. glabra accession SA 45599 was grown at the UWA Future Farm
Ridgeﬁeld in Pingelly (Western Australia). Plant material (leaves and
stems < 5 mm) were harvested in May 2014 from multiple plants at the
post ﬂowering stage. The plant material was freeze-dried and ground
through a 1.0 mm screen before use.
2.3. Antimicrobial assay
2.3.1. Bacterial strains
Reference strains for antibacterial screening were Escherichia coli
ATCC 25922¸ Serratia marcescens NCTC 1377, Staphylococcus aureus
NCTC 10442, and Staphylococcus epidermidis ATCC 14990. Strains were
obtained from the culture collection of the School of Biomedical
Sciences at The University of Western Australia. Cultures were maintained on blood agar and were stored at 4 °C until required for testing.
2.3.2. Agar- well diﬀusion assay
An agar-well diﬀusion assay based on the method published by the
Clinical and Laboratory Standards Institute was used to detect activity
[19]. Brieﬂy, inocula were prepared by culturing a loopful of bacteria
on a fresh blood agar plate overnight at 37 °C and then suspending
bacterial growth in saline (8.5 g/L) to a concentration of approximately
5 × 108 colony forming units (CFU) per mL. This suspension was used
to surface inoculate Mueller-Hinton agar plates, into which wells of
8 mm diameter were cut with a sterile cork-borer. All samples (extracts,
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fractions, compounds) were solubilized in DMSO (150 μL) and 100 μL
volumes were pipetted directly into wells. Plates were incubated
overnight at 37° C before zones of inhibition were measured to the
nearest mm. Discs impregnated with DMSO (100 μL) served as the
control, while standard discs of trimethoprim (5 μg) were included in
each assay as a positive control.
2.3.3. Broth microdilution assay for determining the minimum inhibitory
concentration
Following screening on agar, a broth microdilution assay was conducted with isolated compounds to deﬁne minimum inhibitory concentrations (MICs). The procedure was based on the method previously
published by the CLSI [19]. Brieﬂy, inocula were prepared as above,
diluted 1 in 100 in Mueller Hinton broth, then used to inoculate a series
of doubling dilutions from 1 μg/mL to 512 μg/mL of each compound
prepared in a 96-well tray. Inoculated trays were incubated for 24 h at
37° C. MICs were determined visually as the lowest concentration preventing visible growth. The experiment was repeated and DMSO
(100%) was included as a control along with vancomycin as a positive
control.
2.4. Extraction and isolation
2.4.1. Solvent extraction
Initially, samples of ground E. glabra leaves (2.0 g) were extracted
with ﬁve diﬀerent solvents (20 mL) that included water, ethanol, methanol (MeOH), acetone, or 1:1 MeOH/chloroform (CHCl3). The extracts were stirred overnight at room temperature before being ﬁltered
(Whatman No.1, 15 cm) and evaporated to dryness under reduced
pressure at 40 °C to give dark green residues (yields 0.34 g, 0.64 g,
0.68 g, 0.50 g, and 0.81 g respectively). A sample of each extract (ca.
10%) was tested using the antibacterial agar diﬀusion assay.
For bioassay-guided isolation, ground plant material of E. glabra
(70.11 g) was extracted with MeOH/CHCl3 (1:1 v/v) (3 × 150 mL) by
stirring overnight. The extract was ﬁltered (Whatman No.1, 24.0 cm)
and evaporated to dryness under reduced pressure to give a dark green
residue (14.5 g, further referred to as crude extract).
2.4.2. Rapid silica ﬁltration (RSF)
The crude extract (6.2 g) was dissolved in a minimal amount of
MeOH and added to a RSF column. The column was eluted with hexanes (200 mL) followed by solvent mixtures containing increasing
concentrations of ethyl acetate (EtOAc) to 100% EtOAc, followed by
increasing amounts of MeOH in EtOAc to give ﬁve fractions in total
(Table 1). A sample of each fraction (ca. 10%) was tested in the antibacterial diﬀusion assay.
2.4.3. Flash silica chromatography
Fractions 2 and 3 (1.40 g) from rapid silica ﬁltration were combined
and separated further using ﬂash silica chromatography. The column
containing silica (15 g) was eluted with hexanes followed by increasing
concentrations of EtOAc in hexanes to 100% EtOAc to give 10 fractions
in total. A sample of each fraction (ca. 10%) was tested in the antibacterial diﬀusion assay.
Table 1
Yields of fractions from RSF fractionation of E. glabra.
Fraction

Elution solvent

Yield (g)

