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A

l.INTRODUCTION

Mangroves are woody halophytes, which have been traditionally used for

food, fuel, timber and medicine, were reported to occur in the tropical and sub

tropical latitudes exhibiting a marked degree of tolerance to high salt

concentrations and soil anoxia. (Kathiresan and Bingham, 2001; Alongi, 2002;

Saenger, 2013). They are called as 'coastal woodlands', 'tidal forests' or

'mangals in Sanskrit (Saenger, 2013). They were reported to cover between 60

and 75% of the world's tropical and sub-tropical coastlines (Holguin el ai, 2001).

India has a total mangrove cover of 4628 sq. km, which is 0.14% of the country's

total geographical area.

Despite being fragile and sparsely distributed, continuous changes in

salinity, inter-tidal fluctuations and anoxygenic conditions make a mangrove

ecosystem highly productive (Thatoi and Biswal, 2008; Hong el at., 2009;

Youssef and Saenger, 1998; 1999; Lee el al., 2014). A large number of bacteria

with high diversity survive imder such conditions and produce fascinating and

structurally complex natural products, which could be isolated and evaluated for

possible drug development with suitable biotechnology tools (Zhang el al. 2009).

The continuous quest for natural compounds for treating human diseases have

paved way for the discovery of drugs and high-value pharmacophore leads from

the microbes especially from marine environment. The explorations of previously

imfathomed spaces are required for finding novel therapeutic candidates, and the

advances are quite promising.

During the recent years, the bacterial commimities associated with

mangroves have sought the attention of natural product discoverers mainly due to

the polyketide type of compounds produced by them due to their biomedical and

agricultural importance (Uzair et al., 2008). To date, only a small range of

bacteria are investigated for bioactive compounds, yet a huge number of active

substances have been isolated that could be used as anticancer, anti-inflammatory

and antimicrobial agents. A significant diversity of natural compounds is derived

rh



A

fix)m bacteria, which are an unlimited source of potential drugs and they were

more accessible in industrial quantities as compared to plant derived metabolites.

Many important groups of pharmaceutical compounds were found to be

associated with Firmicutes, such as Bacillus suhtilis and Bacillus

amyloliquefaciem (Armstrong et al., 2001; Goecke et al., 2010; Thilakan et al.,

2016). Lipopeptides such as ilurin in Bacillus subtilis exhibited significant

antibacterial, antiviral, anti-inflammatory and anticancer activities (Zhao et al.^

2017; 2018). Surfactin and fengycin are other lipopeptides associated with

Bacillus species showing significant anticancer activities (Kim et al., 2007; Yin et

aL 2013).

The investigations of mangrove associated bacteria for bioactive

compounds are higher in Streptomyces species worldwide, even though there have

been focuses on other less explored strains to develop high-value products (Ser et

al., 2015). The mangrove associated bacteria were characterized based on

microbiological, molecular and biochemical tools. The potential antibacterial and

antioxidant strains were selected by preliminary screening methods. The organic

extracts prepared from B. amyloliquefaciem was further screened for potential

antimicrobial, antioxidant and anti-inflammatory compounds.

The mangrove associated bacterial communities, particularly B.

amyloliquefaciens were potential sources of bioactive metabolites vrith

pharmacological significance. However, there were meager reports on the

bioactive compounds isolated from B. amyloliquefaciem, and no extensive studies

were performed on their therapeutic potentials. Therefore, in the current scenario

of increasing lethal diseases, further investigation of bioactive leads from this

group of bacteria is essential. Thus, the present study aimed to develop the

culture-dependent methods to assess the cultivable bacterial communities

associated with mangrove ecosystem, and to explore them as a source for

potentially useful phannaceutically active compounds. The potential of the

bacterial communities associated with mangrove ecosystem to produce bioactive

metabolites were phylogenetically analyzed by polymerase chain reaction

ir



employing the amplifying gene encodings for functional gene. The bioactive

compounds were characterized by exhaustive spectroscopic techniques and

evaluated for antibacterial, anti-inflammatory and anti-oxidant properties.

Consequently, the objectives of the current study on "identification and

characterization of bioactive leads from mangrove sediment associated bacteria

and assessment of their therapeutic potential were envisaged as follows:

(1)To evaluate mangrove sediment-associated bacterial phyla and their

pharmaceutical potential for antioxidant, antibacterial and anti-

inflammatory properties.

(2) To identify the microbial diversity of mangrove sediment associated

bacteria by microbiological, molecular and chemical characterization.

(3) To isolate and characterize bioactive leads with selective pharmacological

properties.

(4) In vitro validation of the target bioactive properties of the

pharmacologically active leads.

The research programme would help to identify the therapeutic potential of

mangrove sediment associated bacteria and pool of bioactive pharmacophores for

future use.

1^
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2. REVIEW OF LITERATURE

2.1. MANGROVES

Mangroves are tropical and subtropical shrubs or trees that occur in the coastal

areas. They tolerate high stress conditions like salinity, low oxygen conditions and

inter-tidal fluctuations (ISFR, 2017). The term "mangrove" is also utilized to

designate halophytic (salt tolerant) and salt-resistant marine tidal forests comprising

of shrubs, ground ferns, palms, trees, epiphytes and grasses, which are associated in

stands or groves. These unique ecological constrains prevailing in the ecosystem

would make them highly productive (Wu et aL^ 2008; Tomlinson, 2016). The

mangroves are distributed in 123 coimtries globally, mostly flanked by latitudes 30° N

and 30° S (ISFR, 2017; Ancheeva et al.^ 2018). Asia sheltered the largest mangroves

in the world and especially India alone contributes over 3 % of the global mangrove

habitat. The total mangrove cover in the world is about 1, 50, 000 sq. km. where

India contributes 3.3 % of the total mangrove coverage (Ashokkumar and Irfan,

2018). The mangrove forest distributed in India is about 4921 sq. km, where Gujarat

covers the highest area of mangrove forest, followed by Maharashtra, West Bengal

and Odisha (FSOl, 2015; Ashokkumar and Irfan, 2018). In Kerala, the mangroves are

spread mainly in Kannur, Emakulam and Kasaragod in which Emakulam contributes

22 % of the total mangrove cover in the state (ISFR, 2017). Emakulam was found to

host a total of 10 mangrove species, which has been the maximum number among the

10 coastal districts of Kerala (Nambudiri, 2018). The most abundant species

identified was Avicennia qfflcmaUs L. (35 %) followed by Acanthus ilicifolius (20 %)

and Rhizophora mucronata (18 %) by a survey conducted by Cochin University of

Science and Technology in Emakulam mangrove ecosystem.

2.2. MANGROVES AND MANGROVE SEDIMENT ASSOCIATED BACTERIA

AS BIOACTIVE SOURCES

Mangroves are widely known as medicinal plants for various human diseases

from the ancient period, due to the presence of the biologically active novel

compounds present in them (Bhimba el al., 2010), and these were proved to have

traditional and medicinal uses (Bandaranayake, 2002; Cragg and Newman, 2011).

These species were used as traditional medicine in the treatment of diabetes, diarrhea,

dysentery, blood in urine, fever, angina, diabetes and hemorrhage. In India, the

S>-(



bark of mangrove plants were used for diabetes and old leaves as decoction at child

birth (Kusuma et al., 2011). These plants were found to be rich sources of secondary

metabolites, such as tritcrpens, alkaloids, saponins, steroids, flavonoids and tannins.

The extracts prepared from the mangrove plants were reported to possess diverse

medicinal properties with activity against human, plant and animal pathogens

(Bandaranayake, 2002). More specifically, Rhizophoraceae and Acanthaceae family

were well documented for their phytochemical properties (Nebula el aLy 2013).

Mangrove and mangrove associates including the sediment associated bacterial

flora were reported to contain biologically active compounds, such as triterpenes,

saponins, flavonoids, alkaloids and tannins (Bandaranayake, 1995). These adverse

biochemical conditions also necessitate to enable these plants to generate various

biologically active metabolites (Nebula et aL, 2013), which protect them from these

destructive elements. This might explain the utilization potential of salt marsh

mangrove plants as renewable sources to offer excellent package of 'natural' bioactive

molecules for use in food supplements for increasing the shelf-life of food products,

and for use as medication against oxidative stress induced degenerative diseases and

inflammatory disorders.

Mangroves are biochemically unique, and the mangrove sediment associated

bacterial flora were found to produce a wide array of natural products with unique

bioactivilies. They were reported to possess active metabolites with novel chemical

structures, which belong to diverse chemical classes, such as alkaloids, phenol,

steroids, terpenoids, tannins, etc. However, the extensive scientific information about

the biological effects of bacterial species associated with the sediments of mangrove

plants and active substances has been scarce and poorly documented.

2.3. MANGALAVANAM MANGROVE ECOSYSTEM

Mangalavanam mangrove forest and bird sanctuary is located on Dr. Salim Ali

road near the High Court of Kerala . Mangroves of Mangalavanam are regarded as a

secondary growth flourished after the closing of a log depot. Avicennia offlcinalis L.

was the most abundant species followed by Acamhus ilicifoUus L., Rhizhophora

mucronata Lamk. and Bruguiera gymnorhyza Lamk. TTie species that are more

resistant to the adverse ecological conditions were eventually colonized in the harsh

environment. Mangrove ecosystem is a habitat for many species like shrimps, crabs
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and fishes. They feed on the rich organic matter released by decomposition of the

mangrove foliage.

A

Figure 2.1. (A) Mangrove sediments of Mangalavanam mangrove ecosystem at
Kochi. (B) Soil sediment of Mangalavanam mangrove ecosystem used to isolate
Bacillus (icheniformis MTCC 6824 (Paulraj, Joseph and Chakraborty, 2019, Indian
Patent Grant Number: 302657)

2.4. MANGROVE ASSOCIATED MICROBES

The discovery of bioactive compounds, such as di and triterpenoids, iridoids

and tetranorterpenoids (limonoids) from mangroves like Avicennia. Xylocarpus,

Bruguiera and Rhizophora spp. further attracted the attention of marine natural

product discoverers (Wu et al.^ 2008). Salinosporamide A derived from mangrove

bacterium Salmosparatropica and xyloketals gained from Xylaria sp. made the

attention deep-rooted (Lin et al., 2001; Feling et a!., 2003). Mangroves and mangrove

associated microorganisms were proved to be a rich source of bioactive natural

products and the natural products derived from mangrove associated microbes have

displayed potential antibacterial, antioxidant, anti-inflammatory, antiviral, antifiingal

activities, tyrosine phosphatase B inhibitory activities and a-glucosidase inhibitory

properties (Ancheeva ei al., 2018). Several classes of bacteria were isolated from the

mangrove sediments exhibiting prominent bioactivities. There were reports of novel

strains being isolated from mangrove sediments like Mangrovitalea sedimims sp.

nov. from Yunxiavo Mangrove National Nature Reserve in China (Liao et a!., 2017).

The exopolysaccharide derived from mangrove associated bacteria, PaenihaciUus

lactes NRCl was found to exhibit potential anti-inflammatory activity against

cyclooxygenases (Mahmoud et al., 2016).

33



Two actinomycins, Ai (1) and B2 (2) were isolated from Streptomyces

lucitani4s associated with Avicennia mariana in China (Han at al., 2012).

Actinomycin B| exhibited activity against pathogenic Larihacter hongkongensis and

Staphyllococcus aureiis.

NHCHO

COOH

HN

OH

NHCHO OH

Ser et al. (2016) proposed a novel species of Streptomyces malasiense sp.

nov. from Malaysian mangrove forest. This strain exhibited significant cytotoxicity

against the HCT~116 cells. Gas chromatography-mass spectrometry (GC-MS) data

further confirmed that the compounds were interrelated with chemopreventive

metabolites. Streptomyces species, such as Streptomyces tanashiensis^ Streptomyces

bacillaris and Streptomyces viridobrunneus isolated from the Mangalavanam

ecosystem along the south west coast of India have exhibited potential antimicrobial

activities against pathogenic bacteria, such as Aeromonas hydrophila. Vibrio

vulnificus 1145, V. parahemolyticus, V. alginolyticuSy V. angiullarum 01 and V.

anguillarum Al (Chakraborty et al., 2015).
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2.5. BIOACTIVE COMPOUNDS

ASSOCIATED MICROBES

FROM MANGROVE SEDIMENT

Natural products are valuable resources of diverse structural compounds with

pharmaceutical, nutraceuticaJ and cosmaceutical applications (Chauhan et aL, 2013).

Microbes are the best sources of diverse bioactive compounds. The biosynthetic gene

clusters, which encode biosynthetic enzymes would assist in biosynthesising the

structurally and functionally diverse compounds (Katz and Baltz, 2016). They

possess several advantages, such as easy growth and simple cultivation techniques as

well as better alternatives to solve the environmental issues caused by chemical

synthesis (Matassa ei ai, 2016). The microbial products in the market were

contributed mainly by the genus Sireptomyces (Kim ei al., 2011; Sanjivkumar el a!.,

2016; Zainal et aL, 2016; Biswas et al., 2017; Dan and Sanavar, 2017; Tan et oL,

2017). Novel strains are being isolated from the mangrove ecosystems worldwide

including S. colonosanans, S. humi, S. euryhalinus and S. antioxidam (Ser et al.^

2016; Law et al.^ 2017). The mangrove associated microbes that were studied from

countries like India, Brazil, China, Malaysia and Saudi Arabia were extremely diverse

(Liang et aL, 2007; Mendes and Tsai, 2014; Simoes et aL, 2015; Basak et aL, 2016;

Ser et aL, 2016; Loganathachetti et aL, 2017). The 16S rRNA sequences obtained

from the bacterial consortia associated with the sediments of the mangrove forests of

China have demonstrated the presence of novel bacterial strains, which were distinct

from the present known bacterial isolates, whereas the ftingal species of Brazilian

mangrove ecosystem were of different genera that are previously undescribed (Liang

et aL, 2007; De Souza Sebastianes et aL, 2013).
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Several indolosesquilcrpenes, such as xiamycin (3), indosespene (4),

sespenine (5), and the previously known xiamycin (6), which exhibited potential

antibacterial activity against vancomycin resistant E. faccalis and methicillin resistant

Staphylococciis aureus were isolated from an endophytic Streptomyces associated

with Kandelia kandel in China (Ding et al., 2011). Kandenols (7-11), which

belonged to the eudesmene type of sesquiterpene compounds showing moderate

activity against Mycohacierium vaccae and B. suhtilis were isolated from the

mangrove province of China (Ding et al., 2012). Cultivation-based studies remained

essential for designing antibiotic screening assays and understanding the microbial

ecology and physiology despite the limitations possessed by them (Ali et aL, 2012).

2.6. SECONDARY METABOLITES FROM MICROORGANISMS

Secondary metabolites are compounds produced in very low concentration by

different groups of fiingi, plants and bacteria. These metabolites are termed

&-(o
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secondary since they were not involved in the primary metabolic reactions like

growth, but these compounds could provide an extra responsive mechanism against

the pathogens. Almost thousand metabolites have been discovered from mangrove

associated microorganisms; whereas 850 compounds were fungal derived and 120

were from bacteria (Blunt et al., 2018).

NHj'

HjN

Rhizocticin

HOOC

/

OH O

Bacillus sp.

OH Amicoumacin

Bacilvsocin

Figure 2.2. Bioactive compounds associated with Bacillus species

The well-known bioactive compound producing actinobacteria included

Streptomyces.v^\\\ch belonged to the order Actinomycetales (Lechevalier and

r■ ^\
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Lechevalier, 1981). Tamehiro et al. (2002) have reported bacilysocin, a novel

antibiotic from B. suhtilis strain showing anlifiingal activity against Saccharomyces

cerevisiae and Candida pseudoiropicalis and antimicrobial activity against S. aurens.

Kugler el al. (1990) have reported that Rhizocticin A derived from B. subtilis ATCC

6633 have showed significant antifungal acivity against nematode Caenorhahditis

elegans. The probiotic strain B. suhtilis exhibited activity against Helicobacter pylori

(Enterobacteriaceae family) along with anti-inflammatory activities ranging from 0.75-

6.8 lag/mL, and one of the compounds was identified as amicoumacin (Pinchuk et al.,

2001). Prathiba and Jayaraman (2018) have reported the presence of compound

squalene in Bacillus V1TPS12 and Planococcus maritimus VITP21 and methyl

hexadeconate in another Bacillus strain. They concluded that the antioxidant and

cytoloxic activities of the methanolic extracts could be attributed by the alkaloid,

flavonoid and terpenoid compounds present in the extract. The free radical scavenging

capabilities of flavonoids, such as rulin, quercetin and scutellarein, lerpenoids such as

geraniol, f3-carotene and astaxanthin were previously reported (Ahmed et al., 2016;

"^rhoppil and Bishayee, 2011). Bacteria belonging to the phyla Firmicutes and

Gamma'proteobacteria are being paid considerable attention as they represent an

important source of previously undescribed bioactive substances, which were found to

play important role in human health (Gomez et al., 2010; El Bour et al., 2013). A

previous report of literature found that the minimum inhibitory concentration (MIC) of

bacterial extracts lesser than 10 pg/mL constituted the best range of bioactivity

(Ancheeva et al., 2018). Characteristic antimicrobial, antifouling, and quorum sensing

inhibiting features of Firmicutes and Gamma-proteohacteria made this group as

highly successful agents to develop bioactive compounds and products (Goecke et al.,

2010, Kanagasabhapathy et al, 2008; Pickers, 2012; Chakraborty et al, 2018a-b;

Kizhakkekalam and Chakraborty, 2019). Majority of the studies were conducted in

actinomycetes belonging to the genera Streptomyces and fungus penicillin, even

though a large number of bacterial and fungal genera still remained unexplored

(Waive et al, 2001).

2.7. SECONDARY METABOLITES PROM Bacillus genera

Lipopcptides, such as iturin and surfactin that were produced by B. .suhtilis

were reported to possess significant antibiotic potential (Cao et al, 2009; Meena et
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aL, 2016). These compounds were promising agents for the pharmaceutical industry

due to higher biodegradability, minimal toxicity and irritancy to human skin. These

compounds were also found to possess potential antibacterial, antifungal, antiviral,

antitumor, antithrombotic, and hypocholesterolemic activities. The wide range of

applications of lipopeptides could pave way for deeper research in this field (Meena et

a/., 2016). They were also found their applications in the field of nanotechnology

(Plaza et a/., 2014).

