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ABSTRACT

The allelopathic potential of Spirulina platensis extracts on 2 tested plants, Chinese amaranth
(Amaranthus tricolor L.) and Barnyardgrass (Echinochloa crus-galli (L.) Beauv.) was investigated.
The aqueous extract completely inhibited seed germination of Chinese amaranth and Barnyardgrass
at concentrations of 1.25 and 5% by weight, respectively. The highest allelopatic effects of C-
phycocyanin (C-PC 29), reduced root length of Chinese amaranth more than the shoot length but had
no effect on seed germination. As for Barnyardgrass, C-phycocyanin (C-PC 29) slightly inhibited on
shoot and root length at the highest applied concentration. In addition, the hot aqueous extract and
denatured C-PC showed the allelopathic effects on tested plants similar to those of aqueous extract
and C-PC 29. The allelopathic effects of 3 crude organic extracts obtained from sequential solvent
extraction were also studied on the tested plants. The results found that crude ethyl acetate extract
had the highest inhibitory activity on Chinese amaranth.

The constituents of the high active fractions and subfractions obtained from crude ethyl
acetate extract were determined by GC-MS, chromatography, spectroscopy and spectrometry
techniques. The results showed that these fractions and subfractions consisted of major fatty acids,
palmitic acid 10 and linoleic acid 12, minor fatty acids, for examples, stearic acid 13, palmitoleic acid
15, oleic acid 14, Y-linolenic acid 11 and 5,8,11-eicosatrienoic acid 53, including other minor
compounds, 2-ethyl-3-methylmaleimide 50, dihydroactinidiolide 51, and 4-oxo-B-ionone 52.
Isolation of the highest activity subfractions on Chinese amaranth found that these subfractions
consisted of 4 norisoprenoids, 3-hydroxy-P-ionone 59, 3-hydroxy-5Q.,60t-epoxy-P-ionone 56, 3-
hydroxy-50,6p3-epoxy-p-ionone 57 and loliolide 58. The compounds 51-52 and 56-59 are isolated

here for the first time from S. platensis. Furthermore, the synergistic phenomenon between linoleic
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acid 12 and dihydroactinidiolide 51 was investigated. The observation found that the mixed ratios of

12:51 in 5:5 and 3:7 had a higher inhibitory activity on Chinese amaranth than the pure compounds.
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CHAPTER1

INTRODUCTION

1.1 Statement and significance of the problems

The major problem of the world’s agricultural efficiency depends largely on controlling a
variety of diseases and pests especially weeds. Weeds, simply defined as plants growing in an
undesired location, compete with crops for resources, lower crop yields, and can contaminate the
crop with their seeds thereby perpetuating the problem into subsequent growing seasons [1-2].
Furthermore, due to mankind’s ever increasing mobility, exotic plant species have been
extensively introduced to new locations around the world. Left uncontrolled weeds will spoil the
appearance of a garden and deprive cultivated plants of water, space, light and nutrients.
Sometimes weeds can grow so vigorously that they choke out carefully natured plants. They also
can harbour pasts and diseases and can multiply very quickly either vegetativly by roots and
shoots or through the productions of seeds, often in large numbers. A number of different
methods can be used to control environmental weeds for examples, by preventive, chemical,
biological, mechanical and cultural control. Different situations require different approaches,
depending on such factors as, the species of weed being managed, levels of weed infestation and
resources available such as time, labours, equipment and finances. Integrated weed management
that include a combination of control methods is likely to be most effective in controlling weeds

without allowing the weeds to become resistant to herbicides [3].

Weeds are major problem in crop productions in Thailand that the main weed control
method is chemical control. Herbicides have several different modes of action, some will only
effect broadleaf plants are called selective herbicide and some are non-selective. Widespread use
of synthetic herbicides has resulted in herbicide-resistant weeds, and public concerns over the
impact synthetic herbicides have on human health and the environments are increasing. These
concerns are shifting attention to alternative weed control technologies based on natural products

[4-5].

Allelopathy is most commonly defined as direct or indirect detrimental effect of one

plant in¢luding microorganisms on the germination, growth, or development of"either. plant



through the production of chemical that escape into the environment [6-7]. Allelopathic
interactions between plants have been implicated in the patterning of vegetation and weed growth
in agricultural system and in inhibition of growth of several crops [8-10]. In recent years,
allelopathy in agriculture has received considerable attention for two reasons; the first,
allelochemicals decrease the agricultural and sivicultural yield and the second, allelochemicals
can be beneficial as natural pesticides. Thus the science of allelopathy is gaining momentum.
The indiscriminate application of synthetic pesticides has resulted in increasing resistance in
organisms, causing severe environmental pollution and health hazard. Use of allelochemicals
from plants for this purpose would be environmentally friendly, due to the fact that natural

chemicals are renewable and easily degradable [11].

Although these allelopathic phenomena are well recognized in the terrestrial plant
kingdom, very little is known about those for marine plants [12]. The earlier studies on
cyanobacterial allelopathy were conducted in the beginning of the 20" century, and in the 1930s it
was suggested that algal toxins played a role in phytoplankton succession by affecting some
species more than other [6]. Some cyanobacteria have been reported to be responsible for the
allelopatic properties on some plants by affecting the germination and growth of other species.
For example, Nostoc 31, showed allelopathic activity against cyanobacteria Anabaena 7120 [13].

To date, some cyanobacterial allelochemicals have been isolated and characterized [14].

Spirulina platensis is a photosynthetic cyanobacterium that possesses biological activity
and it widely cultivated to produce biological active food additives and to treat several diseases
[15]. New effective medicinal preparations are based on it [16]. Water soluble proteins and
phycocyanin pigment in addition to the rich assortment of biologically active compounds (BAC)
from Spirulina biomass hold theoretical and practical interest [17-19]. Several studies show that
S. platensis or its extracts can prevent or inhibit cancer in humans and animals. In vitro studies
suggest that polysaccharides of Spirulina enhance cell nucleus enzyme activity and DNA repair
synthesis [20-21]. Furthermore, the author found that the preliminary study of aqueous and crude
organic extracts of S. platensis revealed the inhibitory effect on seed germination and seedling
growth of Chinese mustard [22]. This research aim is altematively investigated the new activity,

allelopathic potential, of S. platensis on seed germination and seedling growth of tested plants.



1.2 Objectives

1. To investigate the allelopathic potential of aqueous extract, crude organic extracts,
fractions, and subfractions from S. platensis on tested plants: Chinese amaranth

(Amaranthus tricolor L.) and Barnyardgrass (Echinochloa crus-galli (L.) Beauv.).
2. To isolate and study the activity of the allelochemicals from crude extracts of
S. platensis.

3. To determine the structure of allelochemical compounds by spectroscopic methods.

1.3 Scope of the study
1. Investigation the allelopathic potential of aqueous extract and crude organic extracts of
S. platensis by petri dish test.
2. Extraction and isolation allelochemicals from crude organic extracts of S. platensis.
3. Investigation the activity of allelochemicals by vial test.

4. Determination of the structure of allelochemicals by spectroscopic methods.

1.4 Process of the study

1.4.1 Extraction, isolation and purification

1. Extract dried S. platensis by distilled water and hot distilled water and test on

their allelopathic potential.

2. Extract dried S. platensis by Sequential Solvent Extraction (hexane, ethyl

acetate and methanol) and test on their allelopathic potential.
3. Isolate allelochemicals from the highest inhibitory fractions or subfractions

and study their allelopathic potential.

1.4.2 Analyse and characterise the structure of allelochemical compounds by

spectroscopic methods



1.5 Expected Results

1. Explanation the new activity, allelopathic potential, of S. platensis.

2. Identification the allelochemicals from crude aqueous and organic extracts of

S. platensis.
3. The effectiveness of allelochemicals from S. platensis on inhibition of growth may be

the basic result for weed control.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Allelopathy

The term allelopathy, was introduced by Molisch in 1937 [23], and was derived from the
Greek words allelon “of each other” and pathos “to suffer”, the term generally refer to
biochemical interactions between all types of plants including microorganisms. His discussion
indicated that he meant the term to cover both inhibitory and stimulatory reciprocal biochemical
interactions. In 1984, Rice [6] defined the term allelopathy as any direct or indirect harmful
effect by one plant (including microorganisms) on another through production of chemical
compounds that escape into the environment. Some use the term in a wider sense, for instance
entomologists, who include the effects of secondary compounds on plant-insect interactions.

In 1996 the International Allelopathy Society defined allelopathy as follow: “Any
process involving secondary metabolites produced by plants, microorganisms, viruses, and fungi
that influence the growth and development of agricultural and biological system (excluding
animals), including positive and negative effect” [24]. In the following, the term is used in
accordance with Rice [6], but effects of the chemical compounds involved in plant-plant
interactions and the effects of allelopathic plants are discussed in a broader perspective than

strictly related to the plant-plant interactions.

2.2 Allelochemicals

Chemicals released from plants and imposing allelopathic influences are termed
allelochemicals or allelochemics. Most allelochemicals are classified as secondary metabolites
and are produced as offshoots of the primary metabolic pathways of the plant. Often, there
functioning in the plant is unknown, but some allelochemicals are known also to have structural
functions (e.g. as intermediates of lignification) or to play a role in the general defense against
herbivores and plant pathogens [25a-b, 26].

Allelochemicals can be present in séveral parts of plants including roots, rhizomes,
leaves, stems, pollen, seeds and flower [6]. The mode of release of allelochemicals from donor
plant into the environment comprises an important part of allelopathy. A variety of

allelochemicals are synthesized and stored in different plant cells, either freely or bound form



[27] and are released into the environment in response to various abiotic and biotic stresses. The

mode of release of a particular allelochemical depends on its chemical nature [6, 28-29].

2.2.1 Mode of release of allelochemicals
Four major routes of entry of allelochemicals into the environment have been recognized,
based on their chemistry: volatilization, leaching, root exudation, and decomposition of plant

residue [6, 29] as shown in Figure 2.1.
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Figure 2.1 Mode of release of allelochemicals [30 ]

1 Volatilization
The release of allelochemicals by volatilization is often confined to plants producing
terpenoids and monoterpenes [31]. The allelopathic potential of volatiles is well documented.
The common general that release volatiles include Artemisia, Salvia, Parthenium, and Eucalyptus
[6]. Eucalyptus has been known to contain a variety of terpeniods that are toxic to germination

and seedling growth of numerous crop plants, for examples, ot-pinene 1 and 1, 8-cineole 2 [32].
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HaC
HsC CHs
a-Pinene 1 1, 8-Cineole 2
2 Leaching

Leaching is the removal of substances from plants by the action of rain, snow, fog, dew,
or mist. It offers a greater portion of allelochemicals to the environment [33]. The degree of
leachability, however, depends on the type of plant tissue, the age of the plant, and the amount
and nature of precipitation [34]. The major allelochemicals released via leaching include a
variety of organic and inorganic substances such as phenolic compounds, terpenoids, and
alkaloids [6], and most of these chemicals have been well characterized for their toxic effects on
the surrounding plants and microorganisms under field and laboratory conditions [35].

3 Root exudation

In several instances, the suppression in crop yields has been attributed to toxins released
by roots of various crop and weed species adjacent to crop plants [36]. Several of the compounds
released via roots are known to reduce seed germination, root and shoot length, nutrient uptake,
and nodulation [37-38]. Through root exudates comprise only 2-12% of the total photosynthates
of the plant, they contribute a great deal toward allelopathy, as most of the well-known
allelochemicals are root exudates. It has been observed that factors such as plant age, nutrition,
light, and moisture would influence root exudation both quantitatively and qualitatively [39].

4 Decomposition of plant residue

The decomposition of plant residues adds a large quantity of allelochemicals to the
thizosphere [40]. The inhibitory potential of several compounds released during decomposition
have been listed. Factors that influence this process include the nature of plant residue, soil type,
and the conditions of the decomposition [41]. The decomposing plant materials are never equally
distributed throughout the soil, and therefore as the roots grow through the soil, at some points
they may come in contact with decomposing residue and be affected by allelochemicals. The
compounds released into the soil are subjected to transformation by soil microflora and produce
even more biologically active products than the present compounds [42]. Investigations using
aqueous plant extracts have shown that water soluble inhibitors present in crop plants can be

quickly released during decomposition.