1
2
3
4
5
Total

Hexanes
EtOAc/hexanes (1:1 v/v)
EtOAc
MeOH/EtOAc (1:1 v/v)
MeOH

0.16
1.61
1.28
2.36
0.68
6.09

2.4.4. Reveleris silica chromatography
The crude extract (14.5 g) was dissolved in MeOH and adsorbed to
celite before attaching to a Reveleris ﬂash chromatography module.
The column was eluted with a gradient solvent system consisting of
100% hexanes and increasing to 100% EtOAc over 30 mins. The mobile
phase was then increased from EtOAc to 100% MeOH over a further 30
mins and held for 5 mins. The ﬂow rate was set at 60 mL/min and
fractions were collected in 25 mL aliquots throughout the run to give
145 fractions in total. Fractions were combined based on similar proﬁles as assessed by TLC and HPLC, to give 13 fractions in total. A
sample of all the fractions were tested against S. aureus using the diffusion assay.
2.4.5. Semi-preparative HPLC
Fractions 5 to 7 from the Reveleris separation were combined
(2.52 g) and subjected to further fractionation by semi-preparative
HPLC using an Apollo C18 column (250 mm × 22 mm i.d., 5 μm). The
sample was dissolved in MeOH and 1 mL was injected (× 4). The
column was eluted with a gradient mobile phase consisting of 20%
acetonitrile (MeCN)/H2O (+ 0.1% triﬂuoroacetic acid (TFA)) which
increased to 100% MeCN over 50 min, and held for 10 min. The ﬂow
rate was 10 mL/min. And fractions were collected every 2 min.
Allowing for solvent delay and column cleaning, 26 fractions were
collected and a sample of each was tested for activity.
Fraction 4 was separated further by semi-preparative HPLC (Apollo
C18 Column 250 mm × 10.0 mm i.d., 5 μm). Using an isocratic solvent
system of 20% MeCN/H2O (+ 0.1% TFA) at 4 mL/min led to the isolation of verbascoside (11, 8 mg, yield 0.05% from crude extract) from
this fraction, which was also the major product of fraction 5.
Fraction 11 was separated by semi preparative HPLC (Apollo C18
column 250 mm × 10.0 mm i.d., 5 μm) using an isocratic solvent
system of 32% MeCN/H2O (+ 0.1% TFA) at 4 mL/min to yield hispidulin (12, 2.8 mg, 0.01%), and jaceosidin (13, 2.1 mg, 0.01%).
Fraction 13 was separated by semi preparative HPLC (Apollo C18
Column 250 mm × 10.0 mm i.d., 5 μm) using an isocratic solvent
system of 55% MeOH/H2O (+ 0.1% TFA) at 4 mL/min which gave 18acetoxy-8,20-dihydroxyserrulat-14-en-19-oic acid (14, 2.1 mg, 0.01%),
8,18,20-trihydroxyserrulat-14-en-19-oic acid (5, 2.3 mg, 0.01%), and
cirsimaritin (15, 2.5 mg, 0.01%).
Fraction 19 was separated by semi preparative HPLC (Apollo C18
Column 250 mm × 10.0 mm i.d., 5 μm) using an isocratic solvent
system of 70% MeOH/H2O (+ 0.1% TFA) at 4 mL/min to yield 18,20diacetoxy-8-hydroxyserrulat-14-en-19-oic acid (16, 1.5 mg, 0.01%),
8,18,20-triacetoxyserrulat-14-en-19-oic acid (17, 4.8 mg, 0.03%) and
18-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (18, 3.4 mg, 0.02%).
Fraction 20 was separated by semi preparative HPLC (Apollo C18
column 250 mm × 10.0 mm i.d., 5 μm) using an isocratic solvent
system of 75% MeOH/H2O (+ 0.1% TFA) to yield 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (19, 1.5 mg, 0.01%).
Fraction 22 was separated by semi preparative HPLC (Apollo C18
column 250 mm × 10.0 mm i.d., 5 μm) using an isocratic solvent
system of 85% MeOH/H2O (+ 0.1% TFA) at 4 mL/min to aﬀord 8,20diacetoxyserrulat-14-en-19- oic acid (3, 1.3 mg, 0.01%).
8,20-diacetoxyserrulat-14-en-19- oic acid (3) [12]: Pale yellow oil;
1
[α]25
D + 31.3 (c 0.48 MeOH); H NMR (600 MHz, CDCl3, δ ppm) δ 7.83
(lH, s, H-7), 7.61(1H, br d, J = 1.2 Hz, H-5), 4.96 (1H, t, J = 7.3 Hz, H14), 4.28 (1H, dd, J = 10.9, 4.5 Hz, He20B), 3.85 (1H, t, J = 10.4 Hz,
H-20A), 3.29 (1H, m, H-l), 2.72 (lH, m, H-4), 2.39 (3H, s, OAc), 2.06
(3H, s, OAc), 1.64 (3H, s, H-17), 1.54 (3H, s, H-16), 0.99 (3H, d,
J = 7.0 Hz, H– 18); HRMS m/z 417.2257 [M + H]+ (calcd for
C24H33O6, 417.2277).
8,18,20-trihydroxyserrulat-14-en-19-oic acid (5) [8]: Pale yellow oil;
1
[α]25
D + 10.1 (c 0.56 MeOH); H NMR (600 MHz, Acetone-d6,δ ppm) δ
7.54 (1H, s, H-5), 7.34 (1H, s, H-7), 4.94 (1H, t, J = 7.0, H-14), 3.80
(1H, dd, J = 10.1, 5.8 Hz, H20A), 3.68 (1H, dd, J = 10.8, 4.8 Hz, H18A), 3.56 (1H, m, He18B), 3.52 (1H, m, He20B), 3.30 (1H, m, H-1),
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3.16 (1H, m, H-4), 1.59 (3H, s, H-16), 1.48 (3H, s, H-17); HRMS m/z
349.2034 [M + H]+ (calcd for C20H29O5, 349.2015).
Verbascoside (11) [20]: Pale yellow powder; [α]25
D − 46.3 (c 1.0,
MeOH), 1H NMR (600 MHz, methanol-d4, δ ppm) δ 7.57 (1H, d,
J = 15.9 Hz, H-7), 7.05 (1H, d, J = 2.0 Hz, H-2), 6.94 (1H, dd, J = 8.3,
2.0 Hz, H-6), 6.77 (1H, d, J = 8.3 Hz, H-5), 6.69 (1H, d, J = 2.0 Hz, H2′′′), 6.67 (1H, d, J = 8.0 Hz, H-5′′′), 6.55 (1H, dd, J = 8.0, 2.0 Hz, H6′′′), 6.25 (1H, d, J = 15.9 Hz, H-8), 5.18 (1H, d, J = 1.7 Hz, H-1′′),
4.90 (1H, t, J = 9.0 Hz, H-4′), 4.38 (1H, d, J = 8.0 Hz, H-1′), 4.04 (1H,
m, H-8B′′′), 3.92 (1H, dd, J = 3.2, 1.8 Hz, H-2′′), 3.81(1H, t,
J = 9.0 Hz, H-3′), 3.71 (1H, m, H-8A′′′), 3.61(2H, m H-6′), 3.58 (1H, m,
H-5′), 3.56 (1H, m, H-3′′), 3.51 (1H, m, H-5′), 3.38 (1H, dd, J = 9.0,
8.0 Hz, H-2′), 3.29 (1H, t, J = 9.5 Hz, H-4′′), 2.77 (2H, m, H-7′′′), 1.08
(3H, d, J = 6.2 Hz, H-6′′); HRMS m/z 625.2125 [M + H]+ (calcd for
C29H37O15, 625.2132).
Hispidulin (12) [21]: Yellow oil; 1H NMR (600 MHz, methanol‑d4, δ
ppm) δ 7.85 (2H, d, J = 8.3 Hz, H-2′, H-6′), 6.93 (2H, d, J = 8.3 Hz, H3′, H-5′), 6.59 (1H, s, H-3), 6.56 (1H, s, H-8), 3.88 (3H, s, OMe). 13C
NMR (600 MHz, methanol-d4) δ 184.2 (C-4), 166.3 (C-2), 162.7 (C-4′),
133.1 (C-6), 129.4 (C-2′, 6′), 123.2 (C-1′), 117.0 (C-3′, 5′), 105.6 (C-10),
103.3 (C-3), 95.5 (C-8), 60.9 (OMe); HRMS m/z 301.0706 [M + H]+
(calcd for C16H13O6, 301.0712).
Jaceosidin (13) [22]: Yellow oil; 1H NMR (600 MHz, methanol-d4, δ
ppm) δ 7.52 (1H, d, J = 8.5 Hz, H-6′), 7.49 (1H, s, H-2′), 6.93 (1H, d,
J = 8.5 Hz, H-5′), 6.64 (1H, s, H-3), 6.58 (1H, s, H-8), 3.96 (3H, s, 3′OMe), 3.89 (3H, s, 6-OMe); 13C NMR (600 MHz, methanol-d4, δ ppm): δ
164.7 (C-2), 153.3 (C-9), 150.7 (C-3′), 148.1 (C-4′), 131.5 (C-6), 122.4
(C-1′), 120.6 (C-6′), 115.6 (C-5′), 110.0 (C-2′), 104.0 (C-10), 102.8 (C3), 94.1 (C-8), 59.5 (6-OMe), 55.6 (3′-OMe); HRMS m/z 331.0804 [M
+ H]+ (calcd for C17H15O7, 331.0818).
18-acetoxy-8,20-dihydroxyserrulat-14-en-19-oic acid (14): Pale
1
13
yellow oil; [α]25
C NMR (acetone-d6)
D + 34.7 (c 1.0, MeOH); H and
data are given in Table 3; HRMS m/z: 391.2141 [M + H]+ (calcd for
C22H31O6, 391.2141).
Cirsimaritin (15) [23]: Yellow oil; 1H NMR (600 MHz, Acetone-d6,δ
ppm) δ 12.97 (1H, s, 5-OH), 7.95 (2H, d, J = 8.7, H-2′, H-6′), 7.03 (2H,
d, J = 8.7, H-3′, H-5′), 6.86 (1H, s, H-8), 6.67 (1H, s, H-3), 3.99 (3H, s,
7-OMe), 3.79 (3H, s, 6-OMe); HRMS m/z 315.0853 [M + H]+ (calcd
for C17H15O6, 315.0869).
18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic acid (16): Pale
1
13
yellow oil; [α]25
C NMR (CDCl3) data
D + 48.0 (c 0.33, MeOH); H and
are shown in Table 3; HRMS m/z: 433.2227 [M + H]+ (calcd for
C24H33O7, 433.2227).
8,18,20 triacetoxyserrulat-14-en-19-oic acid (17): Pale yellow oil;
1
13
[α]25
C NMR data (CDCl3) are shown in
D + 9.0 (c 1.0 MeOH); H and
Table 3; HRMS m/z 475.2314 [M + H]+ (calcd for C26H35O8,
475.2332).
18-acetoxy-8-hydroxyserrulate-14-en-19-oic acid (18): Pale yellow oil;
1
13
[α]25
C NMR (CDCl3) data are shown
D + 18.9 (c 0.72 MeOH); H and
in Table 3; HRMS m/z: 375.2171[M + H]+ (calcd for C22H31O5,
375.2171).
20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid (19) [24]: Pale
1
yellow oil; [α]25
D + 44.1 (c 0.28 MeOH); H NMR (600 MHz, CDCl3, δ
ppm); δ 7.51(1H, br s, H-5), 7.43 (1H, s, H-7), 4.95 (1H, t, J = 7.0 Hz,
H-14), 4.34 (1H, dd, J = 10.4, 2.9 Hz, H-20A), 3.91 (1H, br t, J = 10.4,
H– 20B), 3.37 (1H, m, H-1), 2.67 (1H, m, H-4), 2.13 (3H, s, H-22), 1.98
(1H, m, H-13A), 1.89 (1H, m, H-11), 1.83 (1H, m, He13B), 1.82 (1H, m,
H-2), 1.80 (1H, m, H-3A), 1.79 (1H, m, He3B), 1.63 (3H, br s, H-17),
1.53 (3H, br s, H-16), 1.25 (1H, m, H-12A) 1.11 (1H, m, He12B), 0.95
(3H, d, J = 6.6, H-18),; HRMS m/z 375.2180 [M + H]+ (calcd for
C22H31O5, 375.2171).
3. Results and discussion
In the initial screening of crude extracts from E. glabra, the MeOH/
CHCl3 (1:1 v/v) extract was the most active, giving the widest zone of
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Table 2
Antimicrobial activity of diﬀerent solvent extracts from E. glabra against selected bacterial
species.
Extract/treatment

Water
EtOH
MeOH
Acetone
MeOH/CHCl3
DMSO (control)
Trimethoprim
(5 μg)

Zone of inhibition (mm)
S. aureus
NCTC
10442

S. epidermidis
ATCC 14990

S. marcescens
NCTC 1377

E. coli
ATCC
25922

NI
17
17
16
19/23⁎
NI
26

NT
NT
NT
NT
30
NI
26

NT
NT
NT
NT
NI
NI
26

NT
NT
NT
NT
NI
NI
26

NI – not inhibitory; NT – not tested
⁎
Results obtained in two separate assays.