Surfactins are the first group of compounds produced during the bacterial

growth (Cosby et al., 1998). Iturin A has been produced when some of the nutrients

got exhausted after the logarithmic growth phase (Mizumoto et aL, 2006).

Mycosubtilisin compoimds were found to be produced between log phase and

stationary phase indicating that antibiotic compounds were produced in each step of

growth and a strong antifungal activity was produced by a mixture of iturin and

surfactin (Souto et aL, 2004).

Iturins are group of compounds constituted of a peptide and a p-amino fatty

acid linked by amide bonds and they are grouped into iturin A, C, D and E,

bacillomycin D, F and L, bacillopeptin and mycosubtilisin (Besson et aL, 1976;

Vanittanakom, 1986; Ahimou et aL, 2000; Pathak and Keharia, 2014). Fengycin is

another group of compounds in Bacillus species, which was found to be consisted of

lipopeptides with 10 amino acids and a lipid linked to the N-tcrminal, and differed

from the iturin class of compounds by the presence of omithine and allothreonine

(Vanittanakom, 1986). These compounds were deduced to act against phospholipase-

A2 and filamentous fungi (Nishikori, 1986). They were also useful in controlling oil

spills due to the ability to produce surfactants (Marti et aL, 2014).

Surfactins are surface active agents with microbial origin, and has an

amphipathic nature, and therefore, these classes of compounds were localized at the

interface of two phases (Midligan, 2005), They are cyclic lipopeptides with seven D-

and L- amino acids and one p-hydroxy fatty acid residue (Kluge et aL, 1988).

Surfactins obtained from Bacillus were the best of its kinds due to various industrial

applications. Bacillibactin-13 were a group of compounds with metal chelating

activity thus making them in controlling phytopathogens (May et aL, 2001).

BaciIysin-12 is a simple peptide antibiotic composed of L-alanine and L-anticapsin.

The antibacterial activity was due to its ability to inhibit, glucose amine-6-phosphate

synthase, an essential enzyme required for cell wall synthesis.
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Polyketide classes of compounds are structurally divergent molecules with

potential pharmacological properties, and were reported to occur in microorganisms

(Winter et al., 2012; Chakraborty et al., 2014; Chakraborly ei al., 2017a-b). This

group of compounds can potentially bind to the target enzymes required to exhibit the

bioactivities, and were therefore, found potential applications in the discoveiy of more

effective pharmacophores (Driggers et al, 2008; Thilakan et al, 2016). Difficidin-

14, bacillaene-15 and macrolactin A-16 were different types of polyketide compounds

produced by wild strains of B. amyloliquefaciens (Maget-Dana and Peypoux, 1994).

Difficidin possessed broad spectrum of antibacterial activities. Bacillaene was found

to possess the ability to inhibit the protein synthesis of prokaryotes like Klehsiella

pneumoniae and S. aurem (Pate! et al, 1995). Macrolactin was deduced to possess a

24-membered lactone ring and the compound was found to exhibit anticancer activity

against murine melanoma cancer cells as well as antiviral activity against herpes

simplex virus, HIV. The 24-membered macrolactin ring containing compound was

also found to be active against gram positive strains, such as methicillin resistant S.

aureus and vancomycin resistant Enterococci (Gustafson et al, 1989).
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A previous report of literature (Wiese et al., 2009; 2019) found the presence

of more than 800 secondary metabolites with significant antibiotic potential from the

Bacillus genera. Hu et al. (2010) have reported sequence variation in 16S rDNA

sequences in several rRNA gene clusters.

7-0-Methyl-5'-hydroxy-3'-heptenoate-macrolactin, a seaweed associated B.

suhtlis derived bioactive compound was found to display potential antibacterial

activities against human opportunistic pathogens such as V. vulnificus, V.

parahemolyticu .yand A. hydrophila and the antibacterial activities of the crude extract

were more than the purified fraction indicating the presence of other bioactive

compounds (Chakraborty et al.^ 2014). There were distinctive reports on the anti

viral and anticancer activities of macrolactin group of compounds apart from their

antibacterial activities (Gustafson el al., 1989; Jaruchok-taweechai et al., 2000;

Chakraborty et al., 2014). Macrolactin A possessed higher activity when compared to

the other chemically characterized macrolactins (Gustafson et al, 1989;

Jaruchoktaweechai ei al, 2000). The macrolactins were initially characterized by

31
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Gustafson el al. (1989) in a marine bacterium, whereas Nagao et al. (2001) claimed

that the C-15 OH group in the structure was accounted for the bioactivity of the

compound.

2.8. ANTIBACTERIAL ACTIVITIES OF ̂fHE SECONDARY METABOLITES

FROM MANGROVE SEDIMENT ASSOCIATED BACTERIA

The ethyl acetate extracts of actinobacterial strains belonging to the

Slreplomyces genus isolated from mangrove sediments of Krishna district in Andhra

Pradesh have exhibited significant antimicrobial activity against gram positive

bacteria, such as B. subtilis, B. megalerium and S. aureus and gram negative bacterial

isolates, such as Pseudomonas aeruginosa, E. coli and Xanthomonas campesths

(Yasmeen et al., 2016). The compounds, such as tetradecane, 1-tetradecene,

octadecane and cyclotetracosane, which were derived from the extracts of

Slreplomyces cheonanensis, were found to display potential antimicrobial and

antifungal activities (Naragani et al., 2016). Thongjun et al. (2016) claimed that a

Firmicute, B. amyloliquefaciens associated with mangrove soil have manifested

antibacterial activities against V. parahemolylicus that has been a prominent food

pathogen causing gastroenteritis. The active fractions were found to be surfactin,

iturin A and mycosubtilisin through anion exchange chromatography, HPLC and

mass spectrometry. The minimum bactericidal concentration exhibited was 512

pg/mL, and the minimum inhibitory concentration was found to be 256 pg/mL.

2.9. ANTI-INFLAMMATORY ACTIVITIES OF THE SECONDARY

METABOLITES FROM MANGROVE SEDIMENT ASSOCIATED

BACTERIA

According to Nathan (2002), inflammation is a response produced in

association with infections, trauma, injury or toxicity. Inflammatory diseases, such as

rheumatoid arthritis, chronic asthma, inflammatory bowel disease and multiple

sclerosis were prevalent globally on a large scale (Mahmoud et al., 2016). 'fhe

inflammatory action includes preventing metastasis and killing of microbes,

destruction of infected host cells and palliating the tissues impaired by trauma or host

revulsion (Luft et al., 1965). The molecules involved in the elevation of

2^
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innammatory reactions included bradykinins, hislamine, prostanoids, platelet

activating factor and leucotrienes.

The inflammatory diseases were treated with two types of medications, non-

steroidal and steroidal medication (Blumenthal et al., 2008). Natural compounds for

treating inflammation are being explored to reduce the side effects produced by many

medications. Although non-steroidal anti-inflammatory medications (NSAIDs) have

been used to deter the inflammatory pathophysiologies, many side effects like kidney

failure, gastro-intestinal bleeding, stroke, heart attacks, duodenal ulcers were reported

to occur. These deleterious side-effects are liable for many instances of hospitalization

and deaths (Sostres et al., 2010).

Squalene (17), a bioactive compound extracted from Bacillus sp. has been

proved to have inhibitory effect on major inflammatory pathways including COX,

NFxB, TNF-a, iNOS and IL-lp (Kucharska-Newton et al., 2009; Kavitha ei al., 2010;

Thoppil and Bishayee, 2011).

17

Lipoxygenase is a category of non-heme containing, oxidative enzymes

regulating the inflammatory response by generating leukotrienes that are pro-

inflammatory mediators and lipoxins, which are a group of anti-inflammatory

mediator (lA). They were found to yield hydroperoxyl derivatives like hydroperoxy-

eicosatetraenoic acids by catalyzing the deoxygenation of polyunsaturated fatty acids

(Miranda-Bautista et al., 2017). The anti-inflammatory reaction could be assessed by

inhibiting LOX.

2.10. ANTIOXIDANT ACTIVITIES OF THE SECONDARY METABOLITES

FROM MANGROVE SEDIMENT ASSOCIATED BACTERIA

Antioxidants are compounds, which prevent the oxidative impaiiments caused

by reactive oxygen species (ROS), such as supcroxide, peroxide and hydroxyl radicals

attacking deoxy ribonucleic acid (DNA), protein and membrane lipids ( Federico et

al., 2007; Farinati et al., 2010; Poljsak et al., 2013; Rahal et al., 2014). The

33
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oxidative attacks by free radicals were found to lead towards crucial diseases like

cancer, chronic inflammatory diseases and diabetes. The ROS also was found to

cause lipid oxidation resulting in the deterioration of foods, and also the loss of some

essential fatty acids and fat-soluble vitamins (Halliwell et al., 1995; Shahidi, 2000;

Falowo et al., 2014). Some synthetic anti-oxidant compounds, such as butylated

hydroxytoluene (BHT), propyl gallate (PG), tert-butyl hydroquinone (TBHQ) were

used to stop food deterioration, even though these compounds could cause potential

health hazards, such as carcinogenesis and liver damage (Shahidi, 2000). Since these

compounds are toxic, there had been substantial interests in naturally derived

antioxidant compounds. Marine sources were found to be promising source of

antioxidant compounds, which are used for treating cancer by inhibiting the formation

of free radicals. The Food and Drug Administration (FDA) approved drugs from

marine sources, such as Trabectedin from Ecteinascidia lurbinate, Cytarabine from

Cryptotheca crypt are available in market for cancer treatment. Prathiba and

Jayaraman (2018) reported significant antioxidant and cytotoxicity against HeLa cell

lines by Bacillus VITPS7 isolated from soil samples of Pichavaram mangrove

ecosystem and Marakkanam saltern region in South India. 2,2-Diphenyl-l-

picrylhydrazyl (DPPH) is a stable free radical, which is used for estimating the

antioxidant activity of many natural compounds. The free radicals can either

hydrogen radical or an electron to develop into a diamagnetic molecule, which is

stable and difficult to oxidize. It has an absorption maximum at 517 nm. The deep

violet colored compound decolorizes according to the number of electrons gained.

DPPH oxidizes natural compounds, such as ascorbic acid, cysteine, glutatliione,

polyhydroxy aromatic compounds and aromatic amines (Blois, 1958).

2.11. ANTI-CANCER ACTIVITIES OF THE SECONDARY METABOLITES

FROM MANGROVE SEDIMENT ASSOCIATED BACTERIA

Several anticancer compounds were isolated from microbes ever since the

characterisation of anticancer compounds actinomycin D, bleomycins, antfiracyclins

and mitosanes among other antitumor compounds extracted from Streptomyces sp,

(Berdy, 2005; Newman and Cragg, 2014). A glycosylated 16 membercd macrolide

belonging to the family of elaiophylin with potential cytotoxic activity against HeLa

and MCF-7 cell lines with ICso values ranging from 0.19 to 2.12 (iM were derived

3^
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from a Sireptomyces species from Hainan province, China (Han et ai, 2016). A new

derivative of Bagremycin, Bagremycin C and a previously known Bagremycin B

derived from mangrove sediments of Guangdong, China exhibited cytotoxicity

against human glioma cells (Chen el al, 2017). Sun et al (2018) claimed the presence

of 4 new borrelidins, Borrelidin G, Borrelidin H, Borrelidin 1, Borrelidin F and

previously reported Borrelidin A from S. rochei. which showed cytoxic activities on

cancer cell lines, such as HeLA, MCF-7, HepG2, A549 and CNE2. Benzothiazole

diterpenes, crythrazole A-20 and B-21 were derived from mangrove forests of U.S.A,

where erythrazole-B was found to display potential activity against three HTCL cell

lines (Hu and MacMillan, 2011).
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Two streptocarbamazoles, streptocarbamazole A (18) and streptocarbamazole

A (19) were isolated from mangrove province of China, whereas streptocarbamazole

A (18) was found to display significant cytotoxic activity against HTCLs and arrested

HeLa cells (Fu et aL, 2012).
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2.12. BIOSYNTHETIC GENE CLUSTERS
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Figure 2.3. (A) Spot over lawn assay of B. suhtilh MTCC 10403 culture against
pathogenic V. parahacmolyticus MTCC 451. The plates were stained with MTT for
visualization. (B) Polyketide furanotcrpenoids (1-4) isolated Irom B. subtilis MTCC
10403 and their antibacterial activities against V. parahaemolyticus MTCC 451. (C)
Biosynthetic gene clusters (BGCs) in hcterotrophic B. subtilis MTCC 10403.
Elcctrophoresis image of PICS gene profile (lane 4-6, showing positive hit) of the
antagonistic isolates from hcterotrophic B. subtilis MTCC 10403 on agarose gel. (D-
F) The array of events in biosynthetic route of homologous furanotcrpenoids with
characteristic poyketide backbone (Chakraborty et al, 2017a).

Advanced techniques in the field of molecular biology helped us to identify

the secondary metabolite biosynthetic gene clusters (BGCs) in bacteria, and provide

insights into certain compounds that could be produced by the particular genus of

bacteria. The major biosynthetic gene clusters include polyketide synthase (PKS),

nonribosomal peptide synthetase (NRPS), siderophore producing clusters and PKS-

NRPS hybrid gene cluster (Thilakan et al., 2016). These genes encode the enzymes,

such as polyketide synthetase and nonribosomal peptide synthaetase for the

biosynthesis of bioactive secondary metabolites like polyketides and peptides

(Chakraborty et al., 2017a-b; Hu et al., 2010). Hu et al. (2010) also revealed that the

bacteriocin types of compounds were encoded either in chromosomes or plasmids.

Various genes accountable for providing resistance to toxic compounds, such as

mercury, arsenic, tellurium, cadmium and cobalt were also detected (Sengupta et al.,

2018). The production of secondary metabolites could occur only when the cryptic

biosynthetic gene clusters are activated by specific environmental stimuli (Ludwig-

muller, 2015; Katz and Baltz, 2016). The culture conditions like media, temperature,

pH, light and elicitors could be altered for the better production of secondary

metabolites (Tan and Zou, 2001).

Advances in the understanding of bacterial aromatic polyketide biosynthesis

led to the identification of multifunctional polyketide synthase enzymes (PKSs)

responsible for the construction of polyketide backbones of defined natural product

drug discovery 13 chain lengths, the degree and regiospecificity of ketoreduction, and

the regiospecificity of cyclizations and aromatizations, together with the genes

encoding for the enzymes (Hutchinson, 1999). Since polyketides constituted a large

number of structurally-diverse natural products exhibiting a broad range of biological

activities (e.g., tetracyclines, doxorubicin, and avermectin), the potential for
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generating novel molecules with enhanced known bioactivities, or even novel

bioactivities, appeared to be high (Gokhale el aL, 1999).

In a report released by the American Academy of Microbiology entitled, "The

Microbial World: Foundation of the Biosphere", it was estimated that "less than 1 %

of bacterial species and less than 5 % of fungal species are currently known". Other

evidences also indicated that millions of microbes were yet to be discovered (Young

and Crawford, 2004). With less than 1 % of the microbial world currently known,

advances in procedures for microbial cultivation and the extraction of nucleic acids

from environmental samples from soil and marine habitats, would provide access to a

vast untapped reservoir of genetic and metabolic diversity (Cragg el aL, 2011). Until

recently, microbiologists were greatly limited in their study of natural microbial

ecosystems due to an inability to cultivate most naturally occurring microorganisms

(Cragg el aL, 201 1). The recent development of procedures for cultivating and

identilying microorganisms would aid microbiologists in their assessment of the

earth's full range of microbial diversity. In addition, procedures based on the

extraction of nucleic acids from environmental samples would permit the

identification of microorganisms through the isolation and sequencing of ribosomal

RNA or rDNA (genes encoding for rRNA). Samples from soils are currently being

investigated, and the methods might be applied to other habitats, such as the

microflora, insects, and marine animals (Handelsman el al., 1998). Valuable

products and information are certain to result from the cloning and understanding of

the novel genes which will be discovered through these processes.

Extreme habitats harbor a host of extremophilic microbes (extremophiles),

such as acidophiles (acidic sulfurous hot springs), alkalophiles (alkaline lakes),

halophiles (salt lakes), baro- and thermophiles (deep-sea vents) and psychrophiles

(arctic and antarctic waters, alpine lakes) (Persidis, 1998; Psenner & Sattler, 1998).

While investigations thus far have focused on the isolation of thcrmophilic and

hyperthermophilic enzymes, there were reports of u.scful enzymes being isolated from

other extreme habitats (Adams & Kelly, 1998). These extreme environments would

also undoubtedly yield novel bioactive chemotypes.
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As Dr. Rita Colwell, Director of the United States National Science

Foundation, "the microbes to be discovered would be the cure for many diseases,

remedy for polluted environments and new sources of foods" (Colwell, 1997).

2.14. NATURAL ALTERNATIVES FROM THE MANGROVE-ASSOCIATED

BACTERIAL FLORA

Keeping in mind the adverse effects of multi-drug resistant antibiotics

including non-steroidal anti-inflammatory drugs and anti-oxidants, and the

importance to explore novel sources to make health products, it is imperative to

target naturally available renewable sources to harness bioactive molecules for use

against various deleterious stress-induced diseases viz., bacterial infection,

inflammation and inflammation-induced oxidative stress without causing any serious

adverse effects. Screening and development of'green' and 'environmentally safe'

chemicals from the sediment associated bacteria of mangrove plant species settled

along the shoreline could be an effective and useful approach to produce these

metabolites for use against bacterial infection, inflammation and oxidative stress.