The toxicity arising from plant residues provides some of the challenging problems and
opportunities for agronomists and weed scigntists. Toxins from the decomposing crop residues
can affect young crop plants sown between mature plants, that is, in relay cropping. Likewise the
stubble of the preceding crop in multiple sequential cropping can affect the next crop. In areas
where stubble mulch farming is practiced for soil and water conservation, toxins from the
stubbles have proved toxic to certain crops in rotation. These residues influence not only the crop

emergence, growth, and productivity, but also influence similar aspects of weed growth.

2.2.2 Mechanisms of action of allelopathic agents [6]

Though much evidence has been documented on growth inhibition due to
allelochemicals, the physiological and molecular mechanisms leading to such inhibition have not
been critically investigated. The most probable reason for the lack of understanding of the
mechanism of action is that most of the allelopathic effects under natural conditions are either
synergistic or additive, and it is difficult to study the mode of action of a particular allelochemical
separately. Though few attempts have been made to elucidate the mode of action, no definite
mechanism of action for any particular chemical has been proposed. The threshold concentration
of the compound required to affect plant processes varied with the type of the compounds, plant
species, and the concentration. Rice explained the mechanisms of action of allelopathic agents on
plants processes that the detail as showed below.

1 Effects on division, elongation, and ultrastructure of the cell.

2 Effects on hormone-induced growth.

3 Effects on membrane permeability.

4 Effects on mineral uptake.

5 Effects on easily available phosphorus and potassium in soils.

6 Effects on stomatal opening and photosynthesis.

7 Effects on respiration.

8 Inhibition of protein synthesis and changes in lipid and organic acid metabolism.

9 Possible inhibition of porphyrin synthesis.

10 Inhibition or stimulation of specific enzymes.

11 Effects on corking and clogging of xylem element.s, stem conductance of water, and

internal water relation.

12 Miscellaneous mechanisms.



There are many thousands of chemical compounds produced by microorganisms or
higher plants, but only a limited number of them have been identified as toxins involved in
allelopathy. The types of allelochemical compounds can be identified, for examples, simple
unsaturated lactones, long-chain fatty acids, flavonoids, terpenoids, steroid, phenols, benzoic acid,

cinnamic acid 9 and derivatives, as shown below [6].

O
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Cinnamic acid 9

These compounds showed the different activity to the target organisms. For example,
Brevione E 6 is a diterpenoid derivative that was isolated from Penicillium brevicompactumm

Dierckx. It completely inhibited shoot length of wheat at 10" M [43].
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3 Carbohydrates
S. platensis contains about 13.6% carbohydrates; some of these are glucose, mannose,
galactose, xylose, and rhamnose [48]. Spirulina does not have cellulose in its cell wall, a feature
that makes it an appropriate and important foodstuff for people with problems of poor intestinal
absorption, and geriatric patients [49]. A new high molecular weight polysaccharide, with
immunostimulatory activity has been isolated from Spirulina and is called “Immulina”. This
highly water-soluble polysaccharide represents between 0.5 and 2.0% (w/w) of the dry
microalgae [50].
4 Essential Fatty Acids
Spirulina is rich in palmitic acid 10, y-linolenic acid (GLA) 11, linoleic acid (LA) 12,
and also provides stearic acid 13, oleic acid 14, palmitoleic acid 15, da-linolenic acid (ALA) 16,

stearidoic acid (SDA) 17, docosahexaenoic acid (DHA) 18, and arachidonic acid (AA) 19 [47,

Hoj\/\/\/\/\/\/\/\

Palmitic acid 10

51].

Linoleic acid (LA) 12

Hoj\/\/\/\/\/\/\/\/

Stearic acid 13

/"\/\/\/\/9___\/\/\/\
HO

Oleic acid 14
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S Vitamins
Spirulina contains vitamin B, (thiamine) 20, B, (riboflavin) 21, B, (nicotinamide) 22, B,
(pyridoxine), B, (folic acid), B,, (cyanocobalamin), vitamin C 23, vitamin D, and vitamin E 24

[47, 51].

X
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Riboflavin (B,) 21
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Nicotinamide (B3) 22 L-Ascorbate (C) 23

Tocopherol (E) 24

6 Minerals
Spirulina is a rich source of potassium, and also contains calcium, chromium, cupper,
iron, magnesium, manganese, phosphorus, selenium, sodium, and zinc [47, 51].
7 Photosynthetic Pigments
Spirulina contains many pigments including chlorophyll-a 25, xanthrophyll, B-carotene
26, cchinenone, myxoxanthophyll, zeaxanthin 27, canthaxanthin 28, diatoxanthin, 3°’-

hydroxyechinenone, B-cryptoxanthin, oscillaxanthin, plus the phycobiliproteins, C-phycocyanin
29 and allophycocyanin [44].
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Zeaxanthin 27

Canthaxanthin 28

IIVU\IV\I\NWTystV\MI\h

C-Phycocyanin 29

2.3.2 Biological activities of Spirulina

The cyanobacterium, S. platensis, is rich in nutrients, such as proteins, vitamins,
minerals, carbohydrates, and fatty acids. It has gained more and more attention, not only for
foods aspects but also on the development of potential pharmaceuticals. In vitro research found
that S. platensis extract inhibits HIV replication in human T-cells, peripheral blood mononuclear
cells (PBMC), and Langerhans cells [52]. Many animal researches showed that Spirulina helps
prevent heart damage caused by chemotherapy using Doxorubicin, without interfering with its
anti-tumor activity [53]. Moreover, Spirulina reduces the severity of strokes and improves
recovery of movement after a stroke; reverses age-related declines in memory and learning; and

prevents and treats hay fever [54-56]. 'For clinical trials, Spirulina is effective for the clinical
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improvement of melanosis and keratosis due to chronic arsenic poisoning improves weight-gain
and corrects anemia in both HIV-infected and HIV-negative undemourished children; and

protects against hay fever [57-59].

2.4 Literature reviews

Algal allelopathy was apparently first not by Harder [60] who recorded autoinhibition in
old cultures of Nostoc punctiforme. Biochemical interactions as a cause for phytoplankton
succession were first proposed by Akehurst [61]. Several researches and information about
allelopathic interaction between cyanobacteria, cyanobacteria-plant, cyanobacteria-algae, and
cyanobacteria-microorganism have been reported, as in the following:

Lefevre and Nisbet [62] reported that a culture of Phormidium uncinatum increased the
concentration of dissolved organic matter in the medium by almost eightfold in 40 days. The
experiment was repeated using a medium in which P. uncinatum had grown for only 12 days, and
the results were identical. Their evidence indicated that the required ingredients in the medium
were sufficient for good growth of Scenedesmus. When the medium was considerably diluted
with distilled water, Scenedesmus started dividing immediately.

Fogg and Westlake [63] reported that in pure cultures of Anabaena cylindrical, 5 to over
50% of the total nitrogen assimilated dissolves in the medium as peptide nitrogen. They
demonstrated that species of algae from the other phyla liberate extracellular peptides also and
that peptides occur commonly in natural water. They suggested that peptides may exert important
effects on the growth of organisms in water by forming complexes with other dissolved
substances.

Using multiple diffusion chamber, Martin et al. [64] found that the blue-green algae,
Gomphosphaeria aponina, was allelopathic to the red tide algae, Gymnodinium breve, but G.
breve had no effect on G. aponina.

In 1982, Pignatello et al. [65] reported the isolation of a chlorine-containing
allelochemical from Scytonema hofmanni. The allelochemical was named cyanobacterin 30
which the strucutre is a diaryl substitution y-lactone. This compound inhibited algae and other
cyanobacteria but not other non-photosynthetic bacteria or protozoa [66-67]. It had a minimum
effect dose of 2 mg/mL (4.6 pM) against Synechococcus cells, but no effect on purple

photosynthetic bacteria which lack photosystem I1I.
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Cyanobacterin 30

Murakami et al. [68] discovered seven autolytic substances, monogalactosyl
diacylglycerols (MGDGs), produced by the cyanobacterium, Phormidium tenue. These
compounds showed the autolytic activity on P. tenue growth. Moreover, if MGDGs contain
unsaturated fatty acids, such as linoleic acid 12 and linolenic acids (11 or 16), lysed the alga in
lower concentrations, while those saturated fatty acids caused no lysis even at 100 ppm.

In 1991, Gross et al. [69] isolated lipophilic allelopathic compound against other
cyanobacteria, cholophytes, and diatom, fischerellin, from Fischerella muscicola and Fisherella
ambigue. This compound is a potent inhibitor of oxygenic photosynthetic organisms, with a
minimum inhibitory concentration (MIC) of 14 nM against Synechococcus PCC 6911 in 54 hrs
growth assay. In 1996, the structure of this allelochemical was renamed more precisely

fischerellin A 31 by Hangmann and Jiittner [70).

Fisherellin A 31

Bagchi et al. [71-72] described algicidal activity in a bloom-forming cyanobacteria,
Oscillatoria laetevirens, against cyanobacteria, Synechococcus sp.. They found that the IC,, was
approximately 1 puM with Synechococcus thylakoids. The algicidal metabolite was later

characterized to have a molecular C,H,0,, with the most probable postulated structure as

compound 32.
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Jittmer et al. [13] isolated cyclic peptide containing thiazole and oxazole moieties,

nostocyclamide M 33, from Nostoc 31. This compound shows allelopathic activity against

R as
5

Nostocyclamide M 33

cyanobacteria, Anabena 7120.

In 1997, Papke et al. [73] isolated and identified a new 2-pyrrolidinone with a
polyunsaturated side chain from the cyanobacterium F. muscicola. The new compound, which

was named fischerellin B 34, was exhibited algicidal properties.

O

Hg
—_— - "™CH,

\

Fisherellin B 34

In 1999, Schlegel et al. isolated mainly one hundred and ninety-eight cyanobacterial
strains, that samples were collected from diverse habitats in Australia, Indonesia, Nepal, Thailand
and Vietnam. These cyanobacterial stains were screened for their antibiotic activity against green

algal species of the genera Coelastrum, Scenedesmus and Monoraphidium [74]. They reported
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the discovery of ten strains of Fischerella, seven of Nostoc and three of Calothrix that produce
antialgal compounds with a broad activity spectrum.

Pushparaj et al. [75] studied the allelopathic activity of organic extracts from Nodularia
harveyana, a dinitrogen-fixing cyanobacterial. The active substances were lypophilic and
exhibited strong allelopathic activity against other axenic cyanobacteria, antibiotic activity against
G+ pathogenic bacteria and antifungal activity against two plant pathogens. The extracts were
toxic (LC,, at 30 uL) for grazers such as a rotifer (Brachionus calyciflorus) and a crustacean
(Thamnocephalus platyurus).

Doan et al. [76] studied the allelopathic actions of the alkaloid 12-epi-hapalindole E
isonitrile 35, that isolated from cyanobacterium Fischerella sp., and the indolophenanthridine
calothrixin A 36 from a Calothrix sp., on organisms including G+ and G- bacteria, cyanobacteria,
fungi, eukaryotic green algae, protozoa and mammalian cells. They found that compounds 35

and 36 showed IC,, values varied considerably to be 3-45 uM.

Calothrixin A 36

12-epi-Hapalidole E isonitrile 35

Singh et al. [77] purified micocystin-LR 37 from cyanobacterium Microcystis
aeruginosa. At a concentration of 50 pug/mL, this toxin caused complete inhibition of growth
followed by cell lysis in Nostoc muscorum and Anabaena BT1 after 6 days of toxin addition. The
addition of toxin (25 pg/ mL) to the culture suspensions of the Nostoc and Anabaena strains

caused instant and drastic loss of O, evolution.
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Micocystin-LR 37

In 2003, Hirata et al. [78] investigated the effect of nostocine A 38, the violet pigment
releases from Nostoc spongiaeforme, on the growth of six green algae and seven cyanobacterium.
They found that nostocine A 38 exhibited growth inhibitory activity comparable to paraquat, and
the activity tended to be stronger to green algae than to cyanobacteria. Furthermore, nostocine A
38 showed the allelopathic activity on the growth of Barnyardgrass. Results found that nostocine
A 38 exhibited strong inhibitory activity to the root elongation of Barnyardgrass. From this
experiment, they suggested that nostocine A 38 may act as a toxin or an allelochemical to

breeding organisms in nature.

1
P
NH
9o
o)
Nostocine A 38

Suikkanen et al. [79] investigated the allelopathic effects of three cyanobacterial species
(N. spumigena, Aphanizomenon flos-aquae and Anabaena lemmermannii) that frequently form
mass-occurrences in the Baltic Sea. They exposed monocultures of three phytoplankton species
(Thalassiosira weissflogii, Rhodomonas sp. and Prymnesium parvum) to cell-free filtrates of the

thiree cyanobacteria, and quantified allelopathic effects. with cell counts. They also investigated
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the role of the growth phase of cyanobacteria in their allelopathy, by comparing the effects of an
exponential and a stationary phase culture of N. spumigena. All tested cyanobacteria inhibited the

growth of Rhodomonas sp., but none of them affected P. parvum.