inhibition in the agar diﬀusion assay (Table 2). This extract had activity
against the Gram-positive bacteria S. aureus (23 mm zone) and S. epidermidis (30 mm zone), while no activity was observed against the
Gram-negative bacteria S. marcescens and E. coli (Table 2). Since S.
aureus is a signiﬁcant global pathogen that contributes substantially to
morbidity and mortality, whereas S. epidermidis is largely harmless
commensal skin ﬂora, S. aureus was selected for guiding further separations of the crude extract.
HPLC analysis of the E. glabra crude extract showed that a complex
mixture of compounds were present (Fig. 2). The extract was initially
separated by rapid silica ﬁltration (RSF) into 5 fractions to simplify the
mixture. Testing of each fraction in the agar diﬀusion assay revealed
that fraction 2 and 3 were the most active against S. aureus (Fig. 3). Due
to the similarity of these two fractions (HPLC), they were combined and
further fractionation by ﬂash silica gel chromatography to give 10
fractions. Testing in the agar diﬀusion assay showed that the silica
fractions 4–8 were active against S. aureus (Fig. 3B).
For each of the active fractions 4–8 (Fig. 3B), further separations
were attempted to simplify the mixtures and activity for each resulting
fraction were followed using the agar diﬀusion assay. Activity was located in a number of further puriﬁed fractions, however, in all cases
only trace amounts of compounds were isolated, which were too low for
detailed spectroscopic analysis (for a summary of this work, see
Supplementary material S1). To obtain more material, a scaled up separation was conducted using a Reveleris ﬂash chromatography module
to separate the E. glabra crude extract. A total of 145 fractions were
collected which were grouped into 13 combined fractions based on TLC
analysis. Testing of the 13 fractions in the diﬀusion assay showed that
fractions 5, 6 and 7 had the greatest activity against S. aureus. Analysis
of fraction 6 by HPLC showed it was similar to the previous fraction 2
derived from RSF fractionation (Fig. S2).
Fractions 5 to 7 were combined and separated further by semipreparative HPLC to give 26 fractions. Among these fractions, fractions
4, 5 and 11 showed strong activity (> 20 mm diﬀusion) against S.
aureus in the diﬀusion assay, while a number of fractions showed
moderate activity (10–20 mm, Fig. 4).
The active fractions (Fig. 4) were analysed by HPLC and separations
were optimised to isolate puriﬁed compounds from each fraction for
further testing as described below. HPLC separation of fraction 4 (and
also 5) aﬀorded the previously reported verbascoside (11) [12,14] as
the major compound (Fig. 5). Fraction 11 yielded the known ﬂavonoids
hispidulin (12) [21], and jaceosidin (13) [22], which are reported for
the ﬁrst time from E. glabra. Fraction 13 yielded a previously undescribed serrulatane, 18-acetoxy-8, 20-dihydroxyserrulat-14-en-19-oic
acid (14), along with the known 8,18,20-trihydroxyserrulat-14-en-19oic acid (5) [8] and the ﬂavonoid cirsimaritin (15) that are also reported for the ﬁrst time from E. glabra[23]. Fraction 19 yielded three
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Fig. 2. HPLC chromatogram of the E. glabra crude MeOH/
CHCl3 extract.

Fig. 3. Results of the agar diﬀusion assay for E. glabra RSF fractions against S. aureus
NCTC 10442. B. Results of the agar diﬀusion assay tested with ﬂash silica chromatography fractions derived from combined RSF fractions 2–3 (Fig. 3) against S. aureus.

Fig. 4. Results of the agar diﬀusion assay with S. aureus NCTC 10442 tested with HPLC
fractions collected from the separation of the Reveleris combined fractions 5–7.

novel serrulatanes: 18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic
acid (16), 8,18,20-triacetoxyserrulat-14-en-19-oic acid (17) and 18acetoxy-8-hydroxyserrulat-14-en-19-oic acid (18). Fraction 20 yielded
the known serrulatane 20-acetoxy-8-hydroxyserrulat-14-en-19-oic acid
(19), previously isolated from E. serrulata[24]. Fraction 22, although
showed no activity (Fig. 4), aﬀorded 8,20-diacetoxyserrulat-14-en-19-

oic acid (3), which has previously been isolated from E. glabra and E.
serrulata[11,18].
The structures of all compounds were elucidated using high-resolution mass spectrometry (HRMS) and NMR (1D and 2D) spectroscopy techniques. Compounds 3, 5, 11–13, 15 and 19 were identiﬁed
by comparing their NMR and mass spectral data with literature values.
Relevant data for the new compounds are presented below.
HRMS analysis of 14 gave a protonated molecular ion consistent
with the molecular formula C22H30O6, which indicates eight degrees of
unsaturation. The 13C NMR spectrum was consistent with twenty two
carbon resonances (Table 3) with three methyl signals (δC 17.6, 20.8,
and 25.7), six methylenes, with two directly attached to oxygen (δC
20.5, 22.1, 26.9, 29.2, 65.4, and 65.8), three sp3 methines (δC 36.6,
38.5, and 43.1), ﬁve quaternary sp2 carbons (δC 129.5, 132.2, 132.3,
142.0, and 156.8), and two carbonyls (δC 167.8, and 170.9). The 1H
NMR (d6-acetone, Table 2) spectrum showed signals for one acetyl
methyl (δH 2.02, s), two methyl singlets (δH 1.51 and 1.61), two oxymethylene groups (δH 3.52, dd, J = 7.9, and 10.1 Hz; δH 3.82, dd,
J = 5.5, and 10.1 Hz) and (δH 4.04, dd, J = 4.8, and 11.3 Hz; δH 4.11,
dd, J = 7.7, and 11.3 Hz) and two aromatic singlets (δH 7.36, and 7.45).
The spectral data was consistent with a monoacetylated serrulat-14ene-19-oic acid structure which required 2D NMR to elucidate the position of the acetyl group. In the 1H-1H COSY spectrum, one of the oxymethylene groups (δH 3.52 and 3.82) showed coupling to the benzylic
proton at δH 3.30 (δC 36.7) and the methylene protons at δH 1.85, m (δC
22.1). A HMBC correlation for the oxy-methylene protons (δH 3.52, and
3.82) to the aromatic quaternary carbon (δC 132.2) was also observed
indicating that this group was located on C-20. The protons of the
second oxy-methylene group (δH 4.04, and 4.11) showed 1He1H COSY
correlations to the methine proton of C-4 (δH 2.20), and also HMBC
correlations to the carbons of C-11 (δC 38.5) and C-4 (δC 43.2). HMBC
was also observed between the acetyl carbonyl and this oxy-methylene
group, indicating the location of the acetoxy group was at C-18.
HRMS analysis of 16 returned a protonated molecular ion that was
consistent with molecular formula of C24H32O7 indicating 9 degrees of
unsaturation. The 1H and 13C NMR spectra (Table 3) were consistent
with a diacetylated serrulat-14-ene-19-oic acid and showed similarity to
14 with an acetoxy group located at C-18. Through 2D NMR measurements (1He1H COSY and HMBC) the second acetoxy group was
determined to be connected at C-20, thus indicating the structure to be
18,20-diacetoxy-8-hydroxyserrulat-14-en-19-oic acid (16).
HRMS analysis of 17 returned a protonated molecular ion that was
consistent with a molecular formula of C26H34O8 indicating 10 degrees
of unsaturation. The NMR spectra were consistent with a triacetylated
serrulat-14-ene-19-oic acid and showed similarity with 14 and 16.
Through 2D NMR measurements (HMBC), the third acetoxy group was
conﬁrmed to be connected at C-8, thus indicating the structure to be
8,18,20-triacetoxyserrulat-14-en-19-oic acid (17).
HRMS analysis of 18 returned a protonated molecular ion that was
consistent with a molecular formula of C22H30O5 indicating 8 degrees of
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Fig. 5. Chemical structures of compounds isolated from E.
glabra active HPLC fractions (Fig. 4).

unsaturation. The NMR spectra were consistent with a monoacetylated
serrulat-14-ene-19-oic acid and showed similarity with 14 with an
acetoxy group located at C-18. However, signals for the oxymethylene
group at C-20 were absent and an additional methyl doublet (δH 1.22)
was observed. 2D NMR measurements (HMBC) conﬁrmed the location
of acetoxy group to be connected at C-18, and a methyl group was
conﬁrmed at C-20. Hence, the compound was identiﬁed as 18-acetoxy8-hydroxyserrulat-14-en-19-oic acid (18).
The antibacterial eﬀects of the isolated compounds were assessed in
a quantitative minimum inhibitory concentration (MIC) assay using the
two Gram-positive bacteria S. aureus and S. epidermidis that showed
activity with the crude extract. The results showed that compounds 5,
12, 13, 17, 18 and 19 exhibited moderate activity, with MICs ranging
from 32 to 512 μg/mL (Table 4). Compound 13, identiﬁed as the ﬂavonoid jaceosidin, demonstrated the highest activity against S. aureus
NCTC 10442 with an MIC of 128 μg/mL. Previously, jaceosidin isolated
from E. microtheca showed good activity against methicillin-resistant S.
aureus (clinical isolate and DapRSA) at 16 μg/mL, and at 32 μg/mL
towards glycopeptide-intermediate, NRS 1 and NRS 17 [5]. However,
an additional S. aureus strain (MRSA, ATCC 43300) was not inhibited
by jaceosidin at the highest test concentration (128 μg/mL) [5].
Conversely, the serrulatane 20-acetoxy-8-hydroxyserrulat-14-en-19oic acid (19) showed only minimal activity towards S. aureus NCTC
10442 (512 μg/mL) but demonstrated the lowest MIC of 32 μg/mL
against S. epidermidis ATCC 14990 (Table 4). This compound (19) was
ﬁrst isolated from E. serrulata and was previously reported to show
moderate activity against S. aureus ATCC 29213 with a MIC of 125 μg/
mL [24]. The triacetylated serrulatane 17 showed the highest activity of
the serrulatanes at a marginal level of 256 μg/mL. Generally though,
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acetylation of the C-8 phenolic hydroxyl has usually shown a reduction
in antibacterial activity for similar compounds previously reported
[25].
Verbascoside (11) showed no activity with the two tested organisms
at the concentrations used here, even though it was the major compound isolated from the Reveleris active fraction.4 and was also a major
compound present in fraction 5 (Fig. 4). This is in agreement with
observations of Barnes et al. [5], who showed that verbascoside isolated
from E. microtheca was also inactive against all bacterial strains tested
in their study. This suggests that an unknown compound present in
minor amounts must be responsible for the diﬀusion activity observed
for these fractions which warrants further investigation.
In the search for new antibacterial compounds, it is important that
harmless commensal ﬂora is maintained. It is encouraging then that
jaceosidin (13) was not active towards a common skin commensal, S.
epidermidis, implying that 13 might show selectivity towards pathogenic bacteria such as S. aureus. Given that this bacterium is notorious
for developing antibiotic resistance, ﬁnding compounds that are more
active against this bacterium may lead to better tools to combat this
global issue.
Although these results are preliminary and the testing was limited,
we have shown that a variety of antibacterial compounds are produced
by the Australian native plant E. glabra. As can be seen with the
bioassay-directed fractionation process, many fractions showed activity
and most of these were followed to establish the compound(s) responsible for the observed activity. The challenge with this approach is
always to isolate enough compound(s) in pure form that retains activity
over many separation steps, to enable structural elucidation and further
testing. It will be important now to test these compounds with other
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Table 3
NMR spectroscopic data (600 MHz) for 14, 16, 17 and 18.
14a

16b

17b

18b

Pos.