With the richness of mangrove plant species and their sediment-associated

microbial flora, there exists a definite need for bioprospecting these unexplored and

potentially useful organisms to isolate natural allematives to the synthetic

antibacterial, anti-oxidant, and anti-inflammatory agents in combating infectious

diseases, oxidative stress-induced and inflammatory diseases. This research work,

therefore, envisages a systematic approach involving culture-dependent methods to

assess the cultivable bacterial communities associated with mangrove rhizosphere of

salt marsh mangrove plant species coupled with evaluation of biological activity by

selected assays, and to explore them as a source for potentially useful

pharmaceuticaly active compounds. Chromalographic procedures including

preparatory HPLC were used to isolate and purify the target molecules (small

molecular weight bioactives). Bioactive molecules were characterized using

MS/IR/2D-NMR and novel leads would be validated through bioassay.

Thus, the present study was aimed to find bioactive leads from mangrove

sediment-associated microbes, which survive in an extreme condition, and thereby,

endowed with greater possibilities of the occurrences of highly active bioactive

compounds, which could be used as potential therapeutic agents to combat diseases,

such as microbial infections and inflammatory diseases.

37
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3. MATERIALS AND METHODS

3.1 ISOLATION, IDENTIFICATION AND CHARACTERIZATION OF

MANGROVE SEDIMENT ASSOCIATED BACTERIA

3.1.1 Location

The study entitled 'Identification and characterization of bioactive leads from

mangrove sediment associated bacteria and assessment of their therapeutic potential' was

carried out at the Marine Natural Product Laboratory in Marine Biotechnology Division of

ICAR-Central Marine Fisheries Research Institute, Kochi starting from October 2018 to

5^^ August 2019. In this chapter, the materials and procedures employed in the study were

explained in detail.

3.1.2 Sample collection

A total of ten mangrove sediments were collected from Mangalavanam Mangrove

Ecosystem and Bird Sanctuary, located in Kochi, Kerala at 9°54'N 76°I8'E. The samples

were collected at a depth of 15 cm in sterile tubes. The sediment samples were associated

with mangrove species, such as Acanthus ilicifolius and Avicennia officinalis.

3.1.3 isolation of mangrove sediment associated bacteria

Isolation was carried out by conventional serial dilution and spread plate

techniques (Lemos ei a/., 1985; Behcra et al., 2014). Briefly, about I g of sediment

sample was transferred to the lest tube containing 10 mL sterilized distilled water to make

the serial dilution 10"'. Thereafter, 1 mL of the content from 10 ' dilution was transferred

to a test tube with 9 mL autoclaved distilled water, making it 10'^ dilution, and likewise,

the serial dilutions from 10"' to 10'^ were prepared. About 0.1 mL of the serially diluted

sample was poured into the centre of sterile solidified nutrient agar plates (NA-HIMEDIA)

supplied with 0.5 % (w/v) of sodium chloride and 1% agar before being spread using an L

rod to uniformity. The plates were incubated at a temperature of 34 ®C for 1 week, and the

plates were observed for visible growth in an interval of 24 h.

1^1



27

) s':;.-' '

Figure 3.1. Representative photographs of (A) A. offidnalis and (B) A. ilicifolius. (C)
Mangrove sediments of Mangalavanam mangrove ecosystem and (D) Mangrove sediment
associated bacteria

3.1.4 Subculturing of microbes

The microbes were transferred from one growth medium to another to keep them

alive and for allowing the proper growth of microbes (Pelczar et aL, 1977), Four well

i-f'oJ-
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grown and morphologicaly distinct bacterial cultures from each sample were sub-cultured

into sterile nutrient agar plates. The bacterial cultures were further quadrant streaked to

obtain pure cultures and single colonies were picked and streaked in nutrient agar slants.

The nutrient agar slants were incubated at 34 °C and further stored at 20 °C in BOD

incubator (Labline). The pure cultures were inoculated into 10 mL sterile nutrient broth

(HI MEDIA) and incubated at 34 °C for 18 h at 150 rpm in an incubator shaker (IKA KS

3000 I shaking incubator, Staufen, Germany). Glycerol stocks were prepared with 50 % of

nutrient broth culture and stored at -80 °C for long term storage of the cultures. Slant

cultures were prepared and stored the cultures in 20 °C.

3.1.5 Antibacterial activity of selected isolates by spot-ovcr-lawn-assay

The antibacterial activity of the microbes were analysed by spot-over-lawn-assay

(Chakraborty et al.^ 2014). Mueller Hinton Agar (HI MEDIA) supplied with 1% agar was

sterilized and allowed to solidify in petri-plates. The 18 h growth cultures of pathogenic

bacteria V. parahemolyticus, E. colt, methicillin resistant S. aureus and A. caviae were

prepared in nutrient broth (HI MEDIA). The pathogen cultures were swabbed in sterile

Mueller Hinton agar plates and a loop-full of test cultures were spotted. The plates were

incubated at 34 °C and the inhibilon zone diameter was measured at an interval of 24, 48

and 72 h.

3.1.6 Biochemical characterization of bacteria

The biochemical characterization of the bacteria was performed according to Krieg and Holt

(1984). The bacteria were biochemically characterized by several biochemical tests such as

catalase, citrate, malonate, sugar utilization tests, motility tests after gram staining.

3,L6J Gram staining

Gram staining was performed in glass slides, wherein a drop of distilled water was

placed in the centre of the glass slide and a loop full of the test organism was smeared well

along the marked area. It was air dried and the glass slides were heat fixed by passing

^3
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through flame and further started the staining procedure. Crystal violet was the primary

stain, and the initial staining was performed for almost a minute. The stain was washed in

running tap water, whereas proper care was taken so as to prevent the runaway of the

culture on the plate. The primary stain was fixed with mordant. Gram's iodine for 1 min

and washed with running tap water again. Thereafter, the primary stain was decolourised

with ethanol for 1 to 3 seconds before being added with the counter stain saffranin for 45

seconds. The slide was washed again in running tap water and blotted with tissue paper

before being allowed for air drying. The slide was observed under 10 X, 40 X and 100 X

with an inverted microscope (LEICA). Oil immersion was performed with sedar wood oil

for observing it at 100 X. The microbes, which appeared purple color, were characterized

as Gram positive, whereas those appeared pink were attributed to Gram negative.

3.1.6.2 MotUity test by MotiUty Indoie Lysine Medium (MIL medium)

Briefly, 18-24 h old culture of bacteria inoculated in brain heart infusion broth was

stabbed into the sterilized and solidified MIL medium (HiMedia) in test tubes. The

stabbing was performed at a distance of 1-1.5 inch from the bottom of the tubes. The tubes

were incubated at a temperature of 34 °C for 24 h, and the growth away from the stab line

was considered as positive result towards the motility test.

3.1.6.3 Biochemical characterization of bacteria by Hibaciflus identification kit

Biochemical characterization of 23 test strains was performed using HiBacillus

identification kit (HIMEDIA, Mumbai, India). The test kit contained the media for

malonate, Vogues Proskauer, citrate, ortho nitrophenyl p-galactoside (ONPG), nitrate

reduction, catalase, argininc, sucrose, mannitol, glucose, arabinose and trehalose utilization

tests, from well numbered as 1 to 12, respectively. The bacteria were inoculated in 5 mL

of brain heart infusion broth (BHl) at 35 to 37 °C for 6-8 h until the turbidity was > 1.0 at

620 nm. The kit was opened aseptically and inoculated 50 pL of the test organism before

being incubated at 35 to 37 °C for 24-48 h.
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3.1.6.3.1 Malonate

The utilization of sodium malonate and ammonium sulfate in the medium by

microbes resulted in the production of sodium hydroxide, which turn the medium alkaline.

The pH indicator used in the medium was bromothymol blue, whereas the color of the

medium changed from its original green to prussian blue color. TTie increase in acidity

was indicated by yellow color in the medium.

3.1.6.3.2 Vogues Proskauer

About 1-2 drops of Barrit's reagent A (5 % a-naphthol) and 1-2 drops of Barrit's

reagent B (40 % KOH) was added to the medium inoculated with the test bacteria. The

fermentative degradation of glucose formed pyruvic acid, which in turns produced acetoin

by various metabolic reactions. The a- naphthol would act as a catalyst to convert the

acetoin to a red colored complex, diacetyl, in the presence of atmospheric oxygen and 40

% potassium hydroxide.

3.1.6.3.3 Citrate utilization

The microorganisms with the presence of citrate/ citrate permease would convert

ammonium dihydrogen phosphate to ammonia suid ammonium hydroxide, which turned

the medium alkaline, and at pM greater than 7.5, bromothymol blue formed a navy blue

color.

3.1.6.3.4 Ortho nitrophenyl Q-galactoside (ONPG)

The microbes with enzyme p-galactosidase would convert ONPG to galactose

and orthonitrophenol. The orthonitrophenol imparted an yellow color to the reaction.

3.1.6.3.5 Nitrate reduction

About 1-2 drops each of sulphanilic acid and N, N-dimcthyl-l-naphlhylamine

reagent were added to the medium inoculated with the test bacteria. If the microorganism
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would turn nitrate to nitrite, the latter in the medium could produce nitrous acid. The

sulphanilic acid added to the medium would react with the nitrous acid to be diazotized,

whereas a-naphthylamme reacted with the diazotized sulphanilic acid to yield a red

colored complex.

3,L63.6 Catalase

If the microorganisms have the ability to produce catalase, it could hydrolyze toxic

oxygen compounds like hydrogen peroxide, causing the evolution of oxygen and bubbles.

The presence of these bubbles would indicate that the reaction was catalase positive. A

loopful of culture from the sixth well was spread in 2 or 3 drops of 3 % H2O2. The

reaction resulting in the formation of bubble was considered as positive, and those without

a bubble formation were considered as negative.

3.1.6.3.7 Arginine

The microbes with arginine dihydrolase enzyme could utilize the arginine to

increase the pH of the medium turning it into a violet colour (Sherris et ai, 1959).

3.1.6.3.8 Sugar utilization testsfor sucrose^ mannitoiy glucose^ arahinose and trehalose

The utization of sugars would lead to the production of acid in the medium, thereby

lowering the pH of the medium to acidic, which change the colour of the medium from red

to yellow (Srinivas et aL. 1990). The pH indicator used in the medium was phenol red.

3.1.7 Preliminary screening of antioxidant activity

Antioxidants are substances that reduce damage due to oxygen, such as that caused

by free radicals. 2,2-Diphenyl-l-picrylhydrazyl (DPPH), a free radical can be used for

screening the antioxidant activity of bacteria. The antioxidant effect is directly

proportional to the disappearance of DPPH and the neutralization of the free radical

produces a zone of clearance (Velho-Pereira et al., 2015).
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The nutrient agar plates were spotted with a loopful of bacteria to be tested and

incubated at 34 °C for 24 h. A sterile Whatman grade No.l filter paper was placed with

sterile forceps and incubated for 24 h so that the extracellular metabolites could get

absorbed into it. The filter paper was then transferred to a petri-plate and sprayed with 0.2

mM of DPPH solution. The filter paper was then allowed to dry in room temperature and

the zone of clearance was recorded.

3.1.8 Genomic DNA isolation of the selected bacteria

The genomic DNAs of the selected bacteria were extracted from 18 h old broth

culture supplied with 0.5 % NaCi, incubated at 34 ®C. The DNA was isolated by using

GenElute bacterial genomic DNA kit (Sigma-AIdrich). The bacteria were pelleted at

12,000 X g for 2 min and 200 pL of 45 mg/mL lysozyme solution was added and vortexed

(Spinix, Tarson). The iysed cells were incubated at a temperature of 37 °C for 30 min and

an another incubation was performed for 2 min afler the addition of 20 pL RNase A.

About 20 pL of proteinase K was added to remove protein contamination along with a

lysis solution supplied with the kit before being incubated at 55 °C for 10 min. Further

procedures were performed as per the manufacturer's protocol, and the DNA obtained was

dissolved in Tris-EDTA buffer (pil 8) before being stored in -20 °C for further

experiments.

3.1.9 Agarosc gel clectrophoresis

Agarose gel clectrophoresis is a widely used technique for the analysis of deoxy

ribonucleic acid (DNA). Briefly, 0.2 g of agarose (0.8 %) was poured into 25 mL Tris/

Borate/ EDI A buffer (THE) and it was heated in a microwave oven until the agarose was

fully melted. The combs were inserted in the casting tray in appropriate positions. When

the agarose came down at a temperature of 50 to 55 °C, about 0.2 pg-0.5 pg/mL of

ethidium bromide (EtBr) was added for staining the DNA. The molten gel was thereafter

mixed and poured into the casting tray, and the content was allowed to set. The combs

were removed when the gel was set and the casting tray was placed in the clectrophoresis
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chamber. The chamber was filled with !X TBE buffer, and 2 nL of DNA samples were

mixed with 2 pL of gel loading dye. The DNA samples were thereafter loaded with a Ikb

DNA ladder (New England Biolabs). The electrophoresis was carried out at 70 V and 35

mA for about 45 min to 1 h (Genei). Visualization of the DNA was performed under

ultraviolet (XJV) light and the images were documented in gel documentation system (Bio-

Rad, USA). The DNA samples were stored in -20 °C.

3.1.10 Quality check using nanodrop spectrophotometer

The quality and quantity of the DNA samples were assessed by using a nanodrop

spectrophotometer (Eppendorf, Biospectrometer). The equipment was calibrated with

Tris-EDTA (TE) buffer to zero absorbance or blank. Absorbance was checked at 260/280

nm, and the concentration (ng/ pL) and the qualities of the samples were recorded.

3.1.11 Polymerase chain reaction of the DNA samples

The 16S region in the DNA was amplified using the forward primer, 8 F and the

reverse primer, 1492 R (Sigma-Aldrich). Some reactions were performed with 27 F and

reverse primer 1544 R (Sigma-Aldrich). The sequence of I6S forward primer used was

AGAGTTTGATCCTGGCTCAG and the sequence of reverse primer used was

GGTTACCTTGTTACGACTT. The PGR reaction was performed with a volume of 25 pL

containing 12.5 pL of master mix (New England Biolabs), 10 pM forward primer (Sigma),

10 pM reverse primer (Sigma), 50-75 ng DNA and the remaining volume was constituted

with nuclease-free water. The PGR cycling conditions performed were as follows, (1) an

initial denaturation for 5 min at 94 °C, followed by 35 cycles of denaturation at 94 °C for

30 s, (2) annealing reaction for 1 min at 52 °C, and (3) an extension step at 68 °C for 1.5

min. A final extension for 10 min was performed at 68 °C after these 35 cycles. Agarose

gel electrophoresis was performed for the detection of the PGR products. The amplified

products were run along with 1 kb DNA ladder (New England Biolabs) in 1.5 % agarose

gel supplied with 2 pL EtBr at 70 V and 35 mA.
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Table. 3.1. Primer sequences used for 16S rRNA sequencing

Primer Primer sequence References

27F 5'GAGrrTGATCCTGGCTCAG3' Suganthi et al.y 2013

1544 R 3'AGAAAGGAGGTGATCCAGCC5' El- Helow, 2001

8F 5'AGAGl 11GATCCTGGCTCAG3' Nandakumar et al.^ 2007

1492 R 3'GGn^ACCTTGTTACOACTT5' Abada et al.^ 2019

3.1.12 16s sequencing of the PCR products and sequence analysis

The PCR products were sequenccd at Agrigenome Labs Private Limited, Kochi,

Kerala. Bio-Edit software was used to trim the sequence to remove low quality base pairs

and for aligning the sequence. Basic Local Alignment Search Tool (BLASTr) software of

National Centre for Biotechnology Information (NCBI) was used for finding similar

sequences in the database. The microbes were identified and further preceded the

submission at GcnBank for obtaining accession number for the sequences. A total of 9

sequences were submitted at GcnBank for attaining the accession numbers for the

sequences.

3.1.13 16S rRNA based phylogeny and phylogenctic tree construction

The 16S rRNA based phylogeny was carried out to confirm the biochemical tests.

The sequences were aligned against reference sequences using CLUSTALW program of

the BioEdit software. The phylogenctic tree was constructed to demonstrate the

evolutionary relationship of the isolated strains against different species in the same genera

and that of different genera by neighbor joining method (Kimura, 1980).



35

3.1.14 Polykctidc synthase gene (pks) amplification and sequence analysis

The PGR reaction was performed with a volume of 25 pL containing 0.25 pL of

PGR buffer (New England Biolabs), 5 pM forward primer gcf (Sigma), 5 pM reverse

primer gcr (Sigma), 50-75 ng DNA, 0.3 pL of Taq DNA polymerase (Sigma), 0.25 pL of

dNTP, and the remaining volume con.stiiuled by nuclease-free water. The PGR cycling

conditions performed were as follows, (1) an initial dcnaturation for 5 min at 94 °C,

followed by 35 cycles of dcnaturation at 94 for 30 s, (2) annealing reaction for 30 sec at

56 °G, and (3) an extension step at 72 °G for 1 min. A final extension for 5 min was

performed at 72 °G after these 35 cycles (Applied biosystems).

Agarose gel clectrophorcsis was performed for the detection of polyketide synthase

gene (pks) genes. The amplified products were run along with 1 kb DNA ladder (New

England Biolabs) in 1.5 % agarose gel supplied with 2 pL EtBr (0.2 pg-0.5 pg/mL) at 70

V and 35 mA. The nucleotide sequences were converted into peptide sequences using

EMBOSS Transeq (EMBL-EBI), and the sequence was submitted in the GenBank, NGBI.

3.1.15 Bacterial growth curve

The bacteria were inoculated in a sterile 10 mL nutrient broth supplied with 0.5-1

% of NaCl for 18-24 h. A total amount of 100 mL sterile nutrient broth supplied with 0.5

% NaCl was prepared, and a 5 mL was removed to measure as blank. About 5 niL of

inoculum was added to the remaining broth, and the absorbance was measured in a

spectrophotometer (Varian Gary, USA) at 660 nm for 76 h (Monod, 1949).