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Chemicals
1. Hexane, commercial grade (ZEN POINT)
2. Ethyl acetate, commercial grade (ZEN POINT) and analytical grade (CARLO ERBA)
3. Methanol, commercial grade (ZEN POINT)
4. Distilled water
5. Anhydrous magnesium sulfate (UNILAB)
6. Silica gel, 0.02-0.06 mm (Scharlau GE0048)
7. MERCK silica gel 60 (< 0.063 mm)
8. C-Phycocyanin 29 (C-PC) (Sigma-Aldrich, USA)
9. Sodium bicarbonate, analytical grade (LAB-SCAN)
10. Sulfuric acid, analytical grade (Mallinkrodt Chemicals)
11. Anisaldehyde (PANREAC QUIMICA SA)
12. Palmitic acid 10, Y-linolenic acid 11, linoleic acid 12, stearic acid 13 and oleic acid 14,

analytical grade (Fluka and Riedel-deHaén, Switzerland)

3.2 Apparatus
1. Petri dish (95 mm in diameter)
2. Vial (2 cm diameter X 4.5 cm height)
3. Beaker
4. Graduated cylinder
5. Erlenmeyer flask
6. Volumetric flask
7. Test tube
8. Spatula
9. Pasteur pipette
10. Stirring rod
11. Glass column

12. Glass funnel
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13. Graduated pipette

14. Thennometgr

15. TLC aluminium sheet (silica gel F,,,, MERCK)
16. Germination paper

17. Filter paper Whatman No. 1

18. Parafilm

3.3 Instruments
1. Oven
2. Magnetic stirrer (Fisher scientific)
3. Rotary evaporator (Rotavapor R-114, BUCHI)
4. Melting point apparatus (GALLENKAMP SANYO)
5. Analytical balance (Denver Instrument Company TC-254)
6. UV-VIS Double Beam Spectrometer (Thermo Electron Corporation, model He A ios )
7. Fourier Transform Infrared Spectrometer, FT-IR (Spectrum GX 60237, Perkin Elmer)
8. Fourier Transform Nuclear Magnetic Resonance, FT-NMR 300 MHz (Avance DPX 300,
BRUKER)
9. Freez Dryer (Virtis advantage data center wizard 2.0, Virtis)
10. Gas Chromatography-Mass Spectrometer (GC: Agilent Technologies Model 6890N, MS:
Agilent Technologies Model 7683)
11. Finnigan LC-Q MS Detector Electrospray
12. Polarimeter (JASCO-1020)

3.4 General directions

All organic solvents were distillated by simple distillation under their boiling point
temperature.

Melting points were determined on electrothermal melting apparatus GALLEKAMP
SANYO.

Analytical thin layer chromatography (TLC) was performed on MERCK silica gel 60 F,,,
aluminium sheet. Spots were visualized by UV light (254 and 366 nm) or by dipping with

anisaldehyde reagent. The plates were then heated for 5 min at 110°C. Flash column
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chromatography was performed on MERCK silica gel 60 (< 0.063 mm). Column
chrqmatography was performed on Scharlau GE 0048 silica gel 60 : 0.02-0.06 mm.

Spectroscopy

Infrared (IR) spectra were recorded on FT-IR Perkin Elmer: Spectrum GX 60237 as neat
films or dissolve in dichloromethane using potassium chloride plates.

'H and ®C NMR were recorded on FT-NMR BRUKER: Avance DPX 300 (300 MHz)
spectrometer at the Department of Chemistry, Faculty of Science, KMITL. Samples for NMR
spectroscopy were recorded as solution in CDCI, or in CD,COCD;. Tetramethylsilane (TMS)
was used as an internal standard. Coupling constants (J) are quoted in Hertz (Hz). 'H NMR
spectra were reported in the form &, (integration, multiplicity and coupling constants
assignments). The proton assignments were based on coupling constants and related literature
data. The "C NMR spectra were recorded in the form 8, (assignments).

Statistical analysis

All experiments were performed in four replications. The data were analyzed at the
seventh day and transformed into percentages of control. Germination percentages, root and
shoot lengths were subjected to one-way analysis of variance and the Duncan’s Multiple Range
Test (DMRT) to determine significant among mean values at the probability level of 0.05.

Inhibition (% of control) was calculated as follows:
Inhibition (% of control) = (100- (sample extracts/control) x 100))

Bioassay seeds

Two tested plants, including Chinese amaranth (4Amaranthus tricolor L.) and
Barnyardgrass (Echinochloa crus-galli (L.) Beauv.) were used. Commercial Chinese amaranth
seeds were purchased from Thai Seed & Agriculture Co., Ltd., Bangkok. The seeds of
Barnyardgrass were collected in August 2006 from paddy fields of Minburi district, Bangkok.
The germination randomly selected seeds was always > 80%.

Material

Dried S. platensis was obtained from the Department of Fisheries Science, Faculty of
Agricultural Technology, KMITL. Algae were cultured photoautotrophically in Zarouk’s
medium [80]. The cultures were gassed with 0.03% CO, in air and algae were cultivated at 25°C

with pH 10.5. The cultivate flasks were illuminated by continuous cool white fluorescent lamps



24

at 3,000 lux. The cells were harvested at the late exponential phase by centrifugation and dried in
an oven at 40°C.

Spectroscopic measurement

The UV-VIS absorption spectra of aqueous extracts and C-PC 29 were measured on a
UV-VIS double beam spectrometer with a 1 cm path length from 200-1,000 nm. The ratio of
A /Ay, gives the purity of C-PC 29, wherein A, is the maximum absorbance of C-PC 29 and
A, is the absorbance of total protein [81, 82]. C-PC 29 concentration (mg/mL) was calculated as

follow:

Concentration of C-PC 29 (mg/mL) = [A,(0.474xA,,)1/5.34

3.5 Allelopathic effects of aqueous extract on seed germination and seedling
growth

General procedure for the preparation of aqueous extract

Dried S. platensis was fronzen at -20°C for 24 hrs to break the cells, subsequently 5
grams of dried broken cells were placed in a 125 mL Erlenmeyer flask and 95 mL of distilled
water was added. The mixture was stirred for 10 min at room temperature. The flask was sealed
with Parafilm and kept in a refrigerator at 4°C for 24 hrs. After that the mixture was centrifuged
at 5,000 rpm for 20 min, and the blue supernatant (5% by weight of stock solution) was diluted
appropriately with distilled water to obtain the final concentrations of 5, 2.5, 1.25 and 0.625%,
respectively. Cell debris was discarded. Afterwards, the fiftyfold diluted stock solution was
determined by UV-VIS absorption spectra. |

General bioassay

The aqueous extract of S. platensis was treated in completely randomized design with 4
replications. Twenty seeds of each tested plant were placed in a 9 cm petri dish, lined with
germination paper and 5 mL of the extract were added. Controls received only distilled water 5
mL/petri dish). All treatments were covered and placed at room temperature (average 32 °’C
daytime and 28 °C night time) and natural light conditions (6.00 am — 6.00 pm). Germinated seed
were counted for 7 days period and percentages of germination were calculated. After 7 days,
shoot and root length of germinated seeds in all treatment were recorded. Differences in the
percentages of seed germination and root and shoot length were assessed by the analysis of

variance and the Duncan’s Multiple Range Test (DMRT).
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3.6 Alllelopathic effects of C-phycocyanin 29 on seed germination and seedling

growth

Commercial C-PC 29 was purchased from Sigma-Aldrich, U.S.A. Ten milligrams of C-
PC 29 were dissolved in distilled water using 10 mL volumetric flask to obtain 1,000 ppm of
stock solution and the UV-VIS absorption spectrum was measured. The stock solution was
diluted to 500, 250, 125, and 62.5 ppm, respectively. Five hundred microlitres of each
concentration were pipetted in a vial lined with germination paper. Ten seeds of each tested
plants were placed on the germination paper. The vials were sealed with Parafilm and grown for
7 days. Germination tests were conducted in the same manner as described in the previous

experiment.

3.7 Allelopathic effects of fractions from crude aqueous extract on seed

germination and seedling growth

Preparation of fractions of S. platensis aqueous extract

As shown in Flow chart 3.1, fifty millitres of 5% aqueous solution were dehydrated
under a vacuum (Freez Dryer, Virtis advantage data center wizard 2.0, Virtis) to receive a blue-
green powder. After that the powder was extracted with 90% (v/v) aqueous ethanol and
centrifuged at 5,000 rpm for 20 min, a green supernatant and a blue precipitated were obtained.
The precipitated was extracted with 80% (v/v) aqueous ethanol and centrifuged as described in
the previous experiment to obtain a blue precipitated and a pale-green supernatant. The green and
the pale-green supernatant were then evaporated to dryness on a rotary vacuum evaporator at
40°C to give a green powder (F1), a pale-green powder (F2) and a blue precipitate, respectively
[83]. The latter was dried under N, (g) flowed to become a blue powder (F3).

Allelopathic effects of fractions of S. platensis aqueous extract bloassay

Twenty milligrams of each fraction were dissolved with distilled water in 10 mL
volumetric flask (2,000 ppm stock solution), then the stock solution was measured UV-VIS
absorption spectra and calculated C-PC 29 (mg/mL) as described in section spectroscopic
measurement. After that the stock solutions were diluted to give final concentrations at 2,000,
1,000, 500, and 250 ppm, respectively. Each fraction was studied the allelopathic activity as

described in section 3.6.



3.8 Allelopathic effects of denatured C-phycocyanin bioassay

A flask of 1,000 ppm stock solution of commercial C-PC 29 was sealed with Parafilm,

then the stock solution was heated on a hot bath at 90°C for 3 hrs. The stock solution was cooled

down at room temperature. The UV-VIS absorption spectra of the stock solution was measured,

then the concentration of C-PC 29 (mg/mL) was calculated as described in section 3.4. After that

the denatured C-PC stock solution was diluted with distilled water to yield the final

concentrations at 1,000, 500, 250, 125 and 62.5 ppm, respectively. The denatured C-PC was

studied the allelopathic activity as described in section 3.6.

Dried S. platensis
|

| o
Extract with H,0 (90°C, 3 hrs)

| Extract with H,0
Centrifuged 5,000 rpm |
I Centrifuged 5,000 rpm
| | | I
Pale-Green Supernatant Cell debris Blue-Green Supernatant
Cell debris
(Hot Aqueous Extract) (Aqueous Extract)
l Discard | l l
. Discard
Bioassay Freeze-Dried Bioassay
(Dried Blue-Green Powder)
|
Extract with 90% EtOH/H,0
and centrifuged 5,000 rpm
|
Blue Precipitate Green Supernatant
|
Extract with 80% EtOH/H,0 Evaporate to dryness
and centrifuged 5,000 rpm F1 (Green Powder)
Blue Precipitated Pale-Green Superatant
| Bioassay
Evaporate to dryness
N,(g) Flow to dryness P ~
F2 (Pale-Green Powder
F3 (Blue Powder) ( l )
l Bioassay
Bioassay

Flow chart 3.1 The extraction procedures and allelopathic bioassay of aqueous extract
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3.9 Allelopathic effects of hot aqueous extract on seed germination and seedling

growth

The method for preparing the hot aqueous extract was performed using fifty millitres of
5% aqueous solution of S. platensis which was stirred at 90°C for 3 hrs. The extracted mixture
was cooled down to room temperature and kept in refrigerator. After that the extracted mixture
was centrifuged at 5,000 rpm for 20 min, and the 5% hot aqueous was diluted appropriately with
distilled water to obtain the final concentrations at 5, 2.5, 1.25 and 0.625%, respectively. The
allelopathic activity of hot aqueous extract was studied as described in section 3.6. To determine
the composition of C-PC 29 of hot aqueous extract, the 5% by weight stock solution was again
diluted fiftyfold to give a final concentration 0.1% by weight. Sample was determined C-PC 29

and the concentration of C-PC 29 (mg/mL) calculated as described in section 3.4.