δC

δH, mult.
(J in Hz)

δC

δH, mult.
(J in Hz)

δC

δH, mult.
(J in Hz)

δC

δH, mult.
(J in Hz)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

36.6
22.1
20.5
43.0
122.4
132.3
114.6
156.7
129.5
142.0
38.5
29.2
26.9
125.0
132.2
17.5
25.7
65.4

31.9
21.5
23.0
42.9
122.5
130.2
115.0
n.d.
128.2
n.d.
37.0
29.3
25.9
123.7
132.4
17.4
25.4
65.1

20.9

3.23, m
n.d.
1.75.1.95
2.10, m
7.51, s
–
7.27, s
–
–
–
2.97, m
1.26, 1.32 m
1.85, 1.98, m
4.94, t
–
1.51, s
1.63, s
4.01, dd (4.4, 11.3), 4.10, dd,
(7.6,11.3)
–
1.22, d (6.9)

21
22
23
24
25
26

170.9
20.8
–
–
–
–

3.33, m
1.80, 1.90, m
1.74, 1.98, m
2.18, m
7.85, s
–
7.64, s
–
–
–
3.03, m
1.27, m
1.83, 2.02, m
4.91, t
–
1.52, s
1.63, s
4.06, dd (4.4, 11.4), 4.10, dd,
(8.0,11.4)
–
3.83, br t (10.9),
4.30, dd (4.5,10.9)
–
2.07, s
–
2.08, s
–
2.39, s

27.3
n.d.
19.5
42.4
123.5

167.8
65.8

3.32, m
n.d.
n.d.
2.35, m
7.47, s
–
7.41, s
–
–
–
2.99, m
1.21, m
1.82, 1.94, m
4.91, t
–
1.51, s
1.63, s
4.01, dd (4.5,11.3), 4.09, dd,
(7.8,11.3)
–
3.84, br t (11.3),
4.30, dd (3.1,11.4)
–
2.14, s
–
2.07, s
–
–

32.7
20.9
19.0
42.3
128.1
128.0
121.9
149.4
135.3
142.4
37.3
28.3
26.2
123.7
123.6
17.7
25.7
65.2

19
20

3.30, m
1.85, 1.90, m
1.70, 1.83, m
2.20, m
7.45, s
–
7.36, s
–
–
–
2.98, m
1.21, 1.31, m
1.95, 2.02, m
4.97, t
–
1.51, s
1.61, s
4.04, dd (4.8, 11.3), 4.11, dd
(7.7 11.3)
–
3.52, dd, (7.9, 10.1), 3.82, dd
(5.5, 10.1)
–
2.02, s
–
–
–
–

171.1
21.1
–
–
–
–

–
2.08, s
–
–
–
–

a
b

168.2
66.3
171.2
20.7
173.2
20.9
–
–

170.2
65.3
170.9
21.1
171.3
21.1
169.6
21.2

n.d.
136.9
n.d.
37.7
29.8
26.3
124.0
132.3
17.7
25.7
65.8

d6-acetone
CDCl3, n.d.: not detected.

Table 4
Antimicrobial activity of compounds 3, 5, 11–19 against S. aureus NCTC 10442 and S.
epidermidis ATCC 14990.
Compound

3
5
11
12
13
14
15
16
17
18
19
Vancomycin
DMSO (10% v/v)

Minimal inhibitory concentration (μg/mL)
S. aureus

S. epidermidis

> 512
512
> 512
512
128
> 512
> 512
> 512
256
512
512
69
> 512

> 512
256
> 512
> 512
> 512
> 512
> 512
> 512
256
256
32
69
256

bacterial strains, as well as to progress these ﬁndings further in other
assays that have shown promising activity with E. glabra.
4. Conclusions
The results of this study show that serrulatane diterpenes and ﬂavonoids are the key compounds responsible for the antimicrobial activity shown by E. glabra against S. aureus NCTC 10442 and S. epidermidis ATCC 14990. The serrulatane 20-acetoxy-8-hydroxyserrulat14-en-19-oic acid (19) showed good activity against S. epidermidis while
only minimal activity against S. aureus. In contrast, the ﬂavonoids
hispidulin (12) and in particular, jaceosidin (13), contribute to the
overall activity against S. aureus, but appear to have less activity

compared with the serrulatane diterpenes against S. epidermidis. Further
studies are now needed to conﬁrm activity of these compounds against
a wider range of bacteria under diﬀerent test conditions.
Funding
No external funding to declare.
Notes
The authors acknowledge the signiﬁcant contribution the late Prof
Emilio Ghisalberti made to natural products research in Western
Australia, in particular, the study of Eremophila species, from which
this research has built upon. GRF is particularly grateful for fruitful
discussions and support over many years of mentorship and collaboration.
Acknowledgements
AA acknowledges Qassim University, Saudi Arabia for a postgraduate research scholarship (AU10294).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ﬁtote.2017.11.008.
References
[1] R.J. Chinnock, Eremophila and Allied genera : A Monograph of the Plant Family
Myoporaceae, Rosenberg, Dural, NSW, 2007.
[2] E.L. Ghisalberti, Eremophila Species (Poverty Bush; Emu Bush): in vitro culture and
the production of verbascoside, in: Y.P.S. Bajaj (Ed.), Med. Aromat. Plants VIII,

243

Appendix
A.A. Algreiby et al.
Springer Berlin Heidelberg, Berlin, 1995, pp. 176–193, , http://dx.doi.org/10.
1007/978-3-662-08612-4_9.
[3] E.L. Ghisalberti, The Phytochemistry of the Myoporaceae, Phytochemistry 35 (1994)
7–33.
[4] I.J. Biva, C.P. Ndi, H.J. Griesser, S.J. Semple, Antibacterial constituents of
Eremophila alternifolia: an Australian aboriginal traditional medicinal plant, J.
Ethnopharmacol. 182 (2016) 1–9, http://dx.doi.org/10.1016/j.jep.2016.02.011.
[5] E.C. Barnes, A.M. Kavanagh, S. Ramu, M.A. Blaskovich, M.A. Cooper, R.A. Davis,
Antibacterial serrulatane diterpenes from the Australian native plant Eremophila
microtheca, Phytochemistry 93 (2013) 162–169, http://dx.doi.org/10.1016/j.
phytochem.2013.02.021.
[6] C.P. Ndi, S.J. Semple, H.J. Griesser, M.D. Barton, Antimicrobial activity of some
Australian plant species from the genus Eremophila, J. Basic Microbiol. 47 (2007)
158–164, http://dx.doi.org/10.1002/jobm.200610262.
[7] P. Hutton, C.L. White, Z. Durmic, P.E. Vercoe, Eremophila glabra is an Australian
plant that reduces lactic acid accumulation in an in vitro glucose challenge designed
to simulate lactic acidosis in ruminants, Anim. An Int. J. Anim. Biosci. 3 (2009)
1254–1263, http://dx.doi.org/10.1017/S1751731109004789.
[8] P.G. Hutton, Z. Durmic, E.L. Ghisalberti, G.R. Flematti, R.M. Duncan, C.F. Carson,
T.V. Riley, P.E. Vercoe, Inhibition of ruminal bacteria involved in lactic acid metabolism by extracts from Australian plants, Anim. Feed Sci. Technol. 176 (2012)
170–177, http://dx.doi.org/10.1016/j.anifeedsci.2012.07.020.
[9] Z. Durmic, P. Hutton, D.K. Revell, J. Emms, S. Hughes, P.E. Vercoe, In vitro fermentative traits of Australian woody perennial plant species that may be considered
as potential sources of feed for grazing ruminants, Anim. Feed Sci. Technol. 160
(2010) 98–109, http://dx.doi.org/10.1016/j.anifeedsci.2010.07.006.
[10] X. Li, Z. Durmic, S. Liu, C.S. McSweeney, P.E. Vercoe, Eremophila glabra reduces
methane production and methanogen populations when fermented in a Rusitec,
Anaerobe 29 (2014) 100–107, http://dx.doi.org/10.1016/j.anaerobe.2013.10.008.
[11] E.L. Ghisalberti, The chemistry of unusual terpenoids from the genus Eremophila,
Stud. Nat. Prod. Chem. 15 (1995) 225–287, http://dx.doi.org/10.1016/S15725995(06)80133-X.
[12] P.G. Forster, E.L. Ghisalberti, P.R. Jeﬀeries, V.M. Poletti, N.J. Whiteside, The
Chemistry of Eremophila Spp. 23. serrulatane diterpenes from Eremophila Spp,
Phytochemistry 25 (1986) 1377–1383, http://dx.doi.org/10.1016/S0031-9422(00)
81293-5.
[13] E.L. Ghisalberti, The ethnopharmacology and phytochemistry of Eremophila species
(Myoporaceae), J. Ethnopharmacol. 44 (1994) 1–9, http://dx.doi.org/10.1016/
0378-8741(94)90092-2.
[14] J.E. Smith, D. Tucker, K. Watson, G.L. Jones, Identiﬁcation of antibacterial constituents from the indigenous Australian medicinal plant Eremophila duttonii F.