3.2 BIOASSAY GUIDED ISOLATION AND CHARACTERIZATION OF

BIOACTIVE COMPOUNDS FROM B. AMYLOLIQUEFACIENS

3.2.1 Extraction and concentration of bioactivc compounds

A loopful of the isolate S2A was inoculated into the sterile nutrient broth supplied

with 0.5 % NaCl, and it was incubated at 34 °C for 18 h. The nutrient agar plates supplied

with 0.5 % NaCl were swabbed with the broth culture and incubated for 48-72 h at 34 °C

5^
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for the production of secondary metabolites. The surface layer of bacteria was scrapped

out into 200 mL of ethyl acetate. The utilized agar was sliced and ethyl acetate was added

with the contents for hot extraction, llie spent agar was extracted by refluxing on a

heating mantle for almost a week. The extracted solvent was filtered with a Whatman

filter paper of grade 1, in every 7 h, and sodium sulphate was added to remove the

moisture content. The filtrate was further concentrated and extraction was repeated with

fresh .solvent. Rotary vacuum evaporator (IKA) was used for distilling out the solvents

from the samples. The concentration was carried out at a temperature not greater than 40

°C (Kizhakkekalam and Chakraborty, 2019).

3.2.2 Ultrasonication for bacterial cell lysis

The ultrasound sonication lysed the cell wall of bacteria to release the intracellular

metabolites. The scrapped out bacterial cells from the nutrient agar surface was mixed in

200 mL of ethyl acetate. The cells were lysed at 37 % amplitude with a 10 s switch

between pulse on and off cycle for 10 min in an ultrasound sonicator (Cole-Parmer) (Feliu

et al., 1998). The lysed cells were then extracted with ethyl acetate for 7 days. Fresh

solvent was added each day prior to extraction and the extracted solvent was concentrated

with a rotary vacuum evaporator (IKA) at a temperature not greater than 40 °C.

3.23 Thin layer chromatography (TLC) and documentation

Thin layer chromatography was performed for the preliminary detection of the

types of various compounds in the crude. The concentrated extract was diluted and spotted

at 1 cm away from the bottom of silica coated TLC plates (Silica gel 60, F254, Merck)

using a capillary tube. The TLC plates were run in a TLC chamber with 5 % methanol in

dichloromethane. The plate was removed before it would reach the end line marked on it

before being dried on a hot plate. The TLC plates were observed in UV light at the

wavelengths of 254 run and 365 nm. High performance thin layer chromatography and

photo documentation was performed by ELITE-MINI LUMINOUS, AE-04 (Aetron,

Mumbai, India). Tlie retention factor or Rf is defined as the distance travelled by the
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compound divided by the distance travelled by the solvent. The distance travelled by the

solute from the origin and distance moved by the solvent was calculated and from those

values the retention factor (Rf) of each separated compounds was calculated (Epifanio et

al., 2005).

3.2.4 Visualization of TLC plates with iodine

Most of the organic compounds form colorless spots in the TLC plates. Hence,

visualizing reagents were used to locale the compounds. Iodine chamber was used for

visualization of spots. The TLC plates were run initially in dichloromethane (DCM);

methanol (19:1, v/v), before being placed in the iodine chamber for 20 min after air drying.

The plates were observed for brown-coloured spots, which were related with the different

components in the crude (Kazmierczak et aL, 2004).

3.2.5 Visualization of TLC plates with vanillin-sulphuric acid

The TLC plates were run initially in DCM: methanol (19:1, v/v), air dried and

placed in vanillin-sulphuric acid. The plates were taken out immediately and dried in hot

plate for 3 rain. The plates were observed for spots, which were related with the different

components in the crude (Waldi, 1965).

3.2.6 Visualization of TLC plates with DPPH

The TLC plates were screened for antioxidant activity with the free radical DPPH.

The TLC plates were run initially in DCM: methanol (19:1), air dried and placed in 0.1

mM DPPH solution under dark conditions (Takao et aL, 1994). The plates were removed

from the solution and it was allowed to dry under the room temperature. The plates were

observed furtlier for the decolourization of spots from purple to white, whereas the

decolounzation of the spots on the TLC plate indicated the antioxidant activities of the

compounds. The experiment was performed to test the ability of the compounds to

scavenge the free radical.
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3.2.7 Antioxidant assay with DPPH

DPPH is a free radical, which can either accept hydrogen radical or an electron to

develop into a diamagnetic molecule, which is stable and difficult to oxidize. The deep

violet colored compound decolourises according to the number of electrons gained. The

extracts were prepared in the concentrations of 125, 250, 500, 1000 and 2000 ppm, and a

0.1 mM of DPPH solution was prepared in methanol (Blois, 1958; Brand-Williams et al.,

1995). The crude bacterial extract and DPPH solution were mixed in equal volumes, and a

control was prepared with methanol and DPPH solution. The absorbance was recorded at

517 nm against methanol as blank in an interval of 20 min, 1 h and 2 h along with the

reading of sample. The percentage inhibition was calculated using the following formula,

(Ao-Ai)/Ao X 100, where, Ao = absorbance of control, Ai = {(absorbance of sample +

reagent) - absorbance of sample alone}. A graph was plotted with the concentrations in X

axis and the percentage inhibition in Y axis. The IC50 value (the concentration at which the

sample would inhibit 50% of its original activity) was calculated from the equation

obtained from the graph.

3.2.8 Anti-inflammatory- assay by lipoxygenasc (5-LOX)

5-Lipoxygenase is an enzyme required for the synthesis of pro-inflammatory

leukotrienes and lipoxins, whereas inhibition of 5-LOX demonstrated the anti-

inflammatory activity of the test compound (Gilbert et aL, 2011). The assay was

performed according to an earlier method of Baylac and Racine (2003) with linoleic acid

as the substrate for LOX. 5-LOX has the ability to catalyze the oxidation of unsaturated

fatty acids with 1 -4 penladiene structures with arachidonic acid as the biological substrate

converting them into conjugated dienes, which could result in the continuous increase in

the absorption at 234 nm. A reference or standard was prepared, and that was made up of

with 10 |iL of DMSO in twcen 20, alongwith 2.95 mL of phosphate buffer (pH 6.3), which

was pre-warmed in a water bath at 25 °C, 50 pL of linoleic acid solution (100 pM final

concentration), 12 pL of enzyme, and 12 pL of phosphate buffer. The extracts were

prepared in concentrations ranging from 125 to 2000 ppm. Briefly, the extracts were

53
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aliquoted in 10 |iL followed by the addition of 2.95 mL of phosphate buffer (pH 6.3),

which was pre-warmed in a water bath at 25 °C, 50 pL of linoleic acid solution (100 pM

final concentration), 12 pL of enzyme, and 12 pL of phosphate buffer. The absorbance

was measured at 234 nm over a period of 10 min. The absorbance was plotted against the

different concentrations, and the percentage activity was calculated by the slope of the

straight line portions of tlie sample and that of the control curves, from the graph obtained.

The percentage inhibition was calculated using the following formula, (Ao-Ai)/Ao X 100,

where, Aq - absorbance of control, Ai = {(absorbance of sample + reagent) - absorbance of

sample alone}. A graph was plotted with the concentrations in X axis and the percentage

inhibition in Y axis. The IC50 value (the concentration at which the sample would inhibit

50% of its original activity) was calculated from the equation obtained from the graph,

wherein the IC50 values were calculated by recording the 'x' value in the straight line

equation, y = mx + c obtained from the graph.

3.2.9 Antibacterial disc diffusion assay

The agar well diffusion method was used to test the susceptibility of pathogenic

bacteria to the bacterial extracts (Chakraborty et al., 2014). Pathogen cultures of bacteria

K parahemoiyticus, E. coli, methicillin resistant S. aureus, A. caviae were used as the test

pathogens that were inoculated in 10 mL of sterilized nutrient broth before being incubated

at 34 °C for 18 h. The extracts were prepared in 30 pg, 60 pg and 100 pg on the sterile

discs. The pathogens were swabbed in Mueller Hinton agar (MHA) with sterile cotton

buds and the extracts prepared in discs were placed on the medium, whereas

chloramphenicol and melhanol were used as the positive and negative controls,

respectively.

3.2.10 2,2'-Azino-bis-3-ethylbcnzothiozolinc-6-sulfonic acid dlammonium salt

(ABTS^) radical scavenging assay

The radical scavenging potentials of HtOAc:MeOH extracts of Bacillus

amyloliquefaciens were determined by ABTS ' decolourizalion assay (Re et al., 1999). In
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brief, ABTS^ (7 niM) and potassium persulfate (2.45 niM) were mixed and kept for 16 h in

dark at room temperature. The intensely coloured resultant ABTS^ stock solution was

diluted with MeOH to get -0.70 absorbance at 734 nm. The diluted ABTS^ (5 mL) was

mixed with O.I mL of extracts (0.25 to 2.0 mg/mL; in MeOH) and their corresponding

absorbance were recorded at 734 nm against blank solution (MeOH) using UV-VIS

speclrophotometer. An equal volume of test samples with different concentrations (0.25-

2.00 mg/mL) were analyzed to determine the percentage inhibition and the IC50 values, the

concentration of samples at which it inhibits/scavenge 50 % of radical activities and were

expressed in mg/mL.

3.2.11 Determination of minimum inhibitory concentration of the extract to

pathogenic bacteria

The minimum inhibitory concentration of the bacterial extract was assessed by

broth microdilulion method in consonance with the National Committee for Clinical

Laboratory Standards (CLSI, 2009) with some refinements. The crude extract was serially

diluted to different concentrations, such as 6.25 pg, 12.5 pg, 25 pg, 50 pg and 100 pg.

About 100 uL of 18 h old pathogenic cultures of bacteria Aeromonas caviae^ Escherichia

coli and methicillin resistant Staphylococcus aneus were aliquoted into the microtitre well

plate along with 100 uL of the crude extract. The absorbance was measured at 660 nm

against nutrient broth blank.

3.2.12 Statistical analysis

One-way analysis of variance (ANOVA) was carried out to assess the significant

diflerences between the means of bioactivities. The significant differences were

represented as p < 0.05, and the values were presented as the means of triplicates ±

standard deviation (Girden, 1992).

3.2.13 High pressure liquid chromatography (MPLC)

The purification was carried out using the preparatory high pressure liquid

chromatography (PHPLC) system (Shimadzu Corporation, Nakagyo-ku, Japan) connected
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with a bonded reverse phase C18 (RP CIS) column (Shimadzu; Luna 250 mm X 14.0 mm,

5 pm) fitted with binary gradient pump (Shimadzu LC-20AP), column oven (CTO-20AC,

Shimadzu), a controller (CBM-20A, Shimadzu) and photodiode array detector (SPD-

M20A, Kyoto, Japan). About 2 mL of the diluted extract with methanol was injected and

the column temperature was maintained at 40°C. Methanol and acetonitrile were the

mobile phases used with a flow rate of 6-8 mL/min. The absorbances were recorded at the

wavelengths ranging from 200-800 run.

The purity of the isolated compounds were analyzed by an analytical HPLC system

(Shimadzu Corporation, Nakagyo-ku, Japan) attached with reverse phase C18 (RP C18)

column (Phenomenex, Torrance, California, USA; Luna 250 mm X 4.6 mm, 5 pm) fitted to

column oven (CTO-20A, Shimadzu), binary gradient pump (Shimadzu LC-20AD),

controller (CBM-20A, Shimadzu) and a controller (CBM-20A, Shimadzu). About 20 pL

of the diluted sample in methanol was injected and the column temperature was retained at

40 °C. Methanol and acetonitrile were the mobile phase used in various percentages, and

the sample was run at a flow rate of I mL/min. The absorbances were recorded at

wavelengths ranging from 200-800 nm.

The samples were allowed to pass through solid phase extraction (SPE) cartridges

(Strata C18~E; 55 Mm, 70 A; Phenomenex, Torrance, California, USA) and they were

filtered with a syringe filter (0.20 i-un, PTFE, Minisart syringe filter, Sartorius,

Goetteingen, Germany) before being injected into reversed phase HPLC instruments.

3.2.14 Spectrophotometric analysis

The UV-VIS absorption spectra of the purified chromatographic fractions were

acquired on ultraviolet-visible (UV-VIS) spectrophotometer (Varian Cary 50, Walnut

Creek, California, USA). The quartz cuvettes (1 cm X 1 cm X 4.5 cm) were used in the

UV-VIS spectrophotometer.
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3.2.15 Nuclear magnetic resonance (NMR) spectroscopy

The two dimensional NMR analyses, such as 'H-'H correlation spectroscopy {'H-

*H COSY), heteronuclear multiple-bond correlation spectroscopy HMBC),

heteronuclear single-quantum coherence spectroscopy HSQC), and nuclear

overhauser effect spectroscopy (NOESY) along with the one dimensional NMR analyses,

such as carbon {'"^C NMR; 125 MHz), proton ('H NMR; 500 MHz) and distortionless

enhancement by polarization transfer ('^^DEPT) were analyzed with a Bruker A VANCE

III 500MHz (AV 500) spectrometer (Bruker, Karlsruhe, Germany) in CDCI3 as aprotic

solvent at an ambient temperature with internal standard (TMS; 8 0 ppm) fitted to 5 mm

probes. The types of hydrogen nuclei in a molecule are obtained by the corresponding 'H

NMR signals and the proton integral values provide the numbers of characteristic protons.

Different types of carbons in a molecule are analyzed by the '^C NMR signals. '^^DEPT

spectra differentiated the multiplicities of carbons, differentiating the number or

possibilities of mcthines (-CH; signals appeared in the upward direction with higher

chemical shift values in the range 6 45-160), methyls (-CH3; signals appeared in the

upward direction with lower chemical shift values in the range 5 10-40), and methylenes (-

CH2; signals appeared in the downward direction). The occurrence of quaternary carbons

were denoted by analyzing the signal which was absent in the '^^DEPT spectra and

apparent in the '^C NMR spectra. The ̂ H-'H COSY spectra determined the signals, which

were correlated with the neighbouring protons by J couplings through-bond and the spectra

were obtained by diagonal peaks and cross peaks. 'H-'^C correlations were determined by

the resonances in HSQC spectra, which determined the unique proton directly attached to

unique carbon heteronucleus. The correlations between protons and carbons were

determined by the HMBC spectra, which were separated by bond distances, two, three and

four. The NOESY spectra were attained with diagonal peaks and cross peaks, which were

similar to 'H-'H COSY. The cross peaks represented the resonances from the nucleus, and

were spatially nearby to each other than the direct bond couplings. In brief, NOESY

spectra determined the special conformations and adjacent proximities of adjacent spin

systems. The NMR spectral interpretations were performed with the software

5"^
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MestReNova ver. 7.1.1-9649 © 2012 (Mestrelab Research, S.L. Feliciano Barrera,

Santiago de Compostela, Spain).

3.2.16 Chromatographic purification of pure compounds from Bacillus

amyloliquefaciens

The organic fraction of the crude bacterial extract was purified by reverse phase

octadecylsilane-Ci8 (RP-Cijj) stationary phase using 80% acetonitrile (MeCN): 20 %

methanol (MeOH) (v/v) to yield four fractions (BA-1 to BA-4). The crude extract of B.

amyloliquefaciens was initially eluted through C-18 column (of 55 p particle size and 70 A

pore size) to remove lesser polar compounds in the mixture. The eluted fraction was

further purified by preparative HPLC (reverse phase C18 PHPLC) using MeCN; MeOH

(80:20, v/v; 10 mL/min) to yield four fractions (BA1-BA4). Among these fractions BA4

was obtained with greater yield, which was further purified by reverse-phase preparative

high-pressure liquid chroraatography (RP-HPLC, Ci8-1.4 cm 25 cm, 5 pm) using

MeCNiMeOH (80:20, v/v; 10 mL/min) to yield compounds 1 and 2, which were found to be

homogeneous in TLC (CHCb/MeOH, 4:1 v/v) and RP-HPLC (MeOH:MeCN, 80:20 v/v).

3.2.17 In vitro antiuxidant and anti-inflammatory activities of pure compounds

The antioxidant (DPPH and ABTS^ scavenging) and anti-inflammatory (5-LOX

inhibitory) activities were determined according to the procedures described under the

sections 3.2.7 through 3.3.10.
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4. RESULTS

The results of the study entitled Tdentification and characterization of bioactive

leads from mangrove sediment associated bacteria and assessment of their

tlierapeutic potential' carried out at the ICAR-Central Marine Fisheries Research

Institute, Kochi, Emakulam during 2018-2019 were depicted in this chapter.

4.1 ISOLATION AND CHARACTERIZATION OF MANGROVE

SEDIMENT ASSOCIATED BACTERIA

4.L1 Sample colIectioD and isolation of microbes

A total of 10 sediment samples associated with the mangrove species A.

ilicifolius and A. officinalis were collected from the Mangalavanam mangrove

ecosystem of Kochi, Kerala. The spread plate cultures of serially diluted sample

S3 from 10"' to 10'^ was presented in Figure 4.1 (Lemos et al., 1985; Behera et

al.j 2014). The serial dilutions of 10 sediment samples were performed. The

growth was visible from 24 hours and the plates were observed for almost 1 week.

A total of four well-grown isolates from each sample were sub-cultured into the

nutrient agar plates supplied with 0.5 % NaCl, and the sub-cultures were

preserved in 50 % glycerol stock for long term storage at -80°C, whereas short

term storage was carried out in nutrient agar slants and stab cultures along with

glycerol at 20 °C (Pelczar et al., 1977).

4.1.2 Antimicrobial screening by spot-over-lawn assay

A total of 40 bacterial isolates selected from the nutrient agar plates were

tested against both gram positive and gram negative pathogenic bacteria, such as

K parahemolyticus, methicillin resistant .S". aureus, A. caviae and E. coli

(Chakraborty et al., 2014). Among the total of 40 isolates, 25 isolates, i.e., 62.5 %

of the isolates were active against at least one of the test pathogen with an

inhibition zone diameter >10 mm, whereas 15 isolates i.e., 37.5 % showed an

activity of >15 mm. A total of 6 of the isolates were active against at least one
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pathogen with an inhibition zone diameter >20 mm. About 16 of the isolates

showed activity against methicillin resistant S. aureus with an inhibition zone >10

mm, whereas 4 of them exhibited the inhibition zone of >15 mm against the

pathogen. About 18 of the isolates displayed anti-infective properties against V.

parahemolyiicus with an inhibition zone >10 mm, whereas 12 of them displayed

the inhibition zone of >15 mm against the pathogen. Notably, 5 of the isolates

showed significant activity against E. co/i, whereas only 1 exhibited significant

antibacterial activities with >15 ram inhibitory zone diameter. About 8 of the

isolates showed activity against A. caviae with an inhibition zone >10 ram,

whereas 4 of them exhibited the inhibition zone of greater than 20 mm against the

pathogen.