3.10 Allelopathic effects of crude organic extracts on seed germination and

seedling growth

General procedure for the preparation of crude organic extracts

Four kilograms of dried S. platensis were frozen at -20°C for 24 hrs and extracted with
hexane (2 x 6 L) for 7 days period at room temperature. The extract was then filtrated through a
Whatman No. 1 filter paper. The collected filtrate was evaporated to dryness by a rotary vacuum
evaporator at 40°C to give crude hexane extract. The residue was then similarly extracted with
ethyl acetate (EtOAc, 2 x 6 L) and methanol (MeOH, 2 x 6 L) to obtain crude ethyl acetate and
methanol, respectively.

General bioassay

The three dried samples concentrated from hexane, ethyl acetate and methanol were
again dissolved in each solvent to compare their allelopathic effects. Five hundred microlitres of
each of these crude extract solutions at concentrations of 40,000, 20,000, 10,000, 5,000 and 2,500
ppm were pipetted in a 9.5 cm petri dish lined with germination paper and evaporated to dryness
for 3 hrs at room temperature. For the distilled water control, 5 mL of distilled water was applied
to petri dish. After evaporation, 5 mL of distilled water was added onto the germination paper to
give the final concentrations at 4,000, 2,000, 1,000, 500 and 250 ppm and then 20 seeds of tested
plant were placed on germination paper and grown for 7 days. Germination tests were conducted.

in the same manner as in‘the previous experiment.
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3.11 Allelopathic effects of fractions from the highest activity crude organic

extract on seed germination and seedling growth
General procedure for the isolation of the highest activity crude organic extract [84]

The highest activity crude organic extract was removed the solvent in vacuo, then mixed
with silica gel. The mixture was subjected to column chromatography (Silica gel), eluted with
hexane and hexane with increasing amounts of ethyl acetate and methanol. Each compound was
collected as it elutes from the column in a test tube and the mixture was tested by TLC, using
anisaldehyde reagent as an indicator. The process was discontinued when the compound(s)
desired was (were) off the column. The solvent was evaporated from the test tubes and weighed
the crude to determine the collected fractions.

General bioassay

All fractions were again dissolved in ethyl acetate to compare their inhibitory effect.
Fifty microlitres of each fraction at concentrations of 20,000, 10,000, 5,000 and 2,500 ppm were
pipetted in a vial (4.5 X 2 cm) lined with germination paper and evaporated to dryness for 3 hrs at
room temperature. After evaporation, 0.5 mL of distilled water was added onto the germination
paper to yield the final concentrations at 2,000, 1,000, 500 and 250 ppm and then 10 seeds of
tested plants were placed on germination paper and each vial was sealed with Parafilm and grown

for 7 days. Germination tests were conducted in the same manner as in the previous experiment.

3.12 Allelopathic effects of subfractions from the highest activity fractions on seed

germination and seedling growth

General procedure for the isolation of fractions

The method for isolation of the fractions by column chromatography was performed as
described in section 3.11.

General bioassay

All subfractions were again dissolved in ethyl acetate to compare their inhibitory effect.
Fifty microlitres of each of these subfractions at concentrations of 10,000, 5,000, 2,500 and 1,250
ppm were pipetted in a vial lined with germination paper and evaporated to dryness for 3 hrs at
room temperature. After evaporation, 0.5 mL of distilled water was added onto the germination

paper to yield the final concentrations at 1,000, 500, 250 and 125 ppm, and then 10 seéds of each
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tested plant were placed on germination paper and each vial was sealed with Parafilm and grown

for 7 days. Germination tests were conducted in the same manner as in the previous experiment.

3.13 Allelopathic effects of fatty acids on seed germination and seedling growth

General procedure for the identification of fatty acids

The results from 'H and °C NMR showed that the high activity fractions and
subfractions contained fatty acid. In order to determine the fatty acid composition, the fractions
and subfractions were converted to fatty acid methyl ester (FAME) and analysed by the standard
GC-MS method.

The preparation of fatty acid methyl esters: The samples (~30 mg) were methylated
with 2% H,SO, in MeOH (20 mL) and the resulting solution stirred at room temperature for 30
min. After this period, the reaction was heated until reflux at 80°C for 2 hrs whereupon the
reaction was completed by thin layer chromatography. The mixture was cooled to room
temperature and the excess methanol was removed under reduce pressure. The crude product was
dissolved with ethyl acetate (20 mL) and washed with 0.5 M NaHCO, (2 X 40 mL), brine (10
mL), dried (Na,SO,), filtered through Whatman no. 1 and evaporated to dryness under reduce
pressure to yield the fatty acid methyl ester products. These products were prepared to
concentration of 1,500 ppm in ethyl acetate before analysed by GC-MS.

The GC-MS analysis was performed on an Agilent 6890 GC equipped with a flame
ionization detector (FID). Automated split injection was executed using an Agilent 7683
autosampler. The instrumental configuration and analytical conditions are summarized in Table
3.1.

The total run time of the active fractions was 30 min. The GC oven temperature
programme was 50°C held for 1 min, at a rate 25°C/min to 230, and held for 13 min. Fatty acid
methyl ester and other compounds were identified by comparing the retention time (RT) of the
integrated peak of the individual FAME with those of authentic standard FAMEs and databank of
the Wiley7n. 1 library. Quantitative determinations were compared by using 500 ppm
heptadecanoic acid methyl ester as internal standard (Appendix A). The peak area that less than
1% not qualified and the mass range was scanned from 50 to 500 a.m.u. A standard curve was

plotted for each FAME using the weight and area ratios with respect to the internal standard.
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Standard curves of FAMEs were prepared at concentrations of 250, 500, 1,000 and 2,000
ppm using ethyl acetate as solvent that contained the concentration of internal standard at 500

ppm (Appendix A).

Table 3.1 GC-MS conditions [85]

Instrumentation
Chromatographic system : Agilent 6890 GC
Inlet Split
Detector FID or Agilent 5973 MSD
Automatic sampler Agilent 7683
Liner Split iner (p/n 5183-4647)
Column 30x 0.25 mm ID, 0.25llm DB-Wax (J& W 122-7032)

Experimental Conditions GC-FID

Inlet temperature 240°C
Injection volume 1 UL
Split ratio 1/100
Carrier gas Helium, flow rate 1 mL/min

Head pressure -

Oven temperature 50°C, 1 min, 25°C/min to 200°C, 3°C/min to 230°C, 13 min.
Detector temperature 230°C
Detector gases Helium

General bioassay

The pure fatty acids were dissolved with ethyl acetate to yield concentrations of 10,000,
5,000, 2,500, 1,250 and 625 ppm, respectively. Then fifty microlitres of each of these
concentrations were pipetted in a vial lined with germination paper and evaporated to dryness for
3 hrs at room temperature. After evaporation, 0.5 mL of distilled water was added onto the
germination paper to give the final concentrations at 1,000, 500, 250, 125 and 62.5 ppm and then
10 seeds of tested plant were placed on germination paper and each vial was sealed by Parafilm
and grown for 7 days. Statistical analysis, bioassay procedures and conditions, were similar to

the previous work.
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3.14 Allelopathic effects of isolated allelochemicals on seed germination and

seedling growth

General procedure for the isolation of allelochemicals

The method use for isolation of allelochemical by flash column chromatography was
performed as described in section 3.11. All compounds were characterized and identified by FT-
IR, 'H NMR, “CNMR spectroscopy and MS spectrometry.

General bioassay

All pure compounds were compared the allelopathatic effects on tested plants at the
concentrations of 62.5-1,000 ppm. The procedure was described in section 3.13. A summary for

the research procedures is illustrated in Flow chart 3.2.

3.15 Synergistic phenomenon of linoleic acid 12 and dihydroactinidiolide 51
Linoleic acid 12 and dihydroactinidiolide 51 were mixed in the weight ratio (12:51) of
9:1, 7:3, 5:5, 3:7 and 1:9. Each ratio was diluted with ethyl acetate to produce concentrations at
5,000, 2,500, 1,250, and 625 ppm, respectively. Then fifty microlitres of each of these
concentrations were pipetted in a vial lined with germination paper and evaporated to dryness for
3 hrs at room temperature. After evaporation, 0.5 mL of distilled water was added onto the
germination paper to give the final concentrations at 500, 250, 125 and 62.5 ppm and then 10
seeds of tested plant were placed on germination paper and each vial was sealed with Parafilm
and grown for 7 days. The statistical analysis, bioassay procedures and concentrations, were

similar to the previous work.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Allelopathic effects of aqueous extract on seed germination and seedling
growth

Aqueous extract of S. platensis showed strong inhibitory effect on seed germination and
seedling growth of tested plants, as discussed in the results below.

Chinese amaranth

Results in Table 4.1 indicated that all concentrations of the aqueous extract of S.
platensis had an inhibitory effect on seed germination and seedling growth of Chinese amaranth.
The aqueous extract of S. platensis at a concentration of 0.625% inhibited seed germination by
20% and at concentrations of 1.25-5% showed complete inhibition. As for seedling growth, it
was found that the aqueous extract at a concentration of 0.625% inhibited shoot and root length

by 45.38 and 68.35% respectively, as shown in Figure 4.1 (a).

Table 4.1 Allelopathic effects of aqueous extract of S. platensis on seed germination and

seedling growth of Chinese amaranth and Barnyardgrass

% Inhibition on Chinese amaranth % Inhibition on Barnyardgrass
Concentrations Seed Shoot Root Seed Shoot Root
(% by weight) | germination length length germination length length
Control Oc Oc Oc Oc 0d 0d
0.625 20b 45.38b 68.35b -2.90c 0.144 16.54c
1.25 100a 100a 100a 24.64b 34.00c 44.88b
2.5 100a 100a 100a 95.65a 93.22b 100a
5 100a 100a 100a 100a 100a 100a

Values with same letters in each column there are not significantly different at P=0.05

Barnyardgrass
The allelopathic effects of aqueous extract on seed germination and seedling growth of
Barnyardgrass were summarized in Table 4.1. Significant reduction of germination and shoot

length were observed at a concentration of 1.25%, while root length was affected at a
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concentration of 0.625%. At concentrations of 0.625 and 1.25% inhibited root length by 16.54
and 44.88% whereas at a concentration of 2.5% root length was completely inhibited. At
concentrations of 1.25 and 2.5% inhibited seed germination by 24.64 and 95.65%, and reduced
shoot length by 34 and 93.22%. The extract completely inhibited seed germination and shoot

length at a concentration of 5% (Figure 4.1 (b)).

(a)

(b

5 2.50 1.25 0.625 control

Figure 4.1 Allelopathic effects of aqueous extract of S. platensis at concentrations of 0.625-5%

on (a) Chinese amaranth and (b) Barnyardgrass

4.2 Allelopathic effects of C-phycocyanin 29 on seed germination and seedling

growth

The results obtained from this study showed that S. platensis aqueous extract
significantly inhibited all the tested plants. In previous studies [44, 86-89] reported that
billiproteins was one of the major metabolites of S. platensis aqueous extract. Biliproteins are
brilliantly coloured, water-soluble proteins with linear tetrapyrole prosthetic groups (bilin)
chromophore. In their function state, biliproteins are covalently linked to specific systeine
residues of the proteins (Fig. 4.2). They also form light-harvesting antenna complexes of
cyanobacteria, called phycobilisomes (PBS). The biliproteins are broadly classified into three
groups based on UV-VIS spectroscopic properties: phycoerythrin (PE) ?\.m 540-570 nm,
phycoerythrobilin; phycocyanin (PC) }\,mx 610-620 nm, and allophycocyanin (APC) }\.m 650-
655. Antenna systems of S. platensis are composed of C-PC 29 and APC at approximate ratio of
10:1 ratio and the protein fraction may contain up to 20% of C-PC 29 [44, 90-92]. C-PC 29 is not

only used as nutrient ingredients and natural dyes for food and cosmetics, but also has therapeutic
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values such as cyclooxygenase-2 inhibition, antioxidant and anti-inflammatory effects, anticancer

effect and prevention of renal injury [93-98].
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Figure 4.2 Chemical structure of phycocyaninbilin chromophore (open chain tetrapyrrole) of

C-PC29
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Figure 4.3 UV-VIS absorption spectra of (a) aqueous extract and (b) commercial C-PC 29
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The purity of the aqueous extract and commercial C-PC 29 was evaluated according to
the purity ratio, Ag,/A,,,. The fractions that exhibited the purity ratio >4.0 were considered as
high purity C-PC 29 [81]. As shown in Figure 4.3 and Table 4.3, the UV-VIS absorption
spectrum of aqueous extract showed that S. platensis contained C-PC 29 (peak at 620 nm) and
the Agy/A,, ratio of the blue supernatant was 1.17, while the purity ratio of compared with
commercial C-PC 29 was 4.25. Since C-PC 29 is the major component in aqueous extract that
may exhibit allelopathic effects on tested plants. In order to support the research’s hypothesis, the

allelopathic effects of C-PC 29 on Chinese amaranth and Barnyardgrass was also investigated.