244

Muell. (Myoporaceae), J. Ethnopharmacol. 112 (2007) 386–393, http://dx.doi.org/
10.1016/j.jep.2007.03.031.
[15] Q. Liu, D. Harrington, J.L. Kohen, S. Vemulpad, J.F. Jamie, Bactericidal and cyclooxygenase inhibitory diterpenes from Eremophila sturtii, Phytochemistry 67
(2006) 1256–1261, http://dx.doi.org/10.1016/j.phytochem.2006.04.014.
[16] O.F. Anakok, C.P. Ndi, M.D. Barton, H.J. Griesser, S.J. Semple, Antibacterial
spectrum and cytotoxic activities of serrulatane compounds from the Australian
medicinal plant Eremophila neglecta, J. Appl. Microbiol. 112 (2012) 197–204,
http://dx.doi.org/10.1111/j.1365-2672.2011.05174.x.
[17] H.H. Mon, S.N. Christo, C.P. Ndi, M. Jasieniak, H. Rickard, J.D. Hayball,
H.J. Griesser, S.J. Semple, Serrulatane diterpenoid from Eremophila neglecta exhibits
bacterial bioﬁlm dispersion and inhibits release of pro-inﬂammatory cytokines from
activated macrophages, J. Nat. Prod. 78 (2015) 3031–3040, http://dx.doi.org/10.
1021/acs.jnatprod.5b00833.
[18] S.G. Wubshet, Y. Tahtah, A.M. Heskes, K.T. Kongstad, I. Pateraki, B. Hamberger,
B.L. Møller, D. Staerk, Identiﬁcation of PTP1B and α-glucosidase inhibitory serrulatanes from Eremophila spp. by combined use of dual high-resolution PTP1B and αglucosidase inhibition proﬁling and HPLC-HRMS-SPE-NMR, J. Nat. Prod. 79 (2016)
1063–1072, http://dx.doi.org/10.1021/acs.jnatprod.5b01128.
[19] C. and L.S. Institute, Methods for Dilution Antimicrobial Susceptibility Tests for
Bacteria That Grow Aerobically, Approv. Stand. Ed. CLSI Doc. M07-A10 (2015).
[20] H.C. Krebs, G.G. Habermehl, Two-dimensional NMR spectroscopy of glycosides,
Magn. Reson. Chem. 30 (1992) S56–S59, http://dx.doi.org/10.1002/mrc.
1260301312.
[21] S. Akkal, F. Benayache, A. Bentamene, K. Medjroubi, Flavonoid aglycones from
Centaurea napifolia, Chem. Nat. Compd. 39 (2003) 165–166, http://dx.doi.org/10.
1023/A:1024834518756.
[22] Z. Hajdú, A. Martins, O. Orbán-Gyapai, P. Forgo, N. Jedlinszki, I. Máthé,
J. Hohmann, Xanthine oxidase-inhibitory activity and antioxidant properties of the
methanol extract and ﬂavonoids of Artemisia Asiatica, Rec. Nat. Prod. 8 (2014)
299–302.
[23] T. Hase, K. Ohtani, R. Kasai, K. Yamasaki, C. Picheansoonthon, Revised structure for
hortensin, a ﬂavonoid from Millingtonia hortensis, Phytochemistry 40 (1995)
287–290, http://dx.doi.org/10.1016/0031-9422(95)00206-M.
[24] C.P. Ndi, S.J. Semple, H.J. Griesser, S.M. Pyke, M.D. Barton, Antimicrobial compounds from Eremophila serrulata, Phytochemistry 68 (2007) 2684–2690, http://dx.
doi.org/10.1016/j.phytochem.2007.05.039.
[25] C.P. Ndi, S.J. Semple, H.J. Griesser, Instability of antibacterial serrulatane compounds from the Australian plant species Eremophila duttonii, Aust. J. Chem. 65
(2012) 20–27, http://dx.doi.org/10.1071/CH11354.

Appendix
Appendix W

Anaerobe 39 (2016) 173e182

Contents lists available at ScienceDirect

Anaerobe
journal homepage: www.elsevier.com/locate/anaerobe

Anaerobes in the microbiome

Bioactive fractions from the pasture legume Biserrula pelecinus L. have
an anti-methanogenic effect against key rumen methanogens
Bidhyut K. Banik a, b, c, *, Zoey Durmic b, d, William Erskine a, d, Clinton K. Revell a, e,
Joy Vadhanabhuti b, Christopher S. McSweeney f, Jagadish Padmanabha f,
Gavin R. Flematti g, Azizah A. Algreiby g, Philip E. Vercoe b, d
a

Centre for Plant Genetics and Breeding, School of Plant Biology, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
School of Animal Biology, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
School of Plant Biology, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
d
Institute of Agriculture, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
e
Department of Agriculture and Food Western Australia, Livestock Industries, 3 Baron-Hay Court, South Perth, WA 6151, Australia
f
CSIRO Livestock Industries, Queensland Bioscience Precinct, St Lucia, Qld, Australia
g
School of Chemistry and Biochemistry, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 9 November 2015
Received in revised form
4 April 2016
Accepted 5 April 2016
Available online 7 April 2016

Methanogenic archaea (methanogens) are common inhabitants of the mammalian intestinal tract. In
ruminants, they are responsible for producing abundant amounts of methane during digestion of food,
but selected bioactive plants and compounds may inhibit this activity. Recently, we have identiﬁed that,
Biserrula pelecinus L. (biserrula) is one such plant and the current study investigated the speciﬁc antimethanogenic activity of the plant. Bioassay-guided extraction and fractionation, coupled with in vitro
fermentation batch culture were used to select the most bioactive fractions of biserrula. The four fractions were then tested against ﬁve species of methanogens grown in pure culture. Fraction bioactivity
was assessed by measuring methane production and ampliﬁcation of the methanogen mcrA gene.
Treatments that showed bioactivity were subcultured in fresh broth without the bioactive fraction to
distinguish between static and cidal effects. All four fractions were active against pure cultures, but the
F2 fraction was the most consistent inhibitor of both methane production and cell growth, affecting four
species of methanogens and also producing equivocal-cidal effects on the methanogens. Other fractions
had selective activity affecting only some methanogens, or reducing either methane production or
methanogenic cell growth. In conclusion, the anti-methanogenic activity of biserrula can be linked to
compounds contained in selected bioactive fractions, with the F2 fraction strongly affecting key rumen
methanogens. Further study is required to identify the speciﬁc plant compounds in biserrula that are
responsible for the anti-methanogenic activity. These ﬁndings will help devise novel strategies to control
methanogen populations and activity in the rumen, and consequently contribute in reducing greenhouse
gas emissions from ruminants.
Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Methanogenic archaea (methanogens) are phylogenetically
distinct group of very strict anaerobes, with a metabolism that
relies on CO2, H2 and methylated compounds as sole energy source,
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Biology, The University of Western Australia, 35 Stirling Highway, Crawley, WA
6009, Australia.
E-mail address: bidhyut.banik@research.uwa.edu.au (B.K. Banik).

resulting in formation of methane [1]. Methanogens live in variety
of environments, including human and animal gut [2,3], and in
ruminants, they are responsible for producing abundant amounts
of methane during digestion of food [4]. This represents a 2e15%
loss of total energy from the feed [5], but methane is also a potent
greenhouse gas, with half of the methane emissions from the
agricultural sector coming from ruminal enteric fermentation [6].
In the rumen, methanogens are present at approximately
107e108 cells/g of rumen content [7], and the major phylogenetic
groups belong to Methanobrevibacter (61.6%), Methanomicrobium