Figure 4.1. Serially diluted and spread plated nutrient agar plates from dilutions

ranging from 10"' and 10'^ from 1 to 7, respectively.

Y
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Figure 4.2. The streak cultures of bacteria from SI to 89 in nutrient agar plates

from 1 to 9, respectively.
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Table 4.1. Antimicrobial activity* of isolates from samples SI through SIO

Bacterial Inhibition zone diameter (mm)
airains

A. cavie E. coli MRSA V. parahemoiyticus

SIA 14 14 - 16

SIC - 15 15 15

SID - - 14 .

S2A 13 - 12 20

S2B - 12 -

S2C - - 14 -

S2D - 13 - 14

S3A - - 12 -

S3B - - - 15

S3C - - 12 -

S3D - - - 13

S4A - - 16 16

S4B - 12 - 17

S4C - - 13 -

S4D - - 14 13

S5A - - - 18

S5D 14 14 - 16

S6D - - 15 16

S7B 13 - 20 13

S7C - - 12 13

S8A 26 - - 37

S8C 25 -• - •-

S8D - - - 20

SIOA - - - 17

SI OB - - - 20

SIOC - - 13 -

♦Antimicrobial activity was recorded as the diameter of inhibition zones

determined as a distance of >1 mm between the circular area (= lawn of the
isolate) and the end of the clear zone bounded by the lawn of the test strain. The
strains with >15 mm inhibition zone diameter from spot-over-lawn assay are

mentioned (inhibition zone diameter < 10 mm was ignored).
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4.1.3 Biochemical and morphological characterization of the bacterial

isolates

Biochemical characterization and motility tests were performed for the

selected 23 isolates (Krieg and Holt, 1984). Gram staining was performed for all

the 40 isolates, whereas 25 were gram positive and 15 were found to be gram

negative. A total of 47.5 % of the isolates were gram positive rods, wherein 10 %

were gram positive cocci, and 1 of the isolate was a gram negative cocci. The

biochemical characterization was carried out for 23 isolates using HiBacillus

identification kit (Sigma Aldrich).
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Fig. 4,3. Gram stained Bacillus strains, SI A, SIC, S2A, S2B , S2C, S2D, S4A,

S108 and SIOC (denoted as 1 -9)..
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Figure 4.4. Control of biochemical characterization

It represents 12 different wells from I to 12, containing the medium required for

detecting the utilization of malonate, vogues proskauer, citrate utilisation, ONPG,

nitrate reduction, catalase, arginine utilization and utilization of sugars, such as

sucrose, mannitol, glucose, arabinose and trebalose, respectively.

Figure. 4.5. Biochemical characterization of S2A (A), S4A (B), SIOC (C), SIC

(D) and S2D(E).

Figure 4.6. Catalase test for S2A (A) and catalase test of S1 OB (B).
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Table 4.2. Biochemical characteristics of the selected isolates

Characteristics

Malonale

Citrate

ONPG

Catalase

Arginine

Sucrose

Mannitol

Glucose

Arabinose

Trchalose

Motillty

Vogues Proskauer

Nitrate

Reduction

,  Ur,i .iT

10

(+) Signified the positive reaction of the bacterial isolate towards the specific

biochemical test, and (-) signified no reaction. SIA, SIC, S2A, S2B, S2C, S2D,

S4A, S5D, SI OB and S IOC (1-10) were represented.
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Table 4.2. Biochemical characteristics of the selected isolates (Cont'd)

Characteristic 10 11 12 13

Malonate

Citrate

ONPG

Cataiase

Argmine

Sucrose

Mannitol

Glucose

Arabinose

Trehalose

Vogues
Proskaucr

+  + + + + +

+  +

+  +

+  +

+  +

+  + +

+  +

+  ♦

Nitrate

reduction

(+) Signified the positive reaction of the bacterial isolate towards the specific

biochemical test, and (-) signified no reaction. SIB, S3B, S3C, S4D, S5B, S5C,

S6B, S6C, S7A, S7D, S8B, S9C and S9D (1-13) were the selected strains

represented-
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Table 4.3. Morphological characters of the selected isolates

Tests SIA SIC S2A S2B S2C

Colony morphology

Configuration Round Round Wrinkled Round Round

Margin Undulate to curled Wavy Rhizoidal Wavy Undulate

to curled

Elevation Convex Slightly
convex

Flat Slightly
convex

Convex

Pigment OffVvhite Offwhite Ofiwhite OfiWhite Offwhite

Surface Mucosal Waxy Rough Waxy Mucosal

Opacity Opaque Opaque Opaque Opaque Opaque

Gram's reaction + + + + +

Ceil shape Rod Rod Rod Rod Rod

Motility +
-

+
- +

Arrangement Short chained Chains Chains Chains Short

chained

(+) Signified the positive reactions of the bacterial isolate towards Gram reaction

and motility, and (-) signified the negative.

(^9
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Table 4.3 Morphological characters of the selected isolates (cont'd)

Tests S2D SlOB S4A SIOC

Colony morphology

Configuration Comma shaped Round Wrinkled Round

Margin

Elevation

Pigment

Surface

Opacity

Gram's reaction

Curled and

irregular

Slightly convex

Offwhite

Sticky

Opaque

Wavy Rhizoidal

Slightly Flat
convex

Undulate

to curled

Convex

Offwhite Offwhite OiTwhile

Waxy Rough Mucosal

Opaque Opaque Opaque

Cell shape Rod Rod Rod Rod

Motility +

Arrangement Short chains Chains Chmns Round

(+) Signified the positive reactions of the bacterial isolate towards Gram reaction

and motility, and (-) signified the negative.
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Fig. 4.7. Pie diagram representing the percentage of isolates which exhibited

an inhibition zone >10 mm against various pathogens

4.1.4 Preliminary screening of antioxidant activities

Figure 4.8. Zone of clearance produced by S2A (A) and SlOB (B) in DPPH

sprayed filter papers incubated with bacteria

The preliminary screening of the anti-oxidant activities of the isolated

strains were carried out by using DPPH and the filter paper incubated along with

the strains (Velho-Pereira et ah, 2005). The inhibition zone diameter obtained

after spraying of DPPH into the filter paper was analyzed. Among the isolated

strains, those designated as S2B, SlOB and SIOC exhibited potentially greater

inhibition zones ranging from 18-20 mm, against the studied pathogens, whereas

rfo
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S2C and S2A were found to display inhibition zones of 25 nun and 40 mm,

respectively, representing potential anti-oxidant properties against the target free

radical.

4.1.5 Molecular characterization of the selected isolates

Genomic DNAs of a total of 10 strains were isolated and performed

agarose gel electrophoresis for the detection of DNA. The quality and quantity of

the DNA samples were checked, and the ratios of absorbances at X260/280 nm were

distributed from 1.7 to 2, attributing the superior qualities of DNA. The 16S

rRNA amplification was further performed, and the PGR product was obtained in

the size range of 1200-1517 bp. The similarities of sequences to the existing

nucleotide sequences were checked by NCBI-Blast. A higlier similarity of >99 %

was obtained for the isolates of B. amyloliquefaciem^ B. cereus, B. paramycoides

and B. anthracis. The forward trimmed sequences of 9 strains were submitted in

the GenBank and the accession numbers obtained were represented in the Table

4.5. The bacterial isolates designated as S2A and S4A were identified as B.

amyloliquefaciens, while SIA, S2C, SlOB and SIOC were found to be B.cereus.

The strains designated as, SIC and S2B were recognized as B. paramycoides,

whereas S2D was found to be B. anthracis.

PKS and NRPS are biosynthetic gene clusters, which were involved in the

synthesis of many secondary metabolites, and were found to be the biologically

active compounds in microorganisms (Thilakan et al., 2016). The occurrences of

these gene systems in the microorganisms could be found out by targeting specific

primers to the PKS and NRPS gene sequence (Ayuso-sacido et ai, 2005). The

bacterial isolate S2A, found out to be B. amyloliquefaciens was recorded for the

presence of PKS gene using the primers gcf and gcr, wherein the 700 bp fragment

obtained was sequenced and submitted in EMBOSS software before being

submitted in GenBank. The GenBank accession number obtained for the pks

sequence was MN 165388.
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Table 4,4. Quality of DNA at absorbance 260/ 280 nm and quantity of DNA

Strain Quality of DNA at Abs 260/280 Quantity of DNA at (ng/ iil)

SIA 1.72 87.49

SIC 1.77 152.2

S2A 1.79 115.87

S2B 1.63 149.4

S2C 1.76 114.7

S2D 1.9 145.6

S4A 1.75 60.6

S5D 2-1 197.3

SlOB 1.83 109.6

SIOC 1.89 114
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Figure 4.9. Gel profiles of the isolated DNA samples
Gel profiles of the isolated DNA samples along with 1 kb DNA ladder, L (Gene
Ruler'^ , Thermo Scientific). The lanes from 1 to 10 represents the DNA isolated
from the bacterial isolates, S2C, S2B, S2A, SIC, SI A, S IOC, SI OB, S5D, S4A
and S2D, respectively. The molecular marker used was Gene Ruler'^^l kb DNA
Ladder (Thermo Scientific, 250-10. 000 bp).

L  1 2

11
1200-

SOO/91

500/517^

I. 3 4 5

111
1200-1517 bp

Figure 4.10. Gel profile of the amplified. 16S rRNA gene of bacteria

Gel profile of the amplified, 16S rRNA gene of bacterial isolates, S2A, SIOC,
SIA, S4A and SlOB (from lanes 1 to 5, respectively), with ladder, L (100 bp
DNA ladder, NEB).
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Figure 4.10. Gel profile of the amplified, 16 S rRNA gene of isolates (Cont'd)
Gel profile of the amplified, 16 S rRNA gene of strains, Lane I: SIC, Lane 2:
S2B, Lane 3: S2C and Lane 4: S2D. (L) The molecular marker used is Gene
Ruler""^"! kb DNA Ladder (Thermo Scientific, 250-10, 000 bp).

Figure 4.11. Polyketide synthase product of B. amyloliquefaciens MK765025
Polyketide synthase {pks) product (-700 bp) of the bacterium (S2A) B.
amyloliquefaciens MK765025 associated with mangrove sediment. (L) Gene
Ruler™ 1 kb DNA ladder, Thermo Scientific (250- 10, 000 bp).

'•/
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Table 4.5. GenBank accession numbers of the strains identified by NCBI-BLAST

Strains GenBank Accession No. Bacteria

SIA MN204214 D. cereus

SIC MN204219 B. paramycoides

S2A MK765025 B. amyloliquefaciens

S2B MN204220 B. paramycoides

S2C MN204215 B. cereus

S2D MN204226 B. anthracis

S4A MNI65386 B. amyloliquefaciens

SIOB MN240446 B. cereus

SIOC MN165387 B. cereus

The phylogenetic analysis of the 9 isolates were carried out after aligning

the sequences together with bacterial sequences of different species in the genus

Bacillus, such as B. subtilis, B. mcthylotrophicus, B. ihuringiensis, B. vallismortis,

B. megateriiim, B. clausii and B.s atropheaus along with difTcrent sequences of B.

amyloliquefaciem obtained from the NCBI database. The phylogenetic tree,

showing the relationship among the different species was constructed with the

MEGA6 software by neighbor-joining method.

The isolated B. amyloliquefaciens strains, S2A and S4A fell under the

clade including several other B. amyloliquefaciens strains, B. vallismortis, B.

subtilis and B. methylotrophicus. The 5. cereus strains SIA, SlOB and SIOC fell

under the same clade with an isolated B. paramycoides strain (S1C), along with B.

(huringiensis. The reason for this exclusion from a similar clade was due to the

insufficient divergence In the 16S rRNA sequence region (Maughen and Van dcr

Auwera, 2011). Hence, an essential housekeeping gene, which evolve more

rapidly than the 16S rRNA gene, could be used for taxonomic classification

(Palys et aL, 2000).
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Figure 4.12. Phylogenelic analysis of the selected isolates

Phylogenettc analysis of isolates, S2A, SI A, SIC, S2B, S2C, S2D, S4A, SI OB

and SIOC along with related strains by neighbor joining method in MEGA 6

software.
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4.1.6 Bacterial growth curve of B. amyloliijuefaciens (S2A)

The bacteria produce most of the secondary metabolites in the stationary

phase of growth, whereas the exponential growth was stationary. Hence, the

bacterial growth curve has been crucial for finding the phase of the production of

secondar}f metabolites or bioactive compounds in the bacteria. Previous reports of

literature suggest that the secondary metabolite production in B.

amyloliquefaciens occurs after 72 hours of incubation (Boottanun el ai, 2017).

The bacterial curve plotted with time at 660 nm also appropriately inferred that

the stationary phase was at 68-72 h, thus supporting the existing reports and the

growth began to decline after 72 h, before being attained its death phase. The

findings helped to find the stationary phase to extract the extracellular and

intracellular metabolites released by the bacteria.
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Fig 4.13. Bacterial growth curve of B. amyloliquefaciens MK765025 at

660 nm.
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4.2 BIOASSAY GUIDED ISOLATION AND CHARACTERIZATION OF

BIOACTIVE COMPOUNDS FROM B. amyloliqnefaciens

4.2.1 Extraction of bioactive compounds from B. amyloUquefaciens

The shortlisted bacteria B. amyloUquefaciens (S2A), with greater

bioactivities, was grown in nutrient broth supplied with 0.5 % NaCI and the

culture was swabbed in nutrient agar plates supplied with 0.5 % NaCI. The

bioactive compounds from the selected bacterial isolate were extracted in solvent

ethyl acetate by refluxing in a heating mantle for 72 h of incubation at 34 °C. The

intracellular compounds from the bacteria were released by sonicating at

amplitude of 37 % with a 10 sec on and off pulse mode for 20 minutes.

Intracellular and extracellular compounds were extracted separately in the round

bottom flasks, before being concentrated in rotary vacuum evaporator, and the

presence of compounds were recorded by TLC experiments.

4.2.2 Thin layer chromatographic documentation of intracellular and

extracellular extracts

The individual components (compounds) of the intracellular and

extracellular extracts showed good separation in the solvent system containing 5

% methanol and 95 % DCM, whereas the TLC documentation was carried out at

the wavelengths of 254 nm and 365 nm. Spots were observed at various intervals

from the day of first extraction till the process of extraction. The UV spots were

visualized at the wavelengths of 254 nm and 365 nm.
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Figure 4.14. TLC chromalogram of the extracellular compounds from B.
amyloliquefaciem MK765025

TLC chromatogram of the extracellular compounds from B. amyloliquefaciens
(S2A) at 254 nm, where lanes 1 to 7 represented extraction days in an ascending
order The arrows indicated the possible presence of individual compounds in the
extract.

The organic compounds were colourless on the white surface of the TLC

plate, and therefore, the visualizing agents, such as iodine, DPPH and vanillin-

sulphuric acid were commonly used. Iodine could strongly react with aromatics

and vanillin along with sulphuric acid could detect the presence of aldehydes,

ketones and alcohols. A total of 6-7 spots were visible in the TLC plate visualized

with iodine, indicating the presence of aromatics, 4-5 spots were visible on TLC

plates visualized with vanillin-sulphuric acid indicating the presence of either

aldehydes, ketones or alcohols, and the presence of anti-ox idant compounds were

indicated by the decolourization of spots in the TLC plates visualized with DPPH.

An immediate decolourization of the spots from purple to white, was observed in

the TLC plates indicating that they could scavenge the free radical, DPPH.
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Figure 4.15. TLC chromatogram of the extracellular compounds from B.
amyloliquefaciens (S2A) at 365 nm, where lanes 1 to 8 represented extraction
days in an ascending order. The arrows indicated the possible presence of
individual compounds in the extract.

Figure 4.16. (A) TLC chromatogram of the extracellular compounds from B.
amyloliquefaciens (S2A) stained with vanillin-sulphuric acid, where lanes 1 to 7
represented days of extraction in an ascending order. (B) TLC chromatogram of
the extracellular compounds from B. amyloliquefaciens (S2A) stained with iodine,
where lanes 1 to 7 represented days of extraction in an ascending order. The
arrows indicated the possible presence of individual compounds in the extract.
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Fig 4.17. TLC chromatogram of the extracellular compounds from B.

amyhUquefaciens (S2A) stained with DPPM, where I to 6 represented days of

extraction in ascending order, and the decolorized spots were recorded.

Fig 4.18. TLC chromatogram of the intracellular compounds from B.
amyhUquefaciens (S2A) visualized at 254 nm and at 365 nm, respectively where
I to 4 represented days of extraction, in an ascending order.
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Fig 4.19. TLC chromatogram of the intracellular compounds from B.
amyhUquefaciens (S2A) stained with (A) iodine and (B) vanillin-sulphuric acid,
whereas the lanes designated as I to 5 represented days of extraction, in an
ascending order.
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4.2.3 Antioxidant and anti-inflammatoiy activities of the crude organic

extracts of B. antyloUquefaciens (S2A)

The ethyl acetate extracts of B. amyloliquefaciem exhibited potential

antioxidant activity with IC50 3.5 pg/mL to quench DPPH radical and IC50 3.9

pg/mL to scavenge ABTS radical cation. Notably, the antioxidant aelivities were

significantly greater than those displayed by the commercially available

antioxidant a-tocopherol. The inhibitory activities of the organic extract of B.

amyloliquefaciem against inducible pro-inflammatoiy enzyme 5-LOX was

significantly higher (IC50 6 pg/mL) than that exhibited by commercially available

synthetic anti-inflammatory drug ibuprofen.