Table 4.2 Allelopathic effects of C-PC 29 on (a) Chinese amaranth (b) Barnyardgrass

% Inhibition on Chinese amaranth % Inhibition on Barnyardgrass

Concentrations Seed Shoot Root Seed Shoot Root

(ppm) germination length length germination length length
Control Oa Ocd Oe 0a Ob Obc
62.5 Oa -9.09d -0.27e 2.86a -1.98¢c -2.51c
125 5a -1.77cd 10.37d Oa -0.06b 1.72b
250 2.5a 4.29bc 47.75¢ Oa -0.42b -0.13bc
500 Sa 10.35b 70.80b 5.71a -0.30b -0.26bc
1,000 7.5a 53.03a 82.81a 2.86a 13.42a 20.58a

Values with same letters in each column there are not significantly different at P=0.05

The allelopathic assay of C-PC 29 did not exhibit inhibitory effect on seed germination
of both tested plants, however, C-PC 29 did exhibit significant shoot length inhibition on Chinese
amaranth at concentrations of 500 and 1,000 ppm by 10.35 and 53.03%, respectively. At
concentrations of 125-1,000 ppm root length was inhibited by 10.37-82.81%. As for
Barnyardgrass, it was found that only the highest concentration of 1,000 ppm exhibited an effect
on shoot and root length. In contrast, at a concentration of 62.5 ppm shoot length was promoted

by 1.98% as shown in Table 4.2 and Figure 4.4.
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4.9 Isolation and Identification of active compounds from fractions E5-E6 and

subfractions E6F3-E6F5

The 'H NMR data indicated that the active fractions and subfractions ES, E6, E6F3-E6F5
consisted of fatty acids in high yield (data not show). These subfractions were prepared to
produce fatty acid methyl esters (FAMEs), identified and analyzed by GC-MS using
heptadecanoic acid methyl ester as an internal standard. According to several research studies
palmitic acid 10, y-linolenic acid 11, linoleic acid 12, stearic acid 13, and oleic acid 14 are the
major fatty acids in S. platensis [47]. These fatty acids were quantified by GC-MS analysis as
shown in Appendix A and Figure A1. However, some of the identified constituents could not be
quantified because they were minor compounds. The compound compositions of these
subfractions are shown in Table 4.16. Experimental results reported the retention time, %
relative amount of peak area, concentration of fatty acids in 1,500 ppm sample solution,
formula, molecular weight, and mass fragment ion of compounds.

The GC-MS analysis of two active fractions and three active subfractions allowed the
identification of 16 known compounds. The fraction E5 is made up of palmitic acid 10 (59.38%)
as a major constituent, linoleic acid 12 (13.41%), oleic acid 14 (8.79%), stearic acid 13 (7.26%),
dihydroactinidiolide 51 (4.00%), and other minor compounds, palmitoleic acid 15, pentadecanoic
acid 47, tetradecanoic acid 46, 4-oxo-B-ionone 52 and Y-linolenic acid 11, respectively. The
fraction E6 consisted of linoleic acid 12 (34.80%) as a major constituent, palmitic acid 10
(34.46%), Y-linolenic acid 11 (11.84%), oleic acid 14 (5.19%), palmitoleic acid 15 (5.15%),
stearic acid 13 (2.81%), dihydroactinidiolide 51 (1.75%), 4-oxo-fB-ionone 52 (1.46%),
pentadecanoic acid 47 (1.13%), and other minor compounds, tetradecanoic acid 41 and 2-ethyl-3-
methylmaleimide 50, respectively.

The GC-MS results of active subfractions, E6F3-E6F5, showed that subfraction E6F3 is
made up of palmitic acid 10 (58.71%) as a major constituent, palmitoleic acid 15 (12.82%), oleic
acid 14 (11.76%), tetradecanoic acid 46 (3.97%), pentadecanoic acid 47 (2.16%), and other minor
compounds, dodecanoic acid 44, 9-oxonanoic acid 48, azelaic acid 49, dihydroactinidiolide 51,
stearic acid 13, 4-oxo-f-ionone 52 and linoleic acid 12, respectively. The most active
subfraction, E6F4, consisted of linoleic acid 12 (72.19%) as a major constituent,
dihydroactinidiolide 51 (8.32%), palmitoleic acid 15 (4.55%), Y-linolenic acid 11 (3.02%), 2-
ethyl-3-methylmaleimide 50 (2.90%), 5,8,11-eicosatrienoic acid 53 (2.53%), palmitic acid. 10



64

(2.29%), 4-oxo-PB-ionone 52 (2.15%), and other minor compounds, 9-oxonanoic acid 48, stearic
acid 13, and oleic acid 14, respectively. The active subfraction E6F5 consisted of palmitic acid
10 (31.41%) as a major constituent, linoleic acid 12 (31.24%), Y-linolenic acid 11 (23.46%),
5,8,11-eicosatrienoic acid 53 (2.80%), oleic acid 14 (3.16%), palmitoleic acid 15 (2.71%), 4-oxo-
B-ionone 52 (1.91%), and other minor compounds, neophytadiene 45, tetradecanoic acid 46 and

stearic acid 13, respectively.

(o]

Ho)l\/\/\/\/\/\ WYVY
Dodecanoic acid 44 Neophytadiene 45
Hgi/\/\/\/\/\/\ Hoi/\/\/\/\/\/\/
Tetradecanoic acid 46 Pentadecanoic acid 47
H MO H MOH
9-Oxonanoic acid 48 Azelaic acid 49
0

Ho)k/\/\/\/\/\/\/\
Palmitic acid 10
o)l\/\/\/\/g=\/\/\/
H

Palmitoleic acid 15
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— =
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CHs

2-Ethyl-3-methylmaleimide 50 Dihydroactinidiolide 51
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The results from the FAMEs analysis found that the active fractions and subfractions
contained 4 non-fatty acid compounds, i.e. neophytadiene 45, 2-ethyl-3-methylmaleimide 50,
dihydroactinidiolide 51 and 4-oxo-f3-ionone 52 in minute amounts. It has been reported that
neophytadiene 45 has been detected from S. platensis, this being a minor component of volatile
compounds [119]. The simple alkaloid, 2-ethyl-3-methylmaleimide 50, had also been detected
from ground water [120], caffeinated beverages [121] and essential oil of V. spiralis [122]. This
compound is a byproduct of the photooxidation of chlorophyll [123].

Dihydroactinidiolide 51 is a C,,-terpenic lactone was an essential oil that was first
isolated from the leaves of Actinidia polygama and was active, at low level, toward Felidae
animals [124]. It was an important flavour component from tobacco, tea, coffee juice [125],
Centaurea [126], and macrophytes [127]. Moreover, it is one of the three components of the
pheromone for queen recognition by red fire worker ants, Soleneopsis invicta [128] and could be

released from an aquatic plant, Eleocharis coloradoenis, which had a distinct allelopathy on other
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coexisting macrophytes [129-130]. 4-Oxo-f-ionone 52 is a derivative of ionone and an oxidative
degration product of 3-carotene 26 [131]. It is the minor product from aerobic oxidation process
of at-ionone catalyzed by N-hydroxyphthalimide combined with acetylacetone cobalt (II) catalyst
(NHPI/Co(acac),)) [132]. In addition, this compound is also obtained from commercially
available B-ionone 54 by a two-step protocol involving selective epoxidation of the free double

bond followed by a base catalyzed isomerization [133].

CHs
| N Neh
CH3
B -Carotene 26 / B -lonone 54 \
(o]
Hs CH3 (0] Hsz Hs
AN
S CHy o CH,
H CH,
CHs Hz Hs
© x CHs 3-Hydroxy-5,6-epoxy-} -ionone 56-57
4-Oxo- -ionone 52 o
CH,

5,6-Epoxy-f3 -ionone 55

HsC CHg /
0

Hs Hs
— —
e—-- O
o H
CHa Hs

Dihydroactinidiolide 51 Loliolide 58

Scheme 4.2 Degradation products of B-carotene 26

Both dihydroactinidiolide 51 and 4-oxo-f-ionone 52 are derivatives of B-carotene 26.
Photo-oxidation of carotenoids in living plants (i.e. flowers) which is often responsible for their
odor. Many carotenoids and B-carotene 26, when cleaved, gives rise to various compounds [134-
137]. Among them, B-ionone 54, 5,6-epoxy-P-ionone 55 and dihydroactinidiolide 51 are often
associated with fruity, floral and woody notes to varying degrees. Pathways of these production

compounds were proposed by Xian et al. in Scheme 4.2 [122]. Enzymafic catalysis was very
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important, especially lipoxygenase in the processes of their biosynthesis. The pathway that
dihydroactinidiolide 51 was produced through PB-ionone 54 had been proposed by Bosser [138].
However, the chemical pathiway may involve the formation of 5, 6-epoxy-B-carotene from [3-
carotene 26 and further cleavage into dihydroactinidiolide 51 [139]. As the derivatives of
chlorophyll or carotene, all compounds are secondary metabolites with biological activities from
above references.

From GC-MS resulted, dihydroactinidiolide 51 and 4-oxo-f-ionone 52 were isolated
from subfractions E6F3-E6F5 by flash column chromatography eluted with hexane : EtOAc
mixtures of increasing polarity and identified by 'H NMR, “c NMR, 2D NMR (COSY and

HETCOR), IR spectroscopy and MS spectrometry as shown below.

Dihydroactinidiolide 51

Dihydroactinidiolide 51

Dihydroactinidiolide 46: colourless oil, 9.6 mg (0.027% from crude ethyl acetate extract;

2.7 mg from E6F3 210 mg, and 6.9 mg from E6F4 67 mg); R, 0.39 (hexane: EtOAc, 70 : 30);

26.9

(A,
miz (% rel. intensity): 383.1 [2M+Na]'(100); IR (Neat) v__ 2939, 2871, 1753, 1627, 1459, 1389,

-13.14” (¢ = 0.22, CDCL,), lit. [Q], -105° (¢ = 0.1, CHCL,) [140]; ESMS (positive mode)

1376, 1257, 1226, 1188, 1151, 1123, 1029, 991, 955, 941, 908, 882, 856 cm™; 'H NMR, °C
NMR, DEPT 135, COSY and HETCOR were shown in Table 4.17-4.19 and Figure B1-B4.
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Table 4.17 °C NMR and DEPT spectroscopic data of dihydroactinidiolide 51 in CDCl,

d. (ppm) DEPT 135 Assignment Positions
182.51 - C C-8
171.99 - C C-6
11238 Positive CH C-7
87.26 - C C-5
41.66 Negative CH, C-2
40.09 Negative CH, C-4
36.50 - C C-1
29.83 and 24.18 Positive CH, C-10and C-9
24.35 Positive CH, C-11
19.65 Negative CH, C-3

Table 4.18 'H- °C HETCOR and 'H-'H COSY correlations of dihydroactinidiolide 51 in CDCI,

Positions 'H-"C HETCOR 'H-'H cosY
8C 8H (ppm) and splitting pattern 8,, (ppm) Proton correlated
(ppm) with O, (ppm)
1 36.50 - - -
2 41.66 1.22-1.34 (1H, m, H-201) 1.22-1.34 (H-2a)) | 1.62-1.72 (H-2[)
1.62-1.72 (1H, brm, H-23) and 1.72-1.77 (H-3)
3 19.65 1.72-1.77 (2H, brm, H-3) 1.72-1.77 (H-3) 1.46 (H-4Q1)
4 40.09 1.46 (1H, m, H-4Q1) 1.46 (H-401) 224 (H-:t[i)
2.24 (1H, dg, J = 12.47, 2.05 Hz, H-43)
5 87.26 - - -
6 171.99 - - -
7 112.38 5.64 (1H, 5) - -
8 182.51 - - -
9 and 24.18 1.22 (3H, 5) - -
10 29.83 127 (3H, ) - -
11 24.35 1.55 (3H, s) - -
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Table 4.19 'H and °C NMR of dihydroactinidiolide 51 in CDCI, compared to literature data

Positions Experimental data (CDCl,) Lit. (CDCl,) [140]
8C 8H (ppm) and splitting pattern 8c SH (ppm) and splitting pattern
(ppm) (ppm)