http://dx.doi.org/10.1016/j.anaerobe.2016.04.004
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(14.9%) and the uncultured rumen group termed ‘rumen cluster C’
(RCC, 15.8%) [8,9]; while Methanosphaera and Methanobacterium
are present in smaller numbers [10]. Methanobrevibacter gottschalkii, Methanobrevibacter ruminantium, Methanobacterium
bryantii, Methanosphaera stadtmanae and Methanoplasma sp. are
considered as key methanogen species in the rumen of cattle and
sheep [11e13].
Plant and plant secondary compounds (PSCs) are known to have
anti-microbial properties and some have the ability to modify the
amount of methane produced when the plant is fermented by the
rumen microbes [14]. These may act indirectly on rumen methanogenesis for example simply because of poor digestibility of the
plant or by affecting non-methane producing microbes in the
rumen that methanogens rely on, e.g. protozoa [7]. Direct effect on
rumen methanogenesis occurs when the plant itself or the PSCs
from the plant speciﬁcally target methane-producing microbes [15]
and there are numerous reports of plants [16], plant extracts or
fractions (combination of PSCs) with anti-methanogenic bioactivity
[17,18]. In our recent studies, we found that a pasture legume
Biserrula (Astragalus) pelecinus L. cv. Casbah (biserrula), when fermented by rumen microbes, has similar properties, as it produced
nearly seven times less methane than other key pasture legumes
tested, which included subterranean clover (Trifolium subterraneum
L.) and lucerne (Medicago sativa L.) [19,20]. The effect on antimethanogenic activity appeared to be speciﬁc to methanogens,
because the overall microbial fermentation activity was unaffected.
A wide range of anti-methanogenic PSCs, including saponins,
phenolics, alkaloids and proanthocyanidins are found in Astragalus
species [21,22], and a recent publication has revealed some PSCs in
biserrula linked to another bioactive effect, photosensitivity [23].
However, speciﬁc PSCs responsible for low methanogenic potential
and their effect on rumen methanogens have not been examined in
this plant.
The aim of this study was to explore the anti-methanogenic
effect of biserrula fractions derived by chromatography of the
plant extract and compare the activity of these fractions using ﬁve
key rumen methanogen species. The results will provide information on which fraction and which types of PSCs of biserrula affect
key methanogens, and whether the effect is cidal on those
methanogen species.
2. Materials and methods
2.1. Experimental approach
The study was conducted in three stages, a modiﬁcation to a
previously reported approach [24]. First, a bioassay-guided
extraction and fractionation, using an in vitro fermentation technique (IVFT), was applied to identify the most potent antimethanogenic extracts and fractions of biserrula. In the second
stage, the three most potent fractions and one fraction found
inactive in the IVFT were then tested against ﬁve key rumen
methanogens in pure culture. Finally, in the third stage, growth
from the most active treatments from stage two was inoculated in
fresh broth media not containing the anti-methanogenic biserrula
fractions to distinguish between static and cidal effects against
methanogens.
2.2. Plant material
Biserrula pelecinus L. cv. Casbah was selected for the study as the
most common biserrula cultivar. Plant samples were harvested
from a 0.2 ha plot at the University of Western Australia Field
Station, Shenton Park, Western Australia (31!560 55.21ʹʹ S,
115! 470 33.99ʹʹ E: with average annual rainfall of 722 mm) in early
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November 2013 during the vegetative growth stage. Leaf and stem
material was cut 2 cm from the ground and randomly collected
from the area. Plant samples were pooled, freeze-dried and ground
to pass a 1 mm sieve. Material was stored at room temperature
(22 ! C) in sealed containers until analysis.
2.3. Plant extracts and fractions
A modiﬁed version of plant extraction [25e28] was used with
ﬁve different solvents e water (100% v/v water), methanol (80% v/v
methanol/water), ethanol (70% v/v ethanol/water), acetone (100%
acetone) and methanol/chloroform (50%: 50% methanol: chloroform) to obtain the crude extracts from biserrula [29]. The extract
with the highest activity, i.e. 50%: 50% methanol/chloroform (Fig. 2)
was subjected to further fractionation using silica gel chromatography. Separation was achieved using a column (30 " 1.5 cm)
containing silica gel (15 g, Davisil silica, LC60A) (Grace-Davison,
Columbia, USA) equilibrated with hexanes. The column was eluted
with hexanes (100 mL) followed by solvent mixtures containing
increasing concentrations of ethyl acetate in petrol to 100% ethyl
acetate, followed by increasing amounts of methanol in ethyl acetate. This method afforded 10 fractions as shown in Table 1, which
were then tested in the IVFT. Fractions were also examined by high
performance liquid chromatography (HPLC). Brieﬂy, a sub-sample
of each fraction (ca. 10%) was taken for the bioassay and evaporated under a stream of N2 (gas) to dryness. A sample of each
fraction (~1 mg/mL in methanol) was analysed by HPLC using an
Agilent 1200 HPLC with a photodiode array detector. Separation
was achieved using an Apollo C18 reversed-phase column
(250 " 4.6 mm i.d., 5 mm) (Grace-Davison, Columbia, USA) with a
33 mm " 7 mm guard column of the same material. The column
was eluted at 1 mL/min with 1% acetonitrile/water increasing to
100% acetonitrile/water over 30 min, and held for 5 min. Finally, the
most active fractions were analysed by nuclear magnetic resonance
(NMR) spectroscopy using Bruker ARX-600 (Bruker, Alexandria,
NSW, Australia) and assessed by using UV absorbance measured at
wavelengths of 220, 254 and 280 nm.
2.4. In vitro fermentation technique (IVFT)
Plant extracts and fractions were tested in an in vitro batch
fermentation system modiﬁed for testing of plant extracts [30].
Brieﬂy, aliquots (100 mL) of the extracts or fractions (dissolved in
70% v/v ethanol/water) were mixed with 10 mL of buffered rumen
ﬂuid and 0.1 g oaten chaff as substrate transferred to an anaerobic
chamber (Coy Vinyl Anaerobic Chamber; Coy Laboratory Products
Inc., Grace Lake, MI, USA) maintained at 39 ! C and supplied with
80% N2, 10% CO2 and 10% H2, to remove oxygen from the incubation.
Table 1
Yields (mg) from silica gel fractionation of biserrula crude extract methanol: chloroform (50%: 50%). EtOAc, ethyl acetate; MeOH, methanol.
Fraction

Elution solvent

Yield (mg)

Initial extract
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
Recovered

100% Petrol
20% EtOAc: Petrol
20% EtOAc: Petrol
40% EtOAc: Petrol
60% EtOAc: Petrol
80% EtOAc: Petrol
100% EtOAc
20% MeOH: EtOAc
50% MeOH: EtOAc
100% MeOH

1490
60
50
10
510
5
7
6
50
170
380
1248
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All treatments were prepared in triplicate and tubes were sealed
with butyl rubber stopper, crimped and then incubated at 39 ! C in a
shaking incubator. The substrate (oaten chaff) alone was used as a
batch control (PC) and the substrate mixed with 70% ethanol was
used as the solvent control, which was used as the control for the
overall IVFT study. A whole biserrula plant (freeze-dried, ground)
was also included in the assay to conﬁrm the activity of the original
sample. After overnight incubation, methane in the headspace was
measured by gas chromatography (GC) as described previously
[31]. Brieﬂy, methane analysis was done by collecting 5 mL of
headspace gas and analysed by GC (MicroGC Varian, Australia)
using a PoraPlot Q 0.25 mm " 10 m column (Varian, Australia) and
Thermal Conductivity (TCD) detector, with column temperature
kept at 50 ! C and use Galaxie software (Varian, Australia). The
methane production in the treatments was expressed as total
methane produced (mmol) per culture (10 mL). Three highly potent
fractions (i.e. achieving 50% reduction in methane compared to the
control) were identiﬁed (F2, F8 and F9) and tested further. One
fraction that appeared inactive in the IVFT (F3) was also included in
further testing to reveal any discrepancy between two bioassays.
2.5. Methanogen strains and cultures
Methanobrevibacter gottschalkii HOT (DSM 11977), Methanobrevibacter ruminantium M1T (DSM 1093), Methanobacterium
bryantii M.o.H.T (DSM 863), Methanosphaera stadtmanae MCB-3T
(DSM 3091) were obtained from the Leibniz-Institut DSMZ culture
collection (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). Methanoplasma gallocaecium strain DOK, belonging to the novel order
‘Methanoplasmatales’ in the RCC group of methanogens recently
isolated in one of our laboratories [32]. These species/strains were
selected on the basis that they were reported to be key rumen
methanogens, and/or to maximize the diversity of methanogens
tested [8,13]. The methanogens were grown in a modiﬁed Bryant
and Robinson media (BRN) [33] that contained, per litre, 6 g sodium
bicarbonate, 0.2 g each of yeast extract and peptone and 0.4 g Lcysteine HCl but lacked ammonium chloride, sodium acetate and
sodium formate. The cultures were propagated under anaerobic
conditions with a headspace of H2 and CO2 (150 KPa H2) at 39 ! C. In
addition, methanol and trimethylamine were added as substrate
for the growth of M. stadtmanae and M. gallocaecium, respectively.
2.6. Testing bioactivity in pure culture
Actively growing cultures were inoculated into fresh modiﬁed
BRN broth media and as the cultures reached the early exponential
phase as determined by the optical density (OD) of the culture (i.e.
OD600 0.15e0.5), measured on a Spectronic 200 (Thermo Scientiﬁc,
Australia), the cell numbers were counted using a Thoma Counting
Chamber (x 1000 magniﬁcation). When the cell count was
1.0e3.0 " 107 cells/mL, aliquots of biserrula fractions (50 mL) were
added directly to 10 mL aliquots of the methanogenic culture. This
concentration of fractions was selected based on preliminary IVFT
test (data not shown) that implied that lower dose was ineffective
and higher dose is affecting overall microbial fermentation. At the
same time, one methanogenic culture per strain was inoculated
with 100 mL 70% ethanol and used as a control (control þ ethanol)
for that strain. All the treatments were run in triplicate.
2.7. Methane measurements from pure culture
Methane measurements were done at the end of incubation
(>72 h). Headspace gas was analysed on a Shimadzu 2014 GC
(Shimadzu Corporation, Japan) using a thermal conductivity
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detector. Gases were separated using a Haysep-Q packed column
(1.8 m " 2.0 mm ID) at 38 ! C (Injector at 75 ! C and detector at
100 ! C) with N2 as carrier gas with a total ﬂow of 25.0 ml/min.
Results were quantiﬁed by Shimadzu LabSolutions software using
5-levels of gas-mixture standards containing H2 and CH4 in nitrogen as standards. The methane production in the treatments was
expressed as mmol per 10 mL of culture.
2.8. Methanogenic cell growth in pure culture
Methanogenic cell growth was estimated by methyl coenzymeM reductase (mcrA) gene ampliﬁcation, measured by quantitative
real-time PCR (qPCR) with a modiﬁed method of Denman and
McSweeney [34] and Denman et al., [11]. Brieﬂy, at the end of incubation, aliquots (1e2 mL) of culture were collected into QSP or
Sarstedt 2 ml screw-capped tubes and the genomic DNA was
extracted using a bead-beating method with Zirconium beads (1: 1
(w/w) mix of 1 mm þ 0.1 mm; ~200e250 mg) and the Fast Prep-24
Instrument (MP Biomedicals Australasia Pty Ltd Seven Hills,
Australia).
Primers designed for the detection of methanogenic Archaea
target the mcrA gene sequence [11,35], which is unique to methanogens [36e38]. The forward primer (qmcrA-F) 50TTCGGTGGATCDCARAGRGC targeting the conserved amino acid
sequence FGGSQR and the reverse primer (qmcra-R) 50GBARGTCGWAWCCGTAGAATCC targeting the GFYGYDL conserved
amino acid sequence [11] were used to amplify sequences which
were then analysed with an ABI PRISM 7900HT Sequence Detection
System (Applied Biosystem, USA). The assays were set up using
35 mL of reaction mixture that included 16.5 mL SensiFast SYBR
Green qPCR Lo-ROX Mix (Invitrogen), the primers (both forward
and reverse, 1.32 mL each), distilled water (12.86 mL) and gDNA
template (1.40 mL). The cycle conditions were as follows: 50 ! C for
2 min and 95 ! C for 2 min for initial denaturation, 40 cycles at 95 ! C
for 15 s and 60 ! C for 1 min for primer annealing and product
elongation, and 95 ! C for 2 min, 60 ! C for 15 s and 95 ! C for
dissociation analysis of the melt curve [11]. All methanogenic
archaeal DNA from sampling time points was diluted 1: 10 before
use.
The bioactive effect was calculated by relative quantiﬁcation of
the ampliﬁcation of mcrA gene products between solvent control
(culture grown in presence of 70% ethanol) and treatments using
the 2$DDCT method and comparing relative CT values [39]. The
relative quantiﬁcation of CT values termed relative expression (DCT)
is well documented [39,40] and in this study the following formula
was used to calculate the amount of target gene products [40,41],