Table 4.6. Antioxidant and anti-inflammatory activities of the crude bacterial

extract

Bioactivitics (ICso pg/mL)

Crude extract of

B amyloliquefaciens
Control

DPPH radical scavenging activity 3.5 660 (a-tocopherol)

ABTS scavenging activity 3.9 760 (a- tocopherol)

5-LOX inhibitory activity 6.0 920 (ibuprofen)

4.2.4 Antimicrobial activity of the organic extract of B, amyloliquefaciens

(S2A) by disc diffusion assay

The antimicrobial activities of both intracellular and extracellular crude

extracts of B. amyloliquefaciens were tested against various pathogens, such as V.

parahemolylicus, MRSA, E. coli and A. caviae. The crude extracts possessed a

higher activity when compared to tJie spot-over lawn assay and the positive

control, chloramphenicol (30 pg).

^3
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Table 4.7. Inhibition zone diameter* exhibited by the intracellular organic extract

Test pathogens Inhibition zone diameter (mm) at various loading of the
organic extract of S2A

30 gg 60 pg 100 pg Positive
control (30 pg)

Negative
control

Aeromonas caviae 10 14 18 10 0

MRSA ID 12 14 10 10

E. coli 10 16 IS 0 0

Vibrio
parahemolyticus

10 12 14 12 10

Inhibition zone diameter* exhibited by the intracellular organic extract of B.

amyloliquefaciens (S2A) by disc diffusion assay against various pathogens and
the positive control, chloramphenicol (30 pg) and negative control, methanol

*AnlimicrobiaI activity was recorded as the diameter of inhibition zones

determined as a distance of >1 mm between the circular area (= lawn of the
isolate) and the end of the clear zone bounded by the lawn of the test strain.

The extracellular extracts of the bacterium possessed antibacterial activity
against pathogenic E. coli with an inhibition zone diameter of 15 mm for 30 pg
and 16 mm for 100 pg, whereas the intracellular extracts exhibited 18 mm

inhibition zone for 100 pg of the organic extract. The extracellular extracts

showed significantly higher activity against V. parahemolyticus with an inhibition
zone diameter of 20 mm for 100 pg, whereas the intracellular extracts exhibited

12 mm inhibition zone for 100 pg of the extract. The intracellular extract

containing 100 pg of the crude exhibited 20 mm inhibition zone against the test
pathogen A. caviae, and was not significantly different than the activity exhibited
by the extracellular extract (~ 18 mm). The extracellular extracts of the studied

bacterium displayed higher activity towards the test pathogen MRSA with an
inhibition zone of 22 mm for 100 of the extract, whereas the intracellular extract

exhibited 16 mm.
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Table 4.8. Inhibition zone diameter* exhibited by the extracellular organic

extract

Test pathogens
Inhibition zone diameter (mm)

30 pg 60 Hg 100 ̂ig Positive

control (30 pg)
Negative control

A. caviae 13 14 20 10 0

msA 13 14 16 10 0

E. coli 15 15 16 0 10

y. parahemolyticus 10 12 20 13 10

Inhibition zone diameter* exhibited by the extracellular extract of B.

amyloliquefaciens (S2A) by disc diffusion assay against various pathogens, vis-a-

vis the positive control, chloramphenicol and negative control (methanol)

*Antimicrobial activity was recorded as the diameter of inhibition zones

determined as a distance of >1 mm between the circular area {= lawn of the

isolate) and the end of the clear zone bounded by the lawn of the test strain.

13 mm

20 mm

Figure 4.21. The antimicrobial activity of the crude extract of B.
amyloliquefaciens against A. caviae by disc difftision assay
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4.2,5. Determination of the minimum inhibitory concentration (MIC)

The minimum inhibitory concentration was determined by broth dilution

method. The pathogenic bacteria, such as A, caviae, V. parahemolyticus and E.

coli were inoculated in nutrient broth and incubated at 34 °C for 16 h till the

turbidity attained at about 1 x 10^ CTU/ml.. The extracellular crude extracts were

prepared in concentrations, such as 6.25 pg, 12.5 pg, 25 pg, 50 pg and 100 pg in

methanol. ITie test inoculum (100 pL) was added into the micro-titre well plates

along with 100 pL of the test organism, whereas solvent methanol (100 pL) was

used as blank. The ab.sorbance was measured at 650 nm. The MIC was

determined at the concentration where the absorbance was less than 0. The MIC

was found to be lesser than 12.5 pg for all the test organisms.

43 PURIFICATION AND CHARACTERIZATION OF THE SECONDARY

METABOLITES FROM B. amyloliquefaciens

43.1 Chromatograohic purification of secondary metabolites from B,

amyloliquefaciens

The crude extract of B. amyloliquefaciens was initially eluted through C-

18 E strata to remove less polar compounds in the mixture. The eluted fraction

was further purified by over reverse octadecylsilane-Cig stationary phase using

acetonitrile (MeCN): methanol (MeOH) (80:20, v/v; 10 mL/min) to yield four

fractions (BA1-BA4). Among these fractions BA4 was obtained with greater

yield, which was further purified by reverse-phase preparative high-pressure liquid

chromatography (RP-HPLC, Ci8-L4 cm 25 cm, 5 pm) using MeCN:MeOH

(80:20, v/v; 10 mL/min) to yield compounds 1 and 2, which were found to be

homogeneous in TLC (CHCl3/MeOH, 4:1 v/v) and RP-HPLC (MeOH:MeCN, 80:20

v/v).

4.3.2. Spectroscopic analysis of bioactive secondary metabolites isolated

from EtOAc extract of B. amyloliquefaciens

Repetitive chromatographic fractionations of EtOAc extract of B.

amyloliquefaciens yielded two pure compounds. The structures of identified
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metabolites were assigned by extensive one-dimensional (ID) nuclear magnetic

resonance (NMR) spectroscopy including proton ('H)-500 MHz, carbon ('^C)-

125 MHz, '^^DEPT-distortionless enhancement by polarization transfer and two-

dimensional (2D) NMR analyses including 'H-'H COSY-correlation

spectroscopy, HSQC-heteronuclear single quantum coherence, HMBC-

heteronuclear multiple bond correlation, NOESY-nuclear overhauser effect

spectroscopic experimentations combined with mass and fourier-transform-

iniwed (FTIR) experiments. The characterized bioactive secondary metabolites

from B. cmiyloliquej'aciens was classified as polyketide class of compounds

characterized as 1 -(8-hydroxy-1 -oxoisocliroman-3-yl)propyI 4'-(6'-hydroxy-8'-

oxotetrahydrofuran-5'-yl)acetatc (1) and 6'a-(3*-(r-(8-hydroxy-l-oxoisochroman-

3-yl)propoxy)-3'-oxoethyl)-8'-oxotetrahydrofuran-6'-yl butyrate (2).

Table 4.9. Structural characterization of polyketide compound (1)

l-(8-Hydroxy-l-oxoisochroman-3-yl)propyl-4'-(6'-hydroxy-8'-oxotetrahydrofuran-5'-

yl)acetate (1)

OH

°=CQ
Yield 45.23 mg

Physical description brown oily

Molecular formula CigHjoOg

Molecular mass 364.1158

The polyketide class of compound designated as 1-(8-hydroxy-1-oxoisochroman-

3-yl)propy! 4'-(6'-hydroxy-8'-oxoletrahydrofuran-5'-yl)acetale (1) was isolated as

a brown oily compound. It displayed UV absorbance (in MeOH) at (log e

4.093) 207 nm. The purity of the compound was supported by RP Cig HPLC

{using 80:20 MeCNiMeOH, v/v (Rt 2.77)} experiment.
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WaveleriRth (X) Absorbance (nm)

77.1 1.072

270.9 1.108

266.1 1.119

261 1.134

255 1.182

241.1 1.507

236 2.144

234 1.924

220 3.19

214.1 3.617

207.9 4.093

206 3.396

203.1 3.392

0

200 «Q SOO SOO 700
WMtn(^|nm)

000

Figure 4.22. Absorption maximum of polykctide (1)

2Mnm.4nrft<1 00)

Figure 4,23. HPLC chromatogram of polyketide (1)

0
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7  ̂OH

Figure 4.24. 'H-'H COSY (bold-face red-bonds), selected HMBC (double-barbed

arrows) correlations of compound 1

Table. 4.10. NMR spectroscopic data of polyketide(l) in MeOD^

J
CNo. 13c ' H (int., mult., J in Hz}** 'h-'h cosy HMBC

1 168.42

3 83.54 4.64 (IHo, q, 7.29) H-4 C-l, 10,1'

4 36.87 3.18 (2H,d, 6.28) C-5, 10

5 130.61 7.09 (lH,d, 6.02) H-6 C-6, ID

6 141.95 7.47(lH,dd, 8.31) H-7 C-7

7 115.55 6.85 (IH, d, 6.13) C-8,9

8 161.57

9 117.93

10 139.26

r 76.69 4.43 (IHp, m) H-r C-3, 1'"
3' 172.92

4' 34.23 2.67 (2H,d,5. 62) H-5* C-3', 5'

5' 87.36 5.28(1 Ha, m) C-8', 3'

6* 72.22 3.69(1 Ha, m) H-7' C-5', 7'

T 36.39 2.42 (2H, d, 8.94) C-8'

8' 177.68

r 29.63 1.31 (2H,m) H-r" c-r

,.h
18.29 0.97 (3H, t, 7.15) C-I"
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>IMR spectra recorded using Bruker AVANCE III 500 MHz (AV 500)

spectrometers.

^Values in ppm, multiplicity and coupling constants {J = Hz) are indicated in
parentheses.

Assignments were made with the aid of the 'H-^H COSY, HSQC, HMBC and

NOESY experiments.

OH

"OH I I

Figure 4.25. NOESY (coloured arrows) cross-peaks of the polyketide (1).

NOESY correlations were represented by two-sided double barbed arrows.

4.3.3. Spectoscopic characterization of l-(8-hydroxy-l-oxoisochroman-3-

yl)propyl 4'-(6'-hydroxy-8'-oxotetrahy(lrofuran-5'-yl)acetatc (1)

l-(8-hydroxy-l-oxoisochroman-3-yl) propyl-4'-(6'-hydroxy-8'-oxotetra-

hydro{uran-5'-yl)acetate (1), a previously undescribed polyketide was isolated as a

brown oily liquid upon repeated chromatographic purification of the EtOAc

extract of B. amyloliquefaciens. Its mass spectrum demonstrated a molecular ion

peak at m/z 364 (m/z: 364.1162 [M]^, cal. for 364.1158), which in combination

with its one and two dimensional NMR data (Table 4.9) suggested the elemental

composition of the compound as CigH2o08.
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Figure 4.26. 'H NMR spectrum of polyketide (I)

The '^C-NMR spectrum of the compound 1, exhibited 18 carbon signals, which
were assigned to four sp^ raethylenes, four sp^ methines, one sp^ methyl, three sp^

methines, and six quaternary carbons based on NMR and DEPTHS NMR data

of the tilled compound 1.

qi
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Figure 4.27. '^C NMR spectrum of polyketide (1)

The 'H and '^C NMR spectra demonstrated characteristic signals for three ester

carbonyls (5C 168.42, 172.92 and 177.68), hydroxylatcd quaternary Ccirbon (5C

161.57), oxygenated methines (bH 4.64/6C 83.54; 6H 4.43/6C 76.69; 5H 3.69/5C

72.22), carbonyl methylenes (6H 2.42/5C 36.39; 5H 2.67/6C 34.23) and

hydroxylatcd methine (6H 3.69/5C 72.22). The carbon signal at 6C 76.69 (HSQC

with 5H 4.43), 6C 87.36 (HSQC with 6H 5.28) and 6C 83.54 (HSQC with 6H

4.64) supported the occurrence of ester groups in tlic studied compound 1.
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Figure 4.28. '^^DEPT NMR spectrum of polyketide(l)

The 'H-NMR signals at 5H 7.09 (HSQC with 5C 130.61). 7.47 (HSQC with

6C14I.95), 6.85 (HSQC with 5C 115.15) appropriately suggested the presence of

benzene ring in the compound. The 'H-'H COSY correlations, such as H-5 to H-

7: 5H 7.09 (designated as H-5)/ 7.47 (H-6)/ 6.82 (H-7) along with the HMBC

correlations from 5H 7.09 (H-5) to 5C 141. 95 (C-6), 139.26 (C-10); 5H 7.47 (H-

6) to 6C 115.55 (C-7) and 5H 6.85 (H-7) to 5C 161.57 (C-8) further substantiated

the existence of the benzene ring in compound 1.

q3
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Figure 4.29. 'H-'H COSY NMR spectrum of polyketide (1)

Similarly, the COSY correlations, such as 5H 4.64 (H-3)/ 5H 3.18 (H-4) together

with the HMBC correlations from 5H 4.64 (H-3) to 6C 168.42 (C-l), 139.26 (C-

10) and 6H 3.18 (H-4) to 6C 139.26 (C-IO) appropriately supported the pyranone

ring in the compound. The carbon signals at 6C 117.93 (C-9) and 6C 139.26 (C-

10) did not exhibit HSQC correlation with any of the proton, thus, these could be

quaternary carbons. The highly deshielded carbon signal at 6C 161.57 did not

exhibit any HSQC correlations, and therefore, it could be a quaternary carbon, and

its remarkably downfield value might owe to the attachment of hydroxyl group.
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Figure 4.30. HSQC NMR spectrum of polyketide (1)

The HMBC cross peaks from 6H 3.18 (H-4) to 5C 130.61 (C-5X 139.26 (C-10);

6H 7.09 (H-5) to 6C 139.26 (C-10) and 6H 6.85 (H-7) to 5C 117.93 (C-9)

suggested that the benzene ring was fused with the pyranone ring, and thus it

supported the presence of S-hydroxyisochromanone as the basic skeleton in the

compound 1 (Park et aL, 2016). The ester carbonyl in the isochromanone was

designated as C-1 and other carbon atoms were numbered according to the

previous literature (Li et «/., 2012). The HMBCs from 511 4.43 (H-T) to 5C

172.92 (C-3'); 5H 2.67 (H-4') to 5C 172.92 (C-3'), 87.36 (C-5') and 5H 5.28 (PI

S') to 6C 172.92 (C-3') suggested an isopropyl propionate chain, and its position

of attachment to 8-hydroxyisochromanone at C-3 position was further supported

by the HMBC correlations from 6H 4.65 (H-3) to 5C 76.69 (C-T). The 'H-'H

COSY correlations from H-1' to H-l'^ {4.43 (H-T)/ 1.31 (H-T®)/ 0.97 (H-1'^)}
accounted for an ethane chain, which was attached to C-T position of the
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isopropyl propionate moiety. These arreibulions were further confirmed by the

HMBC correlations, such as 8H 0.97 (H-l'*') to 6C 29,63 (C-r°); 5H 4.43 (H-1') to

18.29 (C-r''), 172.92 (C-3').

tax

OH {4.<<3.tB29

{4.25,36.39

.Aw'' A. JL.U ._ji 1

{0.97,29.63

{/.4;.HS.55]

:4,X5.70.7I>
<4.64,76.69i (1.31.76.69)

M.43.03.54> I

:6.e5.n7.93t

(3.18.130.611

(7.09,14195^ ««7«39.26^8.I39.26^
^(7.09.139.26)
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Figure 4.31. HMBC NMR spectrum ofpolyketide (1)

The 'H-'H cosy correlations from H-6' to H-7' {6H 3.69 (H-6')/ 2.42 (H-7')}

together with the HMBC correlations, such as 5H 5.28 (H-5*) to 6C 177.68 (C-8'),

6H 3.69 (H-6') to 5C 36.39 (C-T), 87.36 (C-5') and 5H 2.42 (H-7) to 50 1787.68

(C-8') proposed a dihydrofiiranone ring in the compound 1. In addition, HMBCs
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from 5H 5.28 (H-5') to 5C 172.92 (C-3') and 6H 2.67 (H-4*) to 6C 87.36 (W)

attributed the attachment of this dihydrofuranone moiety with the isopropyl

propionate at C-5' position. Thus, the 8-hydroxyisochromanone attached with the

butyl 2-(5-oxotetrahydrofiiran-2-yl)acetate chain could yield l-(8-hydroxy-l-

oxoisochronian-3-y])propyi 2-(5-oxolctrahydrofuran-2-yi)acctate. The latter was

found to be similar to amicoumacins isolated from a marine-derived bacterium B.

subtilis (Li et al.^ 2012)

^ -L-i 1 A 1 _J

■.» 14 n *.5 *4 VS M ».l S.* f.S M U 14 M '«.9 -14

Figure 4.32. NOSEY spectrum of polykctidc (1)

The NOE correlations, such as 6H 4.64 (H-3)/ 5.28 (H-5')/ 2.42 (H-7')/ 3.69 (H-6')
suggested the close proximity of these protons, and were assigned to be M-oriented

(Park et ai, 2016). Thus the isopropyl propionate C-5' could be ^-oriented.
Notably, the proton signal at 6H 4.43 (H-T) did not exhibit NOE correlation with

the a-oriented protons, which showed that it was //-oriented, and the ethane side

chain attached to it was assigned as //-oriented (Park el al., 2016).

Cf
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Figure 4.33. FT-IR spectrum of polykelide (1)

The FTIR spectrum of the compound 1, exhibited absorption bands at 3224 cm"^

thus confirming the presence of hydroxyl group in the compound. Similarly, the

absorption bands at 1735 cm"' could correspond to the C=0 stretching, and that at

1546 cm"' was attributed to the aromatic C=C stretching vibrations.
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Figure 434. GCMS spectrum of polyketide (1)

The mass spectrum of the titled compound exhibited molecular ion peak at m/z

364.1, which on elimination of the hydroxyl group yielded l-(l-oxoisocliroman-3-

yl)propy] 2-(3-hydroxy-5-oxotetrahydrofuran-2-yl)acetate (B) with m/z 347.1.