1 36.50 - 36.5 -

2 41.66 1.22-1.34 (1H, m, H-20Q) 41.6 1.22-1.33 (m)
1.62-1.72 (1H, brm, H-2[3) 1.62-1.77 (m)

3 19.65 1.72-1.77 (28, brm, H-3) 19.6 1.62-1.77 (m)

4 40.09 1.46 (1H, m, H-4Q) 40.1 1.46 (m)

2.24(1H, dg,J = 12.47,2.05 Hz, H-4B) 2.23 (dg, J=12.1,2.5 Hz)

5 87.26 - 87.2 -

6 171.99 - 171.9 -

7 112.38 5.64 (1H, s) 1124 5.64 (s)

8 182.51 - 1825 -

9 and 24.18 1.22 (3H, s) 24.2 1.20 (s)

10 29.83 1.27 (3H, s) 29.8 1.25(s)

11 24.35 1.55 (3H, s) 24.3 1.53 (s)

Dihydroactinidiolide 51, which was isolated as a colourless oil, had the molecular
formula C,,H,0, determined by ESMS m/z 383.1 [2M+Na]' and GC-MS m/z 180 [M]" and
required 4 degrees of unsaturation. The characteristic IR absorptions showed the presence of a
carbonyl group of o,B-unsaturated ester (1753 cm'l), double bond (1627 and 955 cm'l) and a C-O
stretching of ester (1029 cm'l). iThe BC NMR spectrum, including the DEPT experiment,
revealed the presence of one sp- methine (8¢ 112.38), three sp3 methylenes (8, 19.65, 40.09 and
41.66), three methyls (5. 24.18, 24.35 and 29.13), and four quaternary carbons (&, 36.50, 87.26,
171.99, and 182.51 (C=0)), and the four degree of unsaturation was fully accounted for by one
carbonyl group, one olefin, and two cyclics. The 'H-"C HETCOR experiment showed one
methine proton at 8,/ 8, 5.64/112.38, three methylene protons at 6,/ 6. 1.72-1.77/19.65, 1.46 and
2.24/40.09 and 1.22-1.34 and 1.62-1.72/41.66, three methyl proton at 8,/ &, 1.22/24.18, 1.55
/2435 and 1.27/29.13. In the 'H NMR and 'H-"H COSY spectra, the methylene signal at 8, 1.22-
1.34 (1H, m, H-20) was germinal coupled with a proton at 8, 1.62-1.72 (1H, brm, H-23) and
vicinal coupled with protons at 8, 1.72-1.77 (2H, brm, H-3), the methylene signal at 8, 1.46 (1H,
m, H-4a) was germinal coupled with a proton-at 8, 2.24 (1H, dg, J = 12.47, 2.05 Hz, H-43) and
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vicinal coupled with protons at SH 1.72-1.77 (2H, brm, H-3). Based on these spectroscopic
evidences, the carbon signal at 8. 36.50 was assigned to tetrasubstituted carbon (C-1), the carbon
at 8. 87.26 was an oxygenated quaternary carbon (C-5), and the carbon at 5. 171.99 was sp’
quaternary carbon (C-6). This compound was determined to be (-)-dihydroactinidiolide 51 [140-
142].

4-Oxo-B-ionone 52

4-Oxo--ionone 52

4-Oxo-f-ionone 52: 7.2 mg (0.018% from crude ethyl acetate extract; 3 mg from E6F3
210 mg, 1.4 mg from E6F4 67 mg and 2.8 mg from E6F5 150 mg), waxy solid; R; 0.31 (hexane :
EtOAc, 70 : 30); ESMS (positive mode) m/z (% rel. intensity): 207.1 [M+H]'(100); IR (Neat) Vo
2952, 2924, 2851, 1695, 1672, 1616, 1457, 1362, 1250, 1172, 1110, 1026 and 976 cm’; 'H NMR,
C NMR, DEPT 135, COSY and HETCOR were shown in Table 4.20-4.22 and Figure B5-BS.

Table 4.20 °C NMR and DEPT spectroscopic data of 4-oxo-B-ionone 52 in CDCI,

O, (ppm) DEPT 135 Assignment Positions
198.50 - C C-4
198.00 - C Cc-9
157.16 - C C-6
140.31 Positive CH C-7
133.57 Positive CH C-8
131.14 - C C-5
37.41 Negative CH, C-2
35.60 - C C-1
34.21 Negative CH, C-3
27.94 Positive CH, C-10
27.35 Positive CH C-11 and C-12

3

13.43 Positive CH, C-13




Table 4.21 'H-""C HETCOR and 'H-'H COSY correlations of 4-oxo-B-ionone 52 in CDC,
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Positions 'H-"C HETCOR 'H-'H cosy
8c SH (ppm) and splitting pattern 8H (ppm) | Proton correlated

(ppm) with SH (ppm)

1 35.60 - - -

2 37.41 1.89 (2H, ¢, J= 6.85 Hz, H-2) 1.89 (H-2) 2.24 (H-3)

3 34.21 2.54(2H,t,J=6.85 Hz, H-3)

4 198.50 - - -

5 131.14 - - -

6 157.16 - - -

7 140.31 7.24 (1H, d,J=16.51 Hz, H-7) 7.24 (H-7) 6.19 (H-8)
133.57 6.19 (1H,d, J=16.51 Hz, H-8) '

9 198.00 - - -

10 27.94 235(H,s) - -

| 11 and 12 27.35 1.19 (6H, 5) - -
13 13.43 1.80 (3H, 5) - -

Table 4.22 'H and "C NMR of 4-ox0-B-ionone 52 in CDCI, compared to literature data

Positions Experimental data (CDCL,) Lit. (CDCI,) [143]
8c 6H (ppm) and splitting pattern 8c 8H (ppm) and splitting pattern
(ppm) (ppm)

1 35.60 - 35.62 -
2 37.41 1.89 (2H, 1, J= 6.85 Hz, H-2) 37.65 1.70-2.10 (m)
3 34.21 2.54 (2H, 1, J = 6.85 Hz, H-3) 34.22 2.15-2.85 (m)
4 198.50 - 197.76 -
5 131.14 . 131.56 -
6 157.16 - 157.53 -
7 14031 | 7.24(1H,d,J=16.51 Hz, H-7) | 140.04 7.23 (d, J~16 Hz)
8 133.57 | 6.19(1H,d,J=16.51 Hz, H-8) | 133.77 6.16 (d, J~16 Hz)
9 198.00 - 196.79 -

10 27.94 2.35(3H,s) 27.65 2.36(s)
Il1and 12 | 27.35 1.19 (6H, 5) 27.38 1.20 (s)

13 13.43 1.80 (3H, 5) 13.20 1.81 (d, J~1 Hz)
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< COSY

4-Oxo-P-ionone 52, which was obtained as a waxy solid with the molecular formula
C,H,;0, calculated from ESMS m/z 207.1 [M+H]" and GC-MS m/z 206 [M]" and required 5
degrees of unsaturation. Its IR spectrum showed absorption bands due to the carbonyl group of
a,B-unsaturated ketone (1695 and 1672 cm’), double bond ( 1616 and 976 em’). The "C NMR
spectrum along with the DEPT experiment, revealed the presence of two sp2 methines (8, 133.57
and 140.31), two sp3 methylenes (8. 34.21 and 37.41), four methyls (8. 13.43, 2x27.35, and
27.94), and five quaternary carbons (8. 35.60, 131.14, 157.16, 198.00 (C=O at C-9) and 198.50
(C=0 at C-4)), and the five degrees of unsaturation was fully accounted for by two carbonyl
groups, two olefins, and one cyclic. The 'H-"C HETCOR experiment showed two methine
protons at 8,/ 8, 6.19/133.57 and 7.24/140.31, two methylene protons at 8,/ . 1.89/37.41 and
2.54/34.21, four methyl protons at 8,/ 8. 1.19(6H)/27.35(2C), 1.80/13.43 and 2.35/27.94. In the
'"H NMR and 'H-'H COSY spectra, the olefinic signal at & u 1.89 (2H, ¢, J = 6.85 Hz) was vicinal
coupled with protons at 8, 2.54 (2H, ¢, J = 6.85 Hz), the methine proton at 6.19 (1H, d, /= 16.51
Hz) was vicinal coupling with a trans proton at 7.24 (1H, d, J = 16.51 Hz). From these
spectroscopic evidences, the carbons signal at §; 35.60 was assigned to tetrasubstituted carbon
(C-1), the carbon at 8, 37.41 and 34.21 were sp2 carbons at C-2 and C-3 respectively, the carbon
signals at 8, 131.14 and 157.16 were sp2 quaternary carbons at C-5 and C-6 respectively. This

compound was determined to be 4-oxo-B-ionone 52 [132, 143].
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4.10 Allelopathic effects of 6 subfractions from E13 on seed germination and
seedling growth

Results from the allelopathic effects of 23 subfractions from ethyl acetate extract on
tested plants showed that only subfraction E13 had completely inhibitory effect on Chinese
amaranth at a concentration of 2,000 ppm. This active subfraction, 650 mg (100%), was
fractionated to 6 subfractions by column chromatography and studied the allelopathic activity on
tested plants.

Subfraction E13F1 (38.60 mg, 5.94%) eluted by gradient solvent range (0-6% EtOAc in
hexanes), was obtained as a dark green wax.

Subfraction E13F2 (56.40 mg, 8.68%) eluted by gradient solvent range (7-9% EtOAc in
hexanes), was obtained as a dark green wax.

Subfraction E13F3 (112.50 mg, 17.31%) eluted by gradient solvent range (10-14%
EtOAc in hexanes), was obtained as a dark green wax.

Subfraction E13F4 (88.30 mg, 1.36%) eluted by gradient solvent range (15-19% EtOAc
in hexanes), was obtained as a dark green wax.

Subfraction E13F5 (220.80 mg, 34%) eluted by gradient solvent range (20-30% EtOAc
in hexanes), was obtained as a dark brown wax.

Subfraction E13F6 (116 mg, 17.85%) eluted by gradient solvent range (31-35% EtOAc
in hexanes), was obtained as a dark brown wax.

Total 632.60 mg, 97.32%.

Chinese amaranth

Effect of 6 subfractions from E13 on Chinese amaranth as shown in Table 4.23-4.24
found that subfractions E13F2-E13F4 at concentrations of 500-1,000 ppm and E13F6 at a
concentration of 1,000 ppm inhibited the germination of seed. Subfraction E13F3 at
concentrations of 250-1,000 ppm, E13F2 and E13F4 at concentrations of 500-1,000 ppm reduced
shoot length whereas subfraction E13F1 at a concentration of 250 ppm promoted shoot length.
Subfractions E13F2-E13F4 at concentrations of 500-1,000 ppm caused the inhibitory effect on
root length but subfractions E13F1 at all applied concentrations, E13F2 at a concentration of 125
ppm, E13F4 at concentrations of 125-250 ppm, E13F5 at concentrations of 250-1,000 ppm and
E13F6 at concentrations of 125 and 500-1,000 ppm, promoted root.length. Subfraction E13F3
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had the highest inhibitory effect on Chinese amaranth that at a concentration of 500 ppm showed
the completely inhibited on seed germination and seedling growth but other concentrations had no

effect (Figure 4.17).