Comparative gene product level ¼ 2$DDCT
where,
DDCT ¼ ðDCT: Sample $ DCT: Control Þ ¼ ðCT: Sample: Time X $
CT: Sample$Time 0 Þ $ ðCT: Control: Time X $ CT: Control$Time 0 Þ.
Treatments were calculated by comparing the fold reduction or
fold increment in relation to the control. This approach follows the
assumption that control qPCR DDCT fold change ¼ 1.0, meaning ‘no
change’, any value below 1.0 is considered as growth reduction,
while value above 1.0 is growth stimulation.
2.9. Methano-static or methano-cidal effect
An aliquot (200 mL) of the methanogenic culture grown in the
presence of an active fraction was inoculated into fresh broth media
to check the recovery of microbial growth. The culture was grown
in the same environment as previously described and methane was
measured at the end of the incubation (i.e. late log phase). A
methano-cidal effect was deﬁned as no visible microbial growth
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and no detection of methane in the headspace; an equivocal
methano-cidal effect was arbitrary selected when there was some/
visible microbial growth but the methane production was below
<70 mmol (which is less than 50% methane production from corresponding methanogen species controls); and a methano-static
effect was deﬁned as >70 mmol methane production and/or
normal microbial growth.

2.10. Statistical analysis
The JMP® 11.0.0 (JMP Statistical DiscoveryTM from SAS 2013)
was used to perform one-way analyses of variance (ANOVA) for all
experiments. We have examined the assumptions of the residuals
to conﬁrm the normal distribution of the data used in this study.
Mean separation was done by using least signiﬁcant differences
(L.S.D) at the 5% level.

3. Results
3.1. Bioassay guided fractionation and HPLC of biserrula fractions
The HPLC chromatogram of the methanol: chloroform (50%:
50%) crude extract of biserrula (Fig. 1) indicated that it contained a
complex mixture of different compounds. To simplify the mixture,
the crude extract was chromatographed on silica gel using mixtures
of solvents with increasing polarity (from hexanes to ethyl acetate
to methanol) to give 10 fractions. Out of these 10 fractions, 40%
EtOAc: Petrol (F4) and 100% MeOH (F10) yielded (510 and 380 mg,
respectively) as the highest extracted yields from HPLC chromatogram (Table 1). The three fractions found active in the subsequent
IVFT (Fig. 3) had yield of 50 mg (F2 and F8) and 170 mg (F9), but
there was no direct link between yield and activity. The HPLC of
these fractions revealed that each active fraction still contained a
mixture of compounds (Fig. 1). Fraction F8 and F9 contained similar
compounds and NMR spectroscopy suggested the presence of
ﬂavonoid glycosides in these two fractions. Fraction F2 on the other
hand was quite different and based on UV detection proﬁle seemed
to still contain a large number of compounds.

Fig. 2. In vitro methane concentration (mean ± SEM) of biserrula extracts, plant
(Biserrula pelecinus) and assay controls. PC e substrate only control; PC þ 70% EtOH e
substrate þ ethanol solvent control; 50/50 MtOH/CHCl3, 50%: 50% methanol/chloroform; Means that do not share common superscripts are signiﬁcantly different
(P < 0.05); the standard error bars represent SE of means (n ¼ 3).

3.2. Bioactivity of biserrula extracts and fractions in IVFT
Three crude extracts (ethanol, methanol and 50%: 50% methanol: chloroform) produced signiﬁcantly less methane (P < 0.05)
when compared with the solvent control (Fig. 2). The highest antimethanogenic activity was found in the 50%: 50% methanol: chloroform extract and the activity was comparable to the plant itself.
These were the reasons why this extract was selected for further
separation.
Further IVFT testing of the 10 fractions obtained by silica gel
fractionation revealed that F2, F8 and F9 were the most active
fractions (P < 0.05), reducing 50% methane production compared
with the solvent control, PC þ 70% EtOH (Fig. 3). Whole plant and
fraction F2 had the lowest methane values and these were

Fig. 1. HPLC chromatograms of biserrula crude extract (50%: 50%) methanol: chloroform compared with active fractions F2, F8 and F9.
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activity) on the pure cultures of methanogens, as methane was
detected in the headspace of all the treatments (Fig. 6). However, F2
showed a strong reduction/equivocal cidal effect (i.e. methane
<70 mmol), but only for M. stadtmanae, M. bryantii and
M. gallocaecium. Other active fractions showed a static effect (i.e.
methane >70 mmol).
There were only selected treatments that reduced methane and
mcrA gene ampliﬁcation products simultaneously, with F2 also
being effective in producing an equivocal cidal effect (Table 2).
4. Discussion

Fig. 3. In vitro methane concentration (mean ± SEM) of biserrula fractions (F), plant
(Biserrula pelecinus) and assay controls. PC e substrate only control; PC þ 70% EtOH e
substrate þ ethanol solvent control; Means that do not share common superscripts are
signiﬁcantly different (P < 0.05); the standard error bars represent SE of means (n ¼ 3).

comparable to each other. These were the reasons for selecting
these fractions for further testing in pure culture. The fraction with
the highest methane was F3 and it was also selected for further
testing, for the reasons stated earlier.
3.3. The activity of fractions against pure cultures
3.3.1. Methane production
In pure cultures of M. stadtmanae [Fig. 4 (e)], two fractions
(F2and F9) of biserrula reduced methane production (P < 0.05)
when compared to the control, whereas in M. gallocaecium and M.
ruminantium cultures only F2 showed a reduction in methane
production (P < 0.05) [Fig. 4 (b) and (d), respectively]. Methane
production in M. bryantii culture was reduced by all four fractions
[Fig 4 (a], although none of them were signiﬁcantly different from
the control. However, M. gottschalkii was unaffected by any of the
biserrula fractions tested [Fig. 4 (c)].
3.3.2. Methanogenic cell growth/qPCR of mcrA gene products
As judged by a reduction in mean qPCR DDCT fold changes in
gene ampliﬁcation product compared with corresponding controls,
all four fractions tested showed 0.4e0.6 fold reduction of mcrA gene
ampliﬁcation products (microbial cell growth) in M. ruminantium
[lowest in F8 and highest in F2; Fig. 5 (d)]. Two other methanogens,
M. bryantii and M. gallocaecium were sensitive to most of the fractions. They showed 0.2 to 0.9 and 0.7e0.9 fold reduction (lowest to
highest fold differences, respectively) in mcrA gene ampliﬁcation
products [Fig. 5 (a) and (b), respectively] of the biserrula fractions
compared with corresponding controls (P < 0.05). However, a 0.5
and 0.2 fold reductions of mcrA gene ampliﬁcation product was
found in biserrula fraction F9 tested on M. stadtmanae and
M. gottschalkii [Fig. 5 (e) and (c), respectively]. In these two
methanogens, the rest of the fractions had stimulated methanogenic microbial growth, as their mcrA gene ampliﬁcation products
were 1.4e3.9 fold higher than the control.
3.4. Methano-static or methano-cidal effect
Based on their effect on methanogens in pure culture, all fractions except for F8 were selected for further testing of their static/
cidal activity. None of the fractions showed total inhibition (cidal

In this study, we found that selected extractable compounds
and fractions derived thereof from biserrula had potent antimethanogenic effect on methane production in batch fermentation as well as on key rumen methanogens, by affecting their
methane production and in some instances their cell growth. The
effects varied between methanogens and the fractions. While
none of the treatments produced complete cidal effects, one
fraction had a very strong, close to inhibitory effect. Reductions
in methane production from the rumen have been well documented when plant extracts/compounds are used as antimethanogenic agents [14,42e44], and this is the ﬁrst report of
presence and anti-methanogenic action of extractable compounds in biserrula.
The very low methane production observed with biserrula
fractions in this research is comparable to results from other studies
[19,20], and this study demonstrated a link between its fractions
and low methane production in vitro, conﬁrming our ﬁrst aim.
However, we noted that the effect of the plant extracts varied according to the type of extraction solvents, in accordance to other
literature reports [29]. In the IVFT test, the highest activity that was
found in the 50%: 50% methanol: chloroform extract, which may be
explained by the fact that this solvent mixture has both hydrophilic
and hydrophobic activity, so it captures diverse compounds from
the plant sample. Out of the 10 fractions tested in the IVFT, only
three showed more than 50% reduction in methane production
compared to the control, and these were considered for pure culture testing. Since little is known about the PSCs present in biserrula, we adopted an approach to test a broader mix of compounds
present in biserrula by testing multiple fractions to maximize the
possibility of ﬁnding those that were active in reducing methane
production. This study demonstrated that three different fractions
of biserrula have an anti-methanogenic effect and these differed in
their chemical composition, suggesting that three different types of
PSCs in biserrula are responsible for reducing rumen methane
production.
Our results also showed that the anti-methanogenic bioactivity
of biserrula fractions varied between the different key methanogens tested in pure culture, with some demonstrating broad
acting effects, whereas others showed a more speciﬁc effect. In
terms of methane production, M. bryantii was affected by all four
fractions, while M. gottschalkii was unaffected by any of the fractions tested. Previous studies have shown the predominant
methanogens in the rumen are the species within the genus
Methanobrevibacter [8,9], so it is promising that M. bryantii was
affected by biserrula. However, as there was no single fraction that
affected methane production against all of the methanogens tested,
it highlights the complex nature of plant bioactivity and it is
possible that artiﬁcial inhibitors (additives) will require a combination of compounds to be completely effective, which might have
a direct effect i.e. affecting broad range of methanogens. Once the
PSCs of each effective fraction are identiﬁed, this could be examined
by mixing several combinations of those PSCs and re-testing them
in pure culture.
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Fig. 4. Methane concentration in headspace (mean ± SEM) in pure cultures of selected methanogens (a) M. bryantii, (b) M. gallocaecium, (c) M. gottschalkii, (d) M. ruminantium and
(e) M. stadtmanae, when exposed to different fractions of biserrula. Control, methanogen grown in presence of EtOH; * signiﬁcantly lower than control (P < 0.05, n ¼ 3).