The latter underwent elimination of hydroxyl group from C-6', to yield 1-(1-

oxoisochroman-3-yl)propyI 2-(5-oxotetrahydrofuran-2-yl)acetate (C) with m/z

333.1.
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Figure 4.35. Mass fragmentation pattern of polyketide (1)

The fragment ion further underwent McLafferty rearrangements to afford a
fragment ion at m/z 331.1 {6-oxo-6-(l-(I-oxoisochroman-3-yl)propoxy)hex-3-
enoic acid (D)}, which on hydrogenation of the double bond and McLafferty
rearrangement yielded a fragmented ion at m/z 286.1 {l-(l-oxoisochroman-3-

yl)propyl-pent-3-enoate (F)}. The latter underwent hydrogenation and McLafferty
rearrangements to obtain a fragment ion at m/z 247.1 (H). This fragment ion
appeared to undergo subsequent hydrogenation and McLafferty rearrangement to
yield 3-(prop-l-en-l-yl)isochroman-l-one (I, fn/z 187.1). This radical cation
repeatedly underwent McLafferty rearrangement and hydrogenation to yield 2-

(0^
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(pent-2-en-l-yI)benzoic acid (L) with m/z 190.1. This Fragmented ion further

eliminated CH02V followed by removal of CsHn* to yield phenyl radical cation

with m/z 77.0 (N) as the base peak.

Table 4.11. Structural characterization of polyketide compound (2)

6*a-(3'-(l'-(8-Hydroxy-l-oxoisochroman-3-yl)propoxy)-3*-

oxoethyl>-8'-oxotetrahydrofuran-6'-yl butyrate (2)

OH 0

Yield 38.52 mg

Physical description brown oily

Molecular formula C22H26O9

Molecular mass 434.1577

Structural characterization of polyketide compoimd (2) bearing 3'-oxoethyl-8'-

oxotetrahydrofuran-6*-yl butyrate moiety

The polyketide-type of compound characterized as 6'a-(3'-(r-(8-hydroxy-l-

oxoisochroman-3-yl)propoxy)-3'-oxoethyl)-8'-oxotetr£ihydrofuran-6'-yl butyrate

(2), was isolated as a brown oily compound. It displayed UV absorbance (in

MeOH) at ax (log c 3.849) 274 nm. The homogeneity of the compound was

supported by RP C18 HPLC { 80:20 MeCN:MeOH, v/v (R[ 2.75)} experiments.

/of
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Waveienftth (X) Absorbance (nm)

323 1.018

310 1.177

289 2.007

284 2.527

274.1 3.849

267 2.67

260.1 2.569

256.9 3

255 2.457

249.1 2.959

244 2.757

239 2.292

233.1 2.204

207.9 3.419

200 300 400 500 600
W^Mle^gth (nm]

700 eoo

Figure 4.36. Absorption maximum of polyketide (2)

Figure 437. HPLC chromatogram of polyketide (2)

(pa)
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Table 4.12. NMR spectroscopic data of polyketide (2) in MeOD*

OH O

C. No. "c ' U (int, mult, J in Hz) 'h-'hcosy HMBC

1 169.85

3 82.58 4.65 (IHa, q, 7.11) c-1, 10, r

4 36.49 3.18 (2H,d, 6.23) C-5, 10

5 130.61 7.07 (IH, d, 6.11) H-6 C-6, 10

6 141.95 7.42(lH,dd, 8.02) H-7

7 115.17 6.75 (IH.d, 6.13) C-6,8,9

8 165.37

9 118.31

10 139.56

r 77.73 4.41 (IHA m) H-I" C-3. l'*"
3' 175.28

4' 34.30 2.68 (2H, d, 5.78) C-3', 5'

5' 92.20 5.62 (IHa, m) C-8'

6' 68.11 4.25 (IHa, m) H-7' C-5', 7', ff*

r 36.84 2.46 (2H, d, 8.54) C-8', 3'

8' 178.88

1" 28.27 1.31 (2H, m) H-r" c-r

r" 21.41 0.97 (3H,t,7.I9) c-r

6" 172.9

6* 38.94 2.33 (2H, t,6.I8) 6'^ C- 6", 6"=

e-" 20.00 1.70 (2H, q. 7.54)

18.29 0.94 (3H,t,5.09) 6'"

NMR spectroscopic data of 6'a-(3'-(l'-(8-hydroxy-l-oxolsochroman-3-
yl)propoxy)-3'-oxoethyl)-8'-oxotetrahydrofuran-6'-yl butyrate (2) in MeOD'^

"NMR spectra recorded using Broker AVANCE III 500 MHz (AV 500)
spectrometers.

Values in ppm, multiplicity and coupling constants (./ = Hz) are indicated in
parentheses.
Assignments were made with the aid of the 'H-'H COSY, HSQC, HMBC and
NOESY experiments.

|C>3
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OH O OH O

Figure 4.38. 'H-'h COSY (bold-face red-bonds), selected HMBC (double-barbed

arrows) correlations of compound 2

OH O

Figure 4.39. NOESY (coloured arrows) cross-peaks of the polyketide compound

(2). NOESY correlations were represented by two-sided double barbed arrows.

4.3.4 Spectoscopic characterization of compound 6*a-(3'-(r-(8-hydroxy-l-

oxoisochroman-3-yl)propoxy)-3*-oxoethyl)-8*-oxotetrahydrofuran-6*-

yl butyrate (2)

The polyketide compound (2), characterized as 6'a-(3'-(r-(8-hydroxy-l-

oxoisochroman-3-yl)propoxy)-3'-oxoethyl)-8'-oxotetrahydrofuran-6'-yl butyrate

(2) was obtained as a brown oily liquid after repeated chromatographic

purification of EtOAc extract of B. amyloliquefaciens. The molecular formula of

the compound was obtained as C22H26O9 that was further supported by the

molecular ion peak at m/z 434 (m/z: 434.1577 [M]+, cal. for 434.1573).

0^
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Figure 4.40. H NMR speclrum of polyketide (2)

The '^C-NMR spectrum of the compound 2, showed 22 carbon signals, which
were assigned to six sp^ methylenes, four sp^ methines, two sp^ methyls, three sp^

methines, seven quaternary carbons based on combined '^C NMR and DEPT135

experiments.
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Figure 4.41. *^C NMR spectrum of polyketide (2)

The 'H and '^C NMR spectra demonstrated characteristic signals for four ester

carbonyls (6C 169.85, 175.28, 178.88 and 172.90), hydroxylated quaternary

carbon (6C 165.37), oxygenated methines (5H 4.65/5C 82.58; SH 4.41 /6C 77.73;

5H 4.25/5C 68.11; 5H 5.62/5C 92.20) and carbonyl methylenes (6H 2.68/6C

34.30; 6H 2.46/6C 36.84; 5H 2.33/6C 38.94). The carbon signal at 5C 82.58

(HSQC with 6H 4.65), 5C 77.73 (HSQC with 6H 4.41), 5C 92.20 (HSQC with 6H

5.62) and 6C 68.11 (HSQC with 5H 4.25) appropriately supported the presence of

ester groups in the titled compound. The proton signals at 5H 7.07 (HSQC with

5C 130.61), 7.42 (HSQC with 6C141.95), 6.75 (HSQC with 6C 115.17) supported

the presence of benzene ring in the studied compound.

]0^
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Figure 4.42. '"^^DEPT NMR spectrum of polyketide (2)

The 'H-'H cosy spin system such as, H-5 to H-7; 6H 7.07 (designated as H-5)/
7.42 (T-I-6)/ 6.75 (H-7) along with the HMBC correlations from 5H 7.07 (H-5),

6.75 (H-7) to 6C 141. 95 (C-6) and 6H 6.75 (H-7) to 6C165.37 (C-8) further

confirmed the presence of benzene ring in the compound. Subsequently the COSY

correlations such as, 6H 4.65 (H-3)/ 511 3.18 (H-4) combined with the HMBC

correlations from 5H 4.65 (H-3) to 6C 169.82 (C-1), 139.86 (C-10) suitably
supported the pyranone ring in the studied compound. The carbon signals at 5C

118.31 (C-9) and 6C 139.56 (C-10) does not exhibit HSQC correlation with any
of the proton thus these must be quaternary carbons. The highly downfield carbon

signal at 5C 165.37 does not exhibit any HSQC correlations, thus it must be a

quaternary carbon and its highly downfield value might be due to the attachment

of hydroxyl group.
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Figure 4.43. ̂ H-'H COSY NMR spectrum of polyketide (2)

The HMBC cross peaks from 5H 6.75 (H-7) to 6C118.31 (C-9); 6H 7.07 (H-5) to

5C 139.65 (C-10) and6H3.18(H-4)to5C 139.56 (C-10), 130.61 (C-5) suggested

the attachment of benzene ring with pyranone ring and thus it supported 8-

hydroxyisochromanone as the basic skeleton in the compound 2 (Park et al.^

2016). The ester carbonyl in the isochromanone was designated as C-1 and other

carbon atoms are numbered according to the previous literature (Li et ai, 2012).

The HMBCs from 5H 4.41 (H-1') to 60 175.28 (C-3'); 6H 2.68 (H-4') to 60

175.28 (C-3'), 92.20 (C-5') and 6H 5.62 (H-5') to 6C 175.28 (C-3*) suggested an

isopropyl propionate chain and its attachment to 8-hydroxyisochromanone at C-3

position was further supported by the HMBC correlations from 6H 4.65 (H-3) to

6C 77.73 (C-T), 169.82 (C-I).
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Figure 4.44. HSQC NMR spectrum of polyketide (2)

The 'H-'H cosy correlation from H-T to H-T'' {4.41 (H-I')/ 1.31 (H-l'V 0.97

(H-T*^)} accounts for ethane chain. The attachment of this ethane side chain at C-

V of the isopropyl propionate was confirmed by the HMBC correlations such as;

5H 0.97 (H-r") to 5C 28.27 (C-l'"); 5H 4.41 (H-T) to 21.41 (C-I'^ 175.28 (C-3')-

Consequently 'H-'h COSY correlations from H-6' to H-7' (5H 4.25 (H-6')/ 2.46

(H-7')} together with the HMBC correlations such as, 5H 5.62 (H-5') to 6C 178.88

(C-8'), 5H 4.25 (H-6') to 6C 36.84 (C-7'), 92.20 (C-5') and 5H 2.46 (H-T) to 5C

178.88 (C-8') suggested dihydrofuranone ring in the compound 2.
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Figure 4.45. HMBC NMR spectrum polykctide (2)

The attachment of this dihydrofuranone moiety with the isopropyl propionate at

C-5* was supported by the HMBCs from 6H 5.62 (H-5') to 5C 175.28 (C-3') and

5H 2.68 (H-4') to 5C 92.20 (C-5'). Thus, the 8-hydroxyisochromanone attached

with the butyl 2-(5-oxotetrahydrofuran-2-yl)acetate chain to obtain l-(8-hydroxy-

1 -oxoisochroman-3-yl)propyl 2-(5-oxotelrahydrofuran-2-yl)acetate and which

was found to be similar to amicoumacins Isolated from a marine-derived

bacterium B. suhiilis (Li et «/., 2012). The COSY spin system fron H-'*' to H-6"^

{6H 2.33 (H-b'V 6H 1.70 (H-6'^) along with the HMBC correlations from 5H

2.33 (H-6''') to 5C 172.9 (C-6'a), 20.00 (C-6") and 5H 0.94 (H-b"*) to 5C 20.00 (C-

6"^), 6C 38.94 (C-b'**) confirmed butyrate side chain. The attachment of this

,|0
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butyrate chain at C-6' of the dihydrofuranone ring was confirmed by the HMBC

correlations from 6H 4.25 (H-6') to 5C 172.90 (C-6"), 92.20 (C-5'), 36.84 (C-7').
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Figure 4.46. NOSEY spectrum of polyketide (2)

The NOE correlations such as, 6H 4.65 (H-3)/ 5.62 (H-5')/ 2.33 (H-6''')/ 4.25 (H-

6') suggested the close proximity of these protons and these protons were

arbitrarily assigned to a-oriented (Park et al.^ 2016). Thus the butyrate chain at C-

6' must be p~ oriented. Whereas, the proton signal at 6H 4.41 (H-T) does not

exhibit NOE correlation with a-oriented protons, which showed that it was /i-

oriented and the ethane side chain attached to it was assigned as fi- oriented (Park

etal.y 2016).



97

2S0C 3300

W*>«nunil)n (or-1;

Figure 4.47. FT-IR spectrum of compound of polyketide (2)

The FTIR spectrum of the compound 2, exhibited absorption bands at 3374 cm'^

confirming the presence of hydroxyl group in the compound. Similarly the

absorption bands at 1734 corresponds to C=0 stretching and 1448 cm'^

corresponds to aromatic C=C stretching vibrations.
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Figure 4.48. GCMS spectrum of polyketide (2)

The mass spectrum of the titled compound exhibited molecular ion peak at ra/z

434.2, which on elimination of the hydroxyl group to yield 5-oxo-2-(2-oxo-2-(l-

(l-oxoisochroman-3-yI)propoxy)ethyl)lelrahydrofuran-3-yl butyrate (B) with m/z

417.2. This ion further underwent subsequent McLafferty rearrangements to

obtain radical cation at m/z 331.1 {6-oxo-6-(l-(l-oxoisochroman-3-

yl)propoxy)hex-3-enoic acid (E)}, which on further McLafferty rearrangements to

yield a fragmented ion at m/z 187.1 {3-(prop-l-en-l-yI)isochroman-l-one (H)}.

This again underwent McLafferty rearrangements and subsequent hydrogenation

of the double bond to obtain a fragment ion peak at m/z 190.1 (K). This further

11^
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eliminate CH02* and C5H) i* to yield phenyl radical calion with m/z 77.0 (M, base

peak).
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Figure 4.49. Mass fragmentation pattern of polyketide (2)

4.3.5 Bioactive (antioxidant and anti-inflammatory) potentials of secondary

metabolite isolated from the organic extract of B. amyloliquefaciens

The free radical inhibiting activities of the polykrlides I and 2, isolated

from EtOAc extract of B. amyloliquefaciens were described in Table 4.13. The

antioxidant activities of the isolated compounds were determined by the in vitro

DPPH and ABTS^ scavenging experiments.
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Table 4.13 In vitro bioaclive potentials (antioxidant and anti-inflammatory) of

polyketides (1-2)

Antioxidant activity (IC50; mg/mL) 1 2

^DPPH scavenging activity 0.35'±0.02 0.31 ̂±0.03

''ABTS' scavenging activity 0.36"±0.02 0.32''±0.04

Anti-inflammatory activity (IC50; mg/mL) 1 2

•"S-LOX inliibition activity o.9r±o.oi 0.90*'±0.03

•^The bioactivities were expressed as IC50 values (mg/mL). The samples were

analyzed in triplicate (n=3) and expressed as mean ± standard deviation. Means

followed by different superscripts (a-b) within the same row indicated significant

differences (p<0.05).

The polyketide compound designated as 6'a-(3'-(r-(8-hydroxy-l-

oxoisochroman-3-yl)propoxy)-3'-oxoethyl)-8'-oxotetrahydroftiran-6'-yl butyrate

(2) displayed significantly greater antioxidant activities against DPPH (IC50 0.31

mg/mL) (ICso 0.32 mg/mL) compared to l-(8-hydroxy-l-oxoisochroman-3-

yI)propyl 4'-(6'-hydroxy-8'-oxotetrahydrofuran-5'-yl)acetate (1) (DPPH IC50 0.35

mg/mL; ABTS^ IC50 0.36 mg/mL. Similarly, the compound also recorded with

greater anti-inflammatory properties as determined by 5-LOX inhibitory assay (5-

LOX, IC50 0.90 mg/mL) compared to that exhibited by compound 1 (5-LOX, IC50

0.98 mg/mL). ITius the antioxidant and anti-inflammatory activities were found to

be greater for compound 2.

ir
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5. DISCUSSION

The natural products from coastal and marine ecosystems were continued

to be a key source of previously undcscribcd compounds for developing novel

pharmacophore leads (Cragg and Newman, 1997; Newman and Cragg, 2003;

2007; 2012; 2016). According to the recent reports, the natural product driven

drugs attribute to more than 40 billion USD in the market apart from the non-

pharmaceutical uses of bioactive compounds, such as terpenoids and polyketides

in the field of aquaculture and agriculture (Demain, 2014). According to several

reports, over the past 30 years, 75 % of novel antibiotics and 60 % of newer class

of medicines for the treatment of cancer were originated from the natural products

(Carrano and Marinelli, 2015, Pye et ai., 2017).

Microbial natural products have a broad spectrum of biological

characterestics along with their structural diversities, which led into the treatment

of several diseases including cancer, diabetics, hormonal and immune disorders,

inflammatory diseases and microbial infections (Knight et ai, 2003). Mangrove

sediment associated bacteria is a reservoir of metabolic diversity. In the last

decades, the number of reported secondary metabolites from marine bacteria has

progressively increased. Throughout the years, extensive screening programs

were developed worldwide and great efforts have been devoted aiming of the

isolation of new metabolites from mangrove associated microorganisms. In spite

of great gains, several challenges exist in the field of microbial natural product

discovery, such as the difficulties in the isolation and culturing of microbes under

the laboratory conditions (Sun et al.. 2019). An approximate number of 107

bacteria, 102 fungal spores and 105 actinomycetes are present in 1 g of fertile soil,

even though only 5% of those organisms were able to be cultivated under the

laboratory conditions (Carrano and Marinelli, 2015), New methods are being

investigated to increase the speed of isolation and characterization of bacteria and

to develop plans to overcome these difficulties like OSMAC strategies,

metagenomic sample sequencing from soil and water, metabolomic methods and

genome mining (Handelsmanl et ai, 1998; Sekurova e/i//., 2019).

i i^
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The mangrove plants are specialized plants that grow in the intertidal

coasts of tropical and subtropical regions of the world. The unique ecology and

traditional medicinal uses of mangrove plants have attracted the attention of

researchers over the years, and as a result, reports on biological activity of

mangrove associates have increased significantly in recent years. Mangrove and

mangrove associates were reported to contain biologically active compounds

(Bandaranayake, 1995). TTiey provide a rich source of small molecular bioactives

including steroids, triterpenes, saponins, flavonoids, alkaloids and tannins

(Bandaranaycike, 1995). These adverse biochemical conditions also necessitate

to enable tliese plants to generate various biologically active metabolites (Nebula

et al.^ 2013), which protect them from these destructive elements. These salt-

resistant species are the richest natural sources of high value bioactive

compounds, many of which belong to unprecedented chemical classes not found

in other sources.