Table 4.23 Allelopathic effects of 6 subfractions from E13 on seed germination of

Chinese amaranth

Subrations % Inhibition on seed germination

125ppm  250ppm 500 ppm 1,000 ppm
Control 0a Oa 0d Oc
El13F1 2.94a 2.94a 0d 5.88bc
E13F2 2.94a 2.94a 76.47b 100a
E13F3 -2.94a 8.82a 100a 100a
E13F4 0a 0a 50c 97.06a
E13F5 0a -2.94a 2.94d 2.94bc
E13F6 2.94a 2.94a 2.94d 11.76b

Values with same letters in each column there are not significantly different at P=0.05

Table 4.24 Allelopathic effects of 6 subfractions from E13 on seedling growth of

Chinese amaranth

% Inhibition on shoot length % Inhibition on root length

Subfrations 125 250 500 1,000 125 250 500 1,000

ppm ppm ppm ppm ppm ppm ppm ppm
Control 0Oab 0b 0d Ob 0a 0a 0d Ob
E13FI1 -6.25b -8.54c  0.15d 7.93b | -1457c  -2029d -15.13ef  -32.40c
E13F2 3.66ab 5.64b 81.71b 100a | -15.36¢ 0.78a 86.55b 100a
E13F3 595a  22.87a 100a 100a 1.91a 1.23a 100a 100a
E13F4 3.96ab 2.90b 65.24c 93.90a | -15.70c  -14.69¢ 48.99¢c 88.79a
E13F5 4.42ab 1.68b  1.68d 3.96b 3.36a -841b  -22.53f  -33.97c
E13F6 2.90ab 488  2.13d 5.34b -7.06b  -3.92ab -8.4le  -28.25¢

Values with same letters in each column there are not significantly different at P=0.05
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Ko et al. [169] studied the allelopathy of rice husk on Barnyardgrass and found that the
strongest inhibitory effect was caused by a fractipn composed of 9-octadecenoic acid 14, 7-
octadecenoic acid 63, 5,8,11-heptadecatriecenoic acid 64 an androstan-17-one. This fraction
completely inhibited seed germination of Barnyardgrass at a concentration of 200 ppm and had

the minimum inhibition concentration (MIC) at 50 ppm.
L\/\/l_\/\/\/\/\/
HO
7-Octadecenoic acid 63
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5,8,11-heptadecatriecenoic acid 64

In 2005, Alamsjah et al. [170] studied the algicidal activity of the green algae, Ulva
Jascica, and isolated three active compounds which identified to be polyunsaturated fatty acids,
namely hexadeca-4,7,10,13-tetraenoic acid 65 (HDTA), octadeca-6,9,12,15-tetraenoic acid 61
(ODTA), and a-linolenic acid 16. These polyunsaturated fatty acids showed potent algicidal
activity against red-tide phytoplankton Heterosigma akshiwo (LC50 1.35, 0.83 and 1.13 pg/mL

for compounds 65, 61 and 16 respectively).

O
HO/“\/\_/\ e e e\
4 7 10 13

Hexadeca-4,7,10,13-tetraenoic acid (HDTA) 65

In 2006, Xuan et al. [171] identified phytotoxic substances from the early growth of
Bamyardgrass root exudates. They found that the active fractions consisted of two phenolic
derivatives, four derivatives of phthalic acid, a benzoic acid derivative, derivatives of decane,
derivative of acenaphthene, two lactones and three long chain fatty acids, including decanoic acid
66, myristic acid 46 and stearic acid 13. At a concentration of 100 ppm, these three fatty acids
showed the allelopathic activity against the seed germination and seedling growth of

Barnyardgrass approximately 4-20%.
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Decanoic acid 66

The allelopathic activity of commercial fatty acids revealed that unsaturated fatty acids
showed a higher inhibitory effect on tested plants than saturated fatty acids. These results are in
agreement with several researches, for examples, Spruell [172] studied the activity of three C,,
fatty acids against a number of algae and zooplankton. He found that the three acids, linolenic
acid 11, linoleic acid 12 and oleic acid 14, reduced the growth of Haematoccus lacustris,
Synechococcus leopolienesis, and Botrydiopsis alpine by 50% of control growth in concentrations
below 7 ppm.

In 1988, Kakisawa et al. [12] studied the allelopathic activity of octadeca-6,9,12,15-
tetraenoic acid 61 (ODTA), arachidonic acid 19, 5,8,11,14-ecosapentaenoic acid (EPA) 67, Y-
linolenic acid 11, linoleic acid 12, oleic acid 14, ODTA methyl ester, methyl linolenate, ODTA
sodium salt, sodium linolenate, trilinolenine, sodium laurylbenzenesulfonate, and Tween 80
against Heterosigma akashiwo. They found that arachidonic acid 19, EPA 67 exhibit similar
activity to ODTA 61. The sodium salt of ODTA is as effective as free ODTA 61. Less
unsaturated fatty acids exhibit weaker activities. The ester of unsaturated fatty acids also
exhibited weaker activities than that found in the corresponding free acids. Sodium

laurylbenzenesulfinate and Tween 80 also showed activity, but to a lesser degree.

5 8 11 14 17
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5,8,11,14,17-Ecosapentaenoic acid (EPA) 67

Aliotta et al. [173] isolated allelochemical compounds from Typha latifolia L. that
consisted of three steroids and three fatty acids (ct-linolenic acid 16, linoleic acid 12 and
unidentified C18:2 fatty acid). They found that the most effective fatty acid against algae growth
was O.-linolenic acid 16.

Murakami et al. [174] studied the allelopathic activity of crude acetone extract and
methanol extract of P. tenue, on its own culture. Results found that the crude acetone extract

exhibited the growth inhibitory activity. Then, they separated the extract by column
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chromatography which the extract gave a potent growth-inhibiting substance. After analysis the
active substance by GC-MS found that this sqbstance was a mixture of methyl myristate, methyl
palmitate, methyl palmitoleate, methyl oleate, methyl cis-vaccenate, methyl linoleate, and methyl
linolenate in a ratio of 5 : 4 : 5 :4 : 1: 47 : 36. The allelopathic assayed of active substance and
authentic fatty acids found that the mixture of the fatty acid substance consist of MIC at 0.5 ppm,
unsaturated fatty acids such as palmitoleic acid 15, oleic acid 14, and cis-vaccenic acid 68 were
inhibitory at concentrations of 2.5, 1.0, and 5.0 ppm, respectively. The higher unsaturated fatty
acids, linoleic acid 12 and linolenic acid 11 had the highest inhibitory at a concentration of 0.5

ppm, while saturated ones were inactive even at a concentration of 100 ppm.

cis-Vaccenic acid 68

In 1991, Murakami et al. [175] extracted the lyophilized cells of P. tenue by the Bligh-
Dyer method. The resulting extract was successively subjected to silica gel column
chromatography to obtain monogalactosyl diacylglycerol (MGDG) and  digalactosyl
diacylglycerol (DGDG) fractions. These two fractions were further saparated by reversed-phase
HPLC to furnish 17 derivative compounds 69-76, 78-87 and a mixture of 77a~77b and 88a-88b.
Then these seventeen compounds were assayed the antialgal activity on P. tenue at concentrations
of 1-100 ppm, and determined an activity by IC,, value. The results found that the lower polarity
compounds (MGDG derivatives) had an inhibitory effect whereas the higher polarity compounds
(DGDG derivatives) showed no inhibitory activity. Particularly, MGDG containing unsaturated
fatty acids, such as linoleic acid 12 and linolenic acids 11 or 16, exhibited more potent growth

inhibitory activity than those which possessed saturated fatty acids.
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69: R' = linolenoyl; R’ = myristoyl (ICg, 26 ppm)
70: R' = linolenoyl; R’ = palmitelaidoyl (32 ppm)
71: R' = linoleoyl; R? = myristoyl (45 ppm)

72: R' = palmitolepyl; R = myristoyl (>100 ppm)
73: R' = oleoyl; R* = myristoyl (>100 ppm)

74: R' = linoleoyl; R = palmitoyl (27 ppm)

75: R' = palmitoyl; R? = myristoyl (>100 ppm)
76: R = linolenoyl; R” = linolenoyl (18 ppm)
77a: R' = linoleoyl; R* = palmitoyl

77b: R' = linoleoyl; R’ = palmitelaidoyl

78:R'=R’=H
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79: R' = linolenoyl; R’ = myristoyl (>100 ppm)
80: R’ = linoleoyl; R” = myristoyl (>100 ppm)
81: R' = palmitoleoyl; R’ = myristoyl (>100 ppm)
82: R' = oleoyl; R’ = myristoyl (>100 ppm)
83:R'= palmitoyl; R’= myristoyl (>100 ppm)
84: R' = linolenoyl; R’ = linoleoyl (>100 ppm)
85: R' = linolenoyl; R’ = linolenoyl (>100 ppm)
86: R' = linoleoyl; R’ = linoleoyl (>100 ppm)

87: R' = linoleoyl; R’ = palmitoyl (>100 ppm)
88a: R' = linolenoyl; R’ = palmitoy!

88b: R' = linoleoyl; R’ = palmitelaidoyl

Suzuki et al. [176] isolated two fatty acids, palmitic acid 10 and (5Z, 8Z, 11Z, 14Z, 17Z)-
eicosapentaenoic acid 67, from the red algae, Neodilsea yendoana by preperative TLC. Then
these two acids and four commercially available unsaturated fatty acids were tested the growth-
inhibitory activity on the red algae, Monostroma oxyspermum. The MIC were found that the
more polar acid 67 showed allelopathic activity (1 pg/mL), 5,8,11,14-eicosatetraenoic acid 89
(arachidonic acid) (1 pg/mL), 8,11,14-eicosatrienoic acid 90 (dihomo-y-linolenic acid) (10
pg/mL), 6,9,12,15-octadecatetraenoic acid 61 (1 pg/mL), and y-linolenic acid 11 (1 pg/mL),

while palmitic acid 10 proved inactive.

5
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5,8,11,14-Ecosatetraenoic acid 89
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8,11,14-Eicosatrienoic acid 90

In 2007, Alamsjah et al. [177] determined the toxic effect of c-linolenic acid 16 and
linoleic acid 12, that isolated from Ulva fasciata, on red-tide phytoplankton, Heterosigma
akashiwo. These two acids had lethal concentration (LC,,) of 0.58 (for at-linolenic acid 16) and
1.91 (for linoleic acid 12), respectively. They then suggested that o-linolenic acid 16 had a
higher toxicity than linoleic acid 12 due to a chemical structure feature of ot-linolenic acid 16
such as the number of unsaturated double bond.

Furthermore, Nakai et al. [178] studied the anti-cyanobacterial activity of fatty acids,
that released from Myriophyllum spicatum. The results found that nonanoic 62 had the strongest
inhibitory effect, 6-cis-octadecenoic 91 and 9-cis-octadecenoic acid 14 significantly inhibited the
growth of M. aeruginosa, while tetradecanoic acid 46, hexadecanoic acid 10, octadecanoic acid
13 did not show any effect. A few previous studies of allelochemicals released by M. spicatum
identified polyphenol (eugeniin 92, gallic acid 93, and ellagic acid 94 [179]; pyrogallic acid 95,
gallic acid 93, and ellagic acid 94 and (+)-catechin 96 [180]), whereas this study showed that M.
spicatum released not only polyphenols but also fatty acids. The ECs,, of polyphenols for M.
aeruginosa are 1.5 mg/L for euginiin 92 [181], 0.7 mg/L for pyrogallic acid 95, 1.0 mg/L for
gallic acid 93, 5.5 mg/L for (+)-catechin 96, and 5.1 mg/L for ellagic acid 94 [180]. Thus,
compared with these polyphenols, nonanoic acid 62 was the most inhibitory against M.
aeruginosa. However, the total inhibitory effect of the M. spicatum culture solution could not be
accounted for by nonanic acid 62, because the apparent concentration of nonanoic acid 62 in the
M. spicatum culture solution was 50 pg/L, much lower than the EC,,. They suggested that
because polyphenols and fatty acids have different chemical properties which may result in the
different growth inhibition modes, it is reasonable to except that their cyanobacterial growth

inhibition activities may be additive or synergistic.
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6-cis-Octadecenoic acid 91
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In 1980, McCracken et al. [182] showed experimentally that anti-algal effects of fatty
acids were proportional to the number of unsaturated linkages by assaying 7 fatty acids extracted
from the green alga Chlamydomonas, whereas Nakai et al. [180] confirmed that octadecenoic
acids, 14 and 91, not octadecanoic acid 13 significantly inhibited the growth of M. aeruginosa. In
addition, the inhibitory effect of 9-cis-octadecenoic acid 14 was stronger than 6-cis-octadecenoic
91. Among the four saturation fatty acids, 10, 13, 41 and 62, that they identified, nonanoic acid

62, which has the shortest carbon chain, was the only one demonstrating significant growth
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inhibition of M. aeruginosa at 0.5 mg/L. Takamura et al. [183] confirmed that butyric acid 97,
another saturated fatty acid which a short carbon chain, inhibited maximum growth of Microcystis
novacekii by 64% of the control at 8.8 mg/L. From these results, Nakai et al. [178] suggested that
(i) length of carbon chain, (ii) number of unsaturated linkages, and (iii) positions of any double

bonds may affect the anticyanobacterial activity of fatty acids.
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Butyric acid 97

4.12.2 C,, and C,, norisoprenoids

Six norisoprenoids were isolated from 6 active subfractions, E6F3-E6F5 and E13F2-
E13F4, by flash column chromatography. These compounds had different allelopathic effects on
tested plants. The results were shown in Table 4.42-4.43.