The F2 fraction appeared to produce the most potent and
diverse effect e it was the most potent fraction in the IVFT, and in
pure culture, reducing both metabolic (i.e. methane production)
and growth (i.e. mcrA gene ampliﬁcation in qPCR) activities in the
majority of methanogens tested, and producing a near-cidal effect.
The HPLC analysis of F2 revealed a number of compounds are still
present in this fraction and this is receiving attention. The F9 was
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the only fraction that resulted in a reduction of microbial growth
activity of all key methanogens, while interestingly, some fractions
such as fraction F8 actually stimulated growth of speciﬁc methanogens. Given that the latter fraction, F8 was active in a mixed
rumen population but not active in pure culture, an explanation
may be that this fraction has only an indirect effect on methanogens. The HPLC comparison of F8 and F9 showed that they
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Fig. 5. The fold change in mcrA gene ampliﬁcation product (mean ± SEM, n ¼ 3) of selected methanogens (a) M. bryantii, (b) M. gallocaecium, (c) M. gottschalkii, (d) M. ruminantium
and (e) M. stadtmanae, when compared with control of methanogenic pure cultures exposed to biserrula fractions. The x axis crosses at the value for control (¼1.0, no change), so
negative values (below 1.0) indicate reduction compared to control and positive values (above 1.0) indicate stimulation.

contain some common compounds, but also unique compounds, so
it is difﬁcult to suggest the same compound is active in both fractions at this stage. Flavonoid glycosides detected by NMR spectroscopy in both fractions are also known components of related
species and have been implicated in anti-methanogenic activity
[14,45]. Fractions F8 and F9 could be a combination of different
ﬂavonoid glycosides that are responsible for their differing

activities in the pure cultures since ﬂavonoid containing plants are
known to inhibit methanogenic activity in rumen [14].
The consequence of the other fractions generally appeared to be
limited to effects on microbial metabolic activity rather than targeting microbial growth activity, which would be a more desirable
effect. In practical terms, this implies that methanogens are
reduced but not killed, and hence may be able to resume their
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Fig. 6. Methane concentration in headspace (mean ± SEM) from cultures of methanogens sub-cultured in fresh media after being exposed to active fractions F2, F3 and
F9. Line crossing at 70 mmol/10 mL distinguishes static and equivocal cidal (strongly
reduced) effect; the standard error bars represent SE of means (n ¼ 3).

appears that this is not always the case. Methane accumulates in
the headspace and it remains there until the end of incubation. It is
possible that if the fraction is slow-acting, it will only start to
eliminate cells after certain period of time. Consequently, at the end
of incubation, methane will still be detected inside the experimental unit but cell number will be lower than the control. We
suggest additional time-course studies are required to examine
these effects, but in practical terms, it means that there may be a lag
time in the effect.
It is notable that assessing the anti-methanogenic effect of the
fractions based on methane production during IVFT or metabolic
and growth activities, or recovery of methanogenic cells after
exposure to fractions might give contrasting results. For example,
the fraction found inactive in IVFT, F3, showed its potency in pure
culture, inhibiting cellular growth activity of three methanogens.
Some of these differences may be explained by the variation in the
methodologies and their limitations. While IVFT is a rapid
screening tool used to narrow down treatments to be tested

Table 2
Summary of the inhibitory effects on methane production and mcrA gene ampliﬁcation product and type of effect (where tested) in pure culture of methanogens exposed to
selected fractions of biserrula. e/cidal e equivocal cidal effect.
Methanogens

M. bryantii

M. gallocaecium

M. gottschalkii
M. ruminantium
M. stadtmanae

Fractions
F2

F3

F8

F9

Methane
mcrA gene ampliﬁcation
e/cidal
Methane
mcrA gene ampliﬁcation
e/cidal
No effect
Methane
mcrA gene ampliﬁcation
Methane
No effect
e/cidal

Methane
mcrA gene ampliﬁcation
static
No effect

Methane
mcrA gene ampliﬁcation
Not tested
mcrA gene ampliﬁcation

Methane
mcrA gene ampliﬁcation
Static
mcrA gene ampliﬁcation

No effect
Methane
mcrA gene ampliﬁcation
Methane
No effect
Static

No effect
Methane
mcrA gene ampliﬁcation
No effect

mcrA gene ampliﬁcation
Methane
mcrA gene ampliﬁcation
Methane
mcrA gene ampliﬁcation
Static

activity upon removal of the active plant fraction. Developing an
additive to modify rumen microbial populations and their activity,
persistency and cidal effect were considered in many studies
[46,47]. Many attempts, including the use of antibiotics have failed
for this reason, because they leave behind viable cells that eventually lead to resistant microbes [48]. In the current study, none of
the fractions tested were lethal for the methanogens, and the culture re-grew when the active fraction was removed from the media
with methane-producing activity returning to normal. Dosedependent effect on microbial growth has been observed with
other known anti-methanogenic PSCs/agents such as essential oils,
bromo-chloromethane and chloroform [10,11,15,30,49]. It is
reasonable to expect that a cidal effect on methanogens might
occur with increased concentrations of the bioactive fractions from
biserrula. While we have conducted a preliminary study with some
higher doses to ﬁnd adequate dose to test in the current study, we
have found detrimental effect (low gas and VFA production) on
microbial fermentation with these higher concentration. Further
studies will be underway to establish more potent and cidal concentration and assess whether these cidal effects are likely to occur
at concentrations that are practical for use as a feed additive.
Another interesting ﬁnding was that the F9 fraction caused a
reduction in methanogenic cell growth in all methanogens, but it
was coupled with a reduction in methane for only three methanogens. Although it is assumed that reduced methanogenic microbial growth will result in overall low methanogenic activity, it
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further, it is focused primarily on methanogenic metabolic activity
and does not take into account methanogenic cellular growth activity. Pure cultures, conversely do not take into account indirect
effects and the microbial interactions that may occur in a mixed
rumen population. Both testing systems are artiﬁcial, IVFT represents the microbial diversity and cell numbers that are closer to
what is found in the rumen, whereas testing of puriﬁed fractions on
methanogen pure cultures is a more controlled way to study both
metabolic and growth effects, which should eventually help to
elucidate the anti-methanogenic bioactivity of biserrula fractions.
Overall, it is important that the testing of fractions is conducted in
both systems to improve the probability of identifying and conﬁrming bioactivity, but it is imperative to take this testing further
and conﬁrm responses in vivo. It is also clear that the mechanism of
the anti-methanogenic effects needs to be studied at more sophisticated level at population or cellular level.
It is worth noting that in the current study, we focused on ﬁve
rumen methanogens, and the effect was equally evaluated, but
recent studies have revealed that a greater diversity of methanogens exists than was originally thought. For example, one study
showed that sheep in Western Australia were dominated by
members of M. gottschalkii [13], whereas sheep in Queensland had
archaea related to the RCC group and had fewer members of the
M. gottschalkii clade [12]. This is of a particular importance when
developing anti-methanogenic methodologies, as it appears that
there may not be a ‘blanket’ approach for all methanogens and
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reiterates that a mix of compounds (or even plant species) rather
than a single compound may have better prospects in this regard.
The methodological approach presented in the current study
may also become useful in human studies. The use of gene ampliﬁcation as an indicator of methanogenic growth has been well
documented [24,34,36,40] and in the current study, we used this
approach to test plant bioactivity over a range of methanogenic
species. This approach may also become useful to supplement other
conventional methods commonly applied to test anti-microbial
susceptibilities in methanogens [50], or for other strict anaerobic
microorganisms where classical anti-microbial methods are not
suitable, but further studies are needed to conﬁrm this.
5. Conclusion
The current study demonstrated that the anti-methanogenic
effect of biserrula is mediated through its extractable compounds/fractions that affect the activity and growth of rumen
methanogens. However, the effect depends on both the type of
plant fraction and the type of methanogen. Further study is needed
to explore the actual basis of low methane production when
methanogens are grown in the presence of selected fractions from
biserrula. Two of the fractions suggest the presence of ﬂavonoid
glycosides where as one fraction (F2) needs to undergo further
study. Overall, the ﬁndings in the current study suggest further
investigation of F2 fraction, for the isolation of pure antimethanogenic compounds. Developing novel plant-based feed
additives to mitigate methane from the rumen will ultimately
contribute to improved animal productivity and environmental
health.
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