Chinese amaranth

The results from Table 4.42 showed that dihydroactinidiolide 51, 3-hydroxy-B-ionone
59, 3-hydroxy-5a., 60-epoxy-P-ionone 56 at concentrations of 250-1,000 ppm, and 4-oxo-B-
ionone 52, 3-hydroxy-5f, 6B-epoxy-f-ionone 57 and loliolide 58 at concentrations of 500-1,000
ppm were highly toxic on seed germination of Chinese amaranth, particularly compounds 51, 56
and 57 showed completely inhibition at a concentration of 500 ppm. The effect on seedling
growth found that compounds 51, 56, 57 and 59 at concentrations of 125-1,000 ppm, and
compounds 52 and 58 at concentrations of 500-1,000 ppm had an inhibitory effect on shoot
length of Chinese amaranth. As for root length, it was found that compounds 51 and 56 at
concentrations of 125-1,000 ppm, compounds 57, 58 and 59 at concentrations of 250-1,000 ppm,
and compounds 52 at concentrations of 500-1,000 ppm inhibited the root length of Chinese
amaranth. It was noted that compound (-)-56 had more effect on Chinese amaranth than

compound (+)-57 (Figure 4.20).
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Table 4.42 Allelopathic effects of C,, and C,, norisoprenoids from E6F4-E6F5 and E13F2-E13F4

on seed germination and seedling growth of Chinese amaranth

Norisoprenoids % Inhibition on seed germination

62.5ppm 125ppm 250ppm  500ppm 1,000 ppm
Control Oa 0a Oc 0d 0
Dihydroactinidiolide 51 0a 6.06a 54.55a 100a 100
4-Oxo--ionone 52 0a 0a 7.5¢ 85b 100
3-Hydroxy-l3-ionone 59 Oa Oa 15.38b 89.74b 100
56 0Oa Oa 22.5b 100a 100
57 0Oa 0Oa 7.5¢ 100a 100
Loliolide 58 0Oa 2.56a Oc 28.21¢ 100

% Inhibition on shoot length
Control 0Oa Oe Oe 0d 0
Dihydroactinidiolide 51 3.96a 9.35¢d 64.03a 100a 100
4-Oxo-3-ionone 52 -21.71d 2.94de 3.92¢ 84.31b 100
3-Hydroxy-3-ionone 59 -7.76b  14.35bc 17.88d 85.65b 100
56 -0.24a 33.33a 45.99b 100a 100
57 -0.49a 18.25b 28.95¢ 100a 100
Loliolide 58 -16.42¢ -31.62f -26.47f 26.47¢ 100
% Inhibition on root length

Control Oa Oc Oe 0d 0
Dihydroactinidiolide 51 -0.46a 13.36b 66.06a 100a 100
4-Oxo-P-ionone 52 0.13a  -3.32cd -6.78f 84.04b 100
3-Hydroxy-PB-ionone 59 -30.18¢ -5.92d 6.71d 83.23b 100
56 -1.34a 17.452 25.37¢ 100a 100
57 -1195b  -3.76¢d 9.26d 100a 100
Loliolide 58 2.52a -0.92¢ 52.75b 77.64¢ 100

Values with same letters in each column there are not significantly different at P=0.05
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3-Hydroxy-5p, 6B-epoxy-B-ionone 57

In 1999, Macias et al. [186] studied the allelopathic effects of twelve phenolics, two
loliolides (isololiolide 98 and loliolide 58), a diterpene and a cyclitol isolated from the MeOH
extract of sweetclover, Melilotus messanensis, on germination and growth of the dicotyledons
Lactuca sativa cvs. Roman and Nigra and Lycopersicum esculentum and the monocotyledons
Allium cepa and Hordeum vugare. They found that both loliolide 58 and isololiolide 98 also
inhibited the germination of tomato (L. esculentum; 58: -16%, 10° M, -19% 10° M, -19% 10° M;
98: -27%, 10° M, -28%, 10° M) and promoted the germination of barley (H. vulgare; 58: 29%,
10° M, 39%, 107 M; 98: 20%, 10° M, 23%, 10° M).

Hj SCH?’
o
(o]
HO 0 :
CHs CHs
Loliolide 58 Isololiolide 98

Kato et al. [187] reported the allelopathic activity of four natural compounds, 2-
phenylethyl  alcohol 99, 4-vinylphenol 100, 2-methoxy-4-vinylphenol 101 and
dihydroactinidiolide 51, isolated from wheat (Triticum aestivum) husk, one authentic compound,
1-phenylethyl alcohol 102, and one synthetic compound, tetrahydroactinidiolide 103 on three
tested wheats, Lancer, RL4137 and Menyou. They found that all natural products, particularly
dihydoactinidiolide 51, possessed a high potency of inhibition activity. It was revealed that the
related tetrahydroactinidiolide 103 was as active as the original natural product 51 whereas the
activity of compound 102 was much higher than that of compounds 99-101. However, the
absolute configuration of compound 51, which has molecular asymmetry, could not be
determined due to the minute amounts of available materials in the study. They synthesized both
enatiomers of compounds §1 and 103 and purchased commercial D- and L- 102, and submitted
them to a germination assay for evaluation of each enantiomer. The results showed that D-, L-,

and DL- forms of each compound 51, 102 and~103, revealing no noticeable difference in
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inhibition activities among these three forms. Furthermore, they studied the inhibitory activity of
the mixture between compounds 101 and 103. The results found the synergistic relations between
these’ active compounds, and the strongest activity was observed at a ratio of 1:1. Similarly

relations were seen between compound 51 and aromatic compounds 99-102.

@/\/OH O/@/\ HaC:U\
H H
2-Phenylethy] alcohol 99 4-Vinylphenol 100 2-Methoxy-4-vinylphenol 101

H HsG  CHs

o
CHs

1-Phenylethyl alcohol 102 Tetrahydroactinidiolide 103

D’Abrosca et al. [146] isolated twelve C,, norisoprenoids, 56, 58 and 104-114, from the
leaves of Cestrum parqui (Solanaceae). All compounds, with exception of 111, were tested the
allelopathic activity on seed germination and seedling growth of Lactuca sativa L. Results found
that with exception of C,; norisoprenoid 107, the compounds had no effect on germination, but

they had a moderate inhibitory effect on root and shoot growth of lettuce.

CHs
&

! e}
I

R CHa

CHa
104 R = OH 106 R, =H,R,=OH,R,,R,= 0
105R = H 107R,,R,=O,R,=H, R, = OH

108R,,R,=H,R,, R,=OH

109R, = H,R, = OH
58R,R,=0 110R, = H,R, = OH
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OH
HaG Ha CHs HaG SHs H
~ 7 CH,
HO' CHg o) CHa
113 114

*  Xian et al. [122] studied the allelopathic potential of partitioned fractions (petroleum
ether, EtOAc, CHCl,, and n-BuOH, respectively) from leaves of submerged macrophyte,
Vallisneria spiralis Linn. Antialgal activities showed that the strongest inhibitory effect of
chloroform extract whose percentage inhibition of growth rate was up to 91% (at 66 mg/ mL).
The chloroform extract was fractionated to seven fractions (A-G) and the allelopathic activities
were studied. Results found that fraction A showed the strongest inhibitory activity on growth of
algae. The further separation of A was processed by column chromatography and 3 subfractions
were obtained followed; A1-A3 and antialgal activities showed that the growth of algae was fully
inhibited at a concentration of 66 mg/mL for Al and A3. After analyzing the active subfractions
by high resolution GC-MS, they found that subfractions Al consisted of 2-ethyl-3-
methylmaleimide 50 (77.10%), dihydroactinidiolide 51 (18.90%), and 4-oxo-P-ionone 52
(4.00%), subfraction A3 consisted of 3-hydroxy-5, 6-epoxy-f3-ionone 59 (38.30%), loliolide 58
(10.10%), and 6-hydroxy-3-oxo-0-ionone 115 (44.50%), and unknown (7.10%, MW 289),

respectively.

HaG St o

6-Hydroxy-3-oxo-0-ionone-115
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In 2008 Macias et al. [160] isolated allelochemical compounds consisted of monoterpene
116, apocarotenoids, 56, 115, 117-119, and compounds 120-122 from leaves of Tectona grandis.
After studying the allelopahic activity of isolated compounds 115-122 on wheat coleoptile
elongation of monocotyledons Allium cepa L. (onion) and Trititum aestivum L. (wheat), and
dicotyledons Lactuca sativa L. (lettuce), Lepidium sativum L. (cress), and Lycopersicum
esculentum L. (tomato) they found that the most acvtive compounds were compounds 117-118

and 122, respectively.

HaGQ CHs OH
&
l CH3 CHj
| HO CHs
CH3
Ha
116 117 118
H
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CHs
CHa
119 120
HsG CHs OH HiGQ £Hs
HO, {
CH3 o
"y,
H
3 CHs
121 122

The results of present study, the allelopathic activity of subfractions from ES6,
commercial fatty acids, isolated dihydroactinidiolide 51 (DAD), and 4-oxo-B-ionone 52, DAD 51
showed the highest activity. These compounds exhibited activity similar to those observed in
subfraction E6F4, but the major fatty acids, linoleic acid 12, showed a slightly low activity. This

may be due to synergistic of all compounds. or the mixtures such as fatty acids and fatty acids or
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fatty acids and 2-ethyl-3-methylmaleimide 50 fatty acids and 4-oxo-B-ionone 52 or fatty acids
and DAD 51 because the synergistic between aromatic compounds and DAD 51 or aromatic
compounds and fatty acids has already been reported [178, 180, 187].

A significant inhibitory effect of aqueous extract, crude organic extracts and isolated pure
compounds on the tested plant seeds was observed on roots more than shoots because roots were
present in direct contact with inhibitors [6]. At the higher concentration the extracts and pure
compounds showed an inhibitory effect, but at the lower concentration it promoted growth.
These results are in agreement with several research studies that some allelochemicals can show
the promotion effect at low concentration [188-189]. Although the detailed mechanism of
allelopathic action of the extracts and active compounds on tested plants is unknown and the
typically resulted from the combined action of allelochemicals group, which collectively interfere
with several physiological processes [25b], the results of this research indicate that the reduction
in root length may be due to block of gibberellins and indol acetic acid functions [29, 190].

A comparison the effect on Barnyardgrass and Chinese amaranth, found that the extracts
and pure compounds had an inhibitory effect on Chinese amaranth higher than Barnyardgrass. It
has been reported that the mass and size of seeds affect on allelopathic activity [191] that the
large seed more tolerance than small seed. The effects of allelochemical compounds from S.
platensis against on tested plants in this study were similar to that observation. It should be noted
that Barnyardgrass possessed stronger resistance against phytotoxins released by plants other than

paddy weeds [192-193].

4.13 Synergistic phenomenon of linoleic acid 12 and dihydroactinidiolide 51

Results from the allelopathic activity of subfraction E6F4 and major components, linoleic
acid 12 (72.19%) and dihydroactinidiolide 51 (8.32%), showed that the most active subfraction
had an allelopathic effect closely related to dihydroactinidiolide 51. In contrast, the major
component, linoleic acid 12, showed the lower activity that may occur due to synergistic effect
among these compounds. In order to investigate the synergistic effect, these two compounds
were mixed into 5 ratios and the allelopathic effects on Chinese amaranth studied at
concentrations of 62.5-500 ppm which the results were campared with both of pure compounds.

The results on seed germination found that all of 5 ratios and pure dihydroactinidiolide

51 had an inhibitory effect on seed germination of Chinese amaranth at concentrations of 250-500
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Appendix A: Calibration curve of standard fatty acids

(a) Methy] palmitate

(b) Methy] stearate

(c) Methyl oleate
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Figure A1 Internal standard calibration curve for (a) methyl palmitate, (b) methyl stearate, (c) methy!

oleate, (d) methyl linoleate and (e) methyl-Y-linolenate



(d) Methyl linoleate

(e) Methyl-Y-linolinate
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Figure A1 Internal standard calibration curve for (a) methyl palmitate, (b) methyl stearate, (c) methyl

oleate, (d) methyl linoleate and (e) methyl-Y-linolenate (Continued)
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Appendix B: IR, ESMS and NMR spectra of alleochemical compounds
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Figure B1 (a) IR and (b) ESMS spectra of dihydroactinidiolide 51
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(a) 'H NMR
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Figare B16 HETCOR spectrum of 3-hydroxy-5at, 60t-epoxy-f3-ionone 56 in CDCI,
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Figure B17 (a) IR and (b) ESMS spectra of 3-hydroxy-5[3, 6B3-epoxy-f3-ionone 57
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Figure B18 (a) '"H NMR and (b) °C NMR spectra of 3-hydroxy-5[3, 6B-epoxy-B-ionone 57 in CDCI,
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