ITie explorations of previously unfathomed spaces for finding novel

pharmacophore candidates were quite promising. Mangrove sediment associated

bacteria have gained the attention many natural product drug discoverers apart

from Streptomyces (Gao at a/., 2010; Sun ei al., 2019). Polyketide classes of

compounds arc structurally divergent molecules with potential pharmacological

properties, and were reported to occur in microorganisms (Winter et aL, 2016).

This group of compounds can potentially bind to the target enzymes required to

exhibit the bioactivities, and were therefore, found potential applications in the

discovery of more effective pharmacophores (Driggers et a!., 2008). Polyketide

compounds, such as macrolactin have wide range of antibacterial activity against

pathogenic bacteria such as S. aureiis and E. coli (Gao el aL, 2010).

The present study titled 'Identification and characterization of bioactive

leads from mangrove sediment associated bacteria and assessment of their

therapeutic potential' was aimed to isolate, identify and characterize mangrove

sediment associated bacteria and assessment of their therapeutic potential coupled

/l£
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with the evaluation and characterization of the purified compounds from the

bacteria.

A total of 10 sediment samples were collected from the Mangalavanam

mangrove ecosystem, Kochi, India. The samples were serially diluted, spread

plated in nutrient agar plates, supplied with 0.5 % NaCl and incubated at 34 °C for

almost 1 week. The growth was visible after 24 h onwards. A total of 40 bacteria

were selected from the nutrient agar plates were tested against both gram positive

and gram negative pathogenic bacteria, such as V. parahemolyticus, E. coli,

mcthicillin resistant S. aureus and A. caviae by spot-over-lawn-assay in Mueller

Hinton Agar plates after a previous report of literature (Chakraborty et aL, 2014).

The isolates were preserved as slant cultures and slab cultures at 20 °C and as

glycerol stocks (50 %) at -80 °C.

Among the total number of 40 isolates, 25 isolates, i.e., 62.5 % of the

isolates were active against at least one of the lest pathogen with an inhibition

zone diameter > 10 mm, whereas 15 isolates i.e., 37.5 % showed an activity of >

15 mm. A total of 15 % of the isolates were active against at least one pathogen

with an inhibition zone diameter > 20 mm, whereas 40 % and 10 % of the isolates

displayed activities against methicillin resistant S. aureus with an inhibition zone

> 10 mm and > 15 mm, respectively. A total of 45 % of the isolates were active

against V. parahemolyticus with an activity of > 10 mm, whereas 30 % of them

showed activity with > 15 mm inhibition zone. Among the total isolates, 12.5 %

exhibited significant activity against E. coli, only 2.5 % of the isolates showed

significant activity with > 15 mm zone diameter. An inhibition zone of > 10 mm

was displayed by 20 % of the isolates against A. caviae but only 0.05 % showed

activity greater than 20 mm.

Among the total 40 isolates, 25 were gram positive and 15 were gram

negative. A total of 47.5 % of the isolates were gram positive rods, whereas 10 %

were gram positive cocci, 40 % were gram positive rods, and one of the isolate

was a gram negative coccus. Biochemical characterizations, such as malonate,

iiH
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vogues proskauer, citrate, ONPG, nitrate reduction, catalase, arginine, coupled

with sugar utilization tests for sucrose, mannitol, glucose, arabinose and trehalose

were performed along with morphological characterization.

The bacterial isolates, which were found to exhibit negative reaction to

catalase and nitrate reduction, were gram positive rods, and were found to ferment

glucose, were grouped as Closthdium (Brown, 1939). The Gram positive rods,

which were catalase positive were grouped as Bacillus species (Gordon et al.,

1973; PHE, 2018). Bacillus species was further differentiated based on the

biochemical tests performed. Phenotypic differentiation has been difficult within

the genus Bacillus, even though differences in motility, carbohydrate utilization,

and hemolysis pattern were found to exist between the different species. The

Bacillus group is divided mainly into two i.e. B. cereus group and B. suhtilis

group (PHE, 2018). The B. cereus group included species, such as B. anthracis, B.

mycoides, B. cereus, B. pseudomycoides, B. weihenstephanensis, B. thuringiensis,

B. cytotoxicus and B. paramycoides (Liu et al., 2017; PHE, 2018). The

characteristic feature of the B. cereus group were their presence of lecithinase and

inability to produce acids from mannitol, motility and penicillin resistance was

exhibited by all species belonging to Bacillus, except B. anthracis, which has

been non-hemolytic in nature (PHE, 2018). Some strains of B. cereus were

harmful for humans causing food borne illnesses, whereas there were reports of

beneficial probiotics for feeding livestock (PHE, 2018).

The species in B. suhtilis group, such as B. suhtilis subsp. suhtilis,

B. suhtilis subsp. spizizenii, B. vallismortis, B. mojavensis, B. clausii, B.

atrophaeus, B. amyioliquefaciens, B. licheniformis, B. atrophaeus, B. sonorensis,

B.firmus, B. sporothermodurans and B. lentus were difficult to differentiate since

they have been closely related (PHE, 2018). Since Bacillus species were poorly

stained, they could be confused with Pseudomonas. The cell of B.suhtilis were

lesser than 1 pm in width with ellipsoidal spores, and they were mesophilic,

regarding temperature and neutrophilic with respect to pH but higher pH could be

tolerated.
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The isolates were screened for antioxidant activities by spraying DPPH

into the filter paper with microbial extracellular metabolites in the medium

(Velho-Pereira et al., 2005). The isolates designated as S2A, S2C, S2B, SI OB,

S1OC exhibited potentially greater zone of clearance than other bacterial isolates,

indicating their antioxidant activities. TTie isolates S2A and S2B were later

identified as B. amyloliquefaciens and B. paramycoidcs, whereas S2C, SI OB and

SIOC were found out as B. cereus.

The molecular characterization of the selected isolates was carried out by

extracting genomic DNA from the bacteria, ampliHcation and 16S rRNA

sequencing. The sequences were searched in NCBI-blast for similarity check and

> 99% similarity was observed with the database. The bacterial sequences were

submitted in the GenBank using Bankit software and the NCBl-GenBank

accessions were obtained for the sequences. The isolates, S2A and S4A were

identified as B. amyloliquefaciens, whereas SI A, S2C, SI OB and SIOC were

found out as B. cereus. The isolates designated as, SIC and S2B were recognized

as B. paramycoides, whereas S2D was found out as B. anlhracis. The occurrence

of ftinctional gene systems, such as PKS and NRPS biosynthetic gene clusters

which were involved in the synthesis of many secondary metabolites in the

microorganisms could be found out by targeting specific primers to the PKS and

NRPS gene sequence (Ayuso-sacido et al., 2005). The presence ofpks gene in the

isolate S2A, B. amyloliquefaciens was attributed by using the primers gcf and gcr

and the 700 bp PKS gene sequence was submitted in EMBOSS software, and

further submitted in GenBank. The GenBank accession number obtained for the

PKS sequence was MN 165388.

The phylogenetic analysis of the 9 isolates were carried out after aligning

the sequences together with bacterial sequences of different species in the B.

genera, such as B. subtilis^ B. methylotrophicus, B. (huringiensis, B. vallismortiSy

B. megaterium, B. clausii and B. atropheaus along with different sequences of B.

amyloliquefaciens obtained from the NCBI database. The phylogenetic tree,

showing the relationship among the different species was constructed with the

9
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MEGA6 software by neighbor-joining method. The B. amyloliquefaciens, S2A

and S4A fell under the clade including several other B. amyloliquefaciens, B.

valUsmortis, B. subtilis and B. methylotrophicus. The B. cereus designated as,

SI A, SI OB and SIOC fell under the same clade with an isolated B. paramycoides

(SIC), along with B. ihuringiensis. The insufficient divergence in the 16S rRNA

sequence region might be the reason for this exclusion from a similar clade

(Maughen and Van der Auwera, 2011). Hence, an essential housekeeping gene,

which could evolve more rapidly than the 16S rRNA gene, might be used for

laxonomic classification (Palys ei al., 2000). Still, 16S rRNA sequencing is still

considered as the gold standard for many identification projects due to the ease of

amplification of the gene and its omnipresent nature (Palys el aL, 2000).

It is of note that most of the bioactive compounds or secondary

metabolites were produced in the stationary phase of growth of the microorganism

(Thilakan et al., 2016). Hence, the bacterial growth curve is crucial for finding

the phase of the production of secondary metabolites or bioactive compounds in

the bacteria. The bacterial isolate designated as S2A, which was identified as B.

amyloliquefaciem has exhibited potential antioxidant activity against the fi*ee

radical, DPPH and antibacterial activity against pathogenic V. parahemolyicus.

Hence, the isolate, S2A was selected for the extraction of intracellular and

extracellular secondary metabolites. Earlier reports suggested that the secondary

metabolite production in B. amyloliquefaciens (S2A) could occur after 72 hours of

incubation. The stationary phase of S2A was found out to be in between 68-72

hours, thus supporting the existing reports, whereas the growth began to decline

after 72 hours, reaching its death phase.

The selected bacteria B. amyloliquefaciens (S2A) was swabbed in nutrient

agar plates supplied with 0.5 % NaCl. The bioactive compounds were extracted

in solvent ethyl acetate by refluxing in a heating mantle after 72 hours of

incubation at 34 °C. The extraction was continued for almost 1 week. The

intracellular compounds from the bacteria were released by sonicating at

amplitude of 37 % with a 10 s on-and-olf pulse for 20 min. Intracellular and
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exlracellular compounds were exiracled separately in the round bottom flasks

before being concentrated in rotary vacuum evaporator, and the presence of

compounds were checked by TLC at 254 nm and 365 nm. The spots in the TLC

plate of extracellular extract were disappeared after 6 days of extraction, but that

of intracellular extracts were disappeared earlier, i.e., after 3 or 4 days of

extraction.

The individual components in the crude were separated on the TLC

stationary phase with a solvent system containing 5 % methanol and 95 %

dichloromethane. Visualizing agents, such as iodine, DPPH and vanillin-

sulphuric acid were used for the detection of spots on the TLC plates. About 4-5

spots were detected on the TLC plates, visualized with vanillin-sulphuric acid

indicating the presence of either aldehydes, ketones or alcohols, whereas a total of

6-7 spots were discerned on the TLC plate visualized with iodine, indicating the

possible presence of aromatics. The presence of anti-oxidant compounds in the

crude organic extract was attributed by the dccolourization of spots from purple to

white on the TLC plates, which were applied with DPPH reagent.

The extracellular crude extracts were further screened to check their

antioxidant activities using the free radicals DPPH and ABTS, whereas the anti-

inflammatory activities were attributed by their capacities to attenuate pro-

inflammatory 5-LOX. Tlie ethyl acetate extracts of the B. amyloliquefaciens

exhibited potential antioxidant activities (i.e., ICso 3.5 pg/mL and 3.9 pg/mL to

quench DPPH and ABTS radical species) coupled with 5-LOX inhibitory activity

(ICso 6 pg/mL).

TTie antimicrobial activities of the organic extracts were analyzed by disc

diffusion assay against pathogens, such as V. parahemolyfiats, MRSA, E. coli and

A. caviae. The crude extracts were found to possess higher activities when

compared to the spot-over lawn assay and the positive control, chloramphenicol

(30 pg). The extracellular extracts displayed significant higher activity against K

parahcmolylicus with an inhibition zone diameter of 20 mm for 100 pg where, tlie
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inlracellular extracts exhibited 12 mm zone for 100 jig of the extract. No

significant differences in the antibacterial activities between the intracellular and

extracellular extracts were apparent against the pathogenic A. caviae with an

inhibition zone of 18-20 mm by 100 pg of the test material. Notably, the

extracellular extracts exhibited a higher activity towards the test pathogen MRSA

(16 mm for 100 pg of the extract) than that of 16 mm displayed by the positive

control. It is of note that no significant differences in the antibacterial activities

between the inlracellular and extracellular extracts were apparent against the

pathogenic E. coli with an inhibition zone of 15-16 mm by 30 pg of the test

material. The minimum inhibitor)'- concentration was determined by broth

dilution method against different pathogenic bacteria, such as K parahemolylicus

and A. caviae. The MIC was found to be lesser than 12.5 pg for all tlie test

organisms. The minimum inhibitory concentration (MIC) was determined by

broth dilution method against different pathogenic bacteria, such as A. caviae, V.

parahemolyticus and E. coli. The MIC was found to be lesser than 12.5 pg for all

the test organisms.

The crude extract of B. amyloliquefaciens exhibited significant

antimicrobial, antioxidant (DPPH and ABTS free radical scavenging) and anti-

inflammatory (5-LOX inhibitory) activities. Therefore, the organic (EtOAc)

extract of B. amylolUpiefaciem was selected for purification over reverse

octadecylsilane stationary phase-Cig to yield bioactive metabolites. The organic

extract of B. amyloliquefaciens was purified by reverse octadecylsilane stationary

phase-Ci8 using 80:20 MeCN:MeOH (v/v) to yield four fractions (BA1-BA4).

Among these fractions, BA4 was obtained with greater yield, which was further

purified by reverse phase-Cis column under high pressure (20 PSI) using

MeCN:MeOH (80:20, v/v) to yield two homogenous compounds, characterized as

l-(8-hydroxy-l-oxoisochroman-3-yl)propyl 4'-(6'-hydroxy-8-oxotetrahydrofuran-

5'-yl)acetate (1) and 6'a-(3'-(r-(8-hydroxy-l-oxoisochroman-3-yI)propoxy)-3'-

oxoethyl)-8'-oxotetrahydrofuran-6'-yl butyrate (2). The structures of the

compounds were assigned by extensive one ('h, '^C and '^^DEPT NMR) and two

•;U
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cosy, HSQC, HMBC and NOESY) dimensional spectroscopic

experiments combined with mass and FTIR analyses. The characterized bioactive

secondary metabolite from B. amyloliquefaciem was classified as polyketides.

The polykctide compound I, characterized as l-{8-hydroxy-l-

oxoisochroman-3-yl)propyl 4'-(6*-hydroxy-8'-oxotetrahydrofuran-5'-yi)acetate (1)

was isolated as a brown oily compound. It displayed UV absorbancc (in MeOH)

at Xmax (log E 4.093) of 207 nm. The purity of the compound was supported by RP

Ci8 HPLC (using 80:20 MeCN:MeOH, v/v (Rt 2.77)} experiments. Its mass

spectrum demonstrated a molecular ion peak at m/z 364, which in combination

with its one and two dimensional NMR data suggested the elemental composition

of the compound as C1XH20O8. The '^C-NMR spectrum of the compound 1,

exhibited 18 carbon signals, which were assigned to four each of sp^ methylenes

and sp^ methines, along with one sp^ methyl, three sp^ methines, six quaternary

carbons based on comprehensive NMR and DEPT135 NMR data of the titled

compound 1. The 'H and '"^C NMR spectra demonstrated characteristic signals for

three ester carbonyls (6C 168.42, 172.92 and 177.68), hydroxylaled quaternary

carbon (8C 161.57), oxygenated methines (6H 4.64/6C 83.54; 6H 4.43/5C 76.69;

6H 3.69/5C 72.22), carbonyl methylenes (6H 2.42/5C 36.39; 6H 2.67/6C 34.23)

and hydroxylated methine (5H 3.69/6C 72.22). The carbon signal at 6C 76.69

(HSQC with 6H 4.43), 5C 87.36 (HSQC with 6H 5.28) and 6C 83.54 (HSQC with

5H 4.64) appropriately supported the occurrence of ester groups in the studied

compound 1. The 'H-NMR signals at 5H 7.09 (HSQC with 6C 130.61), 7.47

(HSQC with 6C141.95), 6.85 (HSQC with 6C 115.15) suggested the presence of

benzene ring in the compound. The FTIR spectrum of the compound 1, exhibited

absorption bands at 3224 cm'' thus confirming the presence of hydroxyl group in

the compound. Similarly the absorption bands at 1735 corresponds to 0=0

stretching and 1546 cm-1 corresponds to aromatic C=C stretching vibrations.

Thus based spectroscopic techniques including NMR, GCMS, FT-IR and UV, the

structure of the compound was designated as l~(8-hydroxy-l-oxoisochroman-3-
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yI)propyl 4'-(6-hydroxy-8'-oxotetrahydrofuran-5*-yl)acetate (1), and was

classified under the class of polyketide compounds.

Figure 5.1 Polyketide compounds isolated from B. amyloliquefaciens (S2A)

The polyketide compound 2, characterized as 6'a-(3'-{r-(8-hydroxy-l-

oxoisochroman-3-yl)propoxy)-3'-oxoethy!)-8'-oxotetrahydrofuran-6-yl butyrate

(2) was isolated as a brown oily compound. It displayed UV absorbance (in

MeOH) at Xmax (log e 3.849) 274 nm. The purity of compound was supported by

RP C18 HPLC {using 80:20 MeCNiMeOH, v/v (Rt 2.75)} experiments. The

molecular formula of the compound was obtained as C22H26O9, and which was

further supported by the molecular ion peak at m/z 434 (m/z: 434.1577 [M]+, cal.

for 434.1573). The ' ̂C-NMR spectrum of the compound 2, showed 22 carbon

signals, which were assigned to six sp^ methylenes, four sp^ methines, two sp^

methyls, three sp" methines and seven quaternary carbons based on combined

NMR and DEPT13S experiments. The 'l! and ''C NMR spectra demonstrated
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characteristic signals for four ester carbonyls (5C 169.85, 175.28, 178.88 and

172.90), hydroxylated quaternary carbon (5C 165.37), oxygenated methines (6H

4.65/5C 82.58; 5H 4.41 /6C 77.73; 6H 4.25/6C 68.11; 5H 5.62/5C 92.20), and

carbonyl methylenes (5H 2.68/5C 34.30; 5H 2.46/5C 36.84; 5H 2.33/6C 38.94).

The carbon signal at 6C 82.58 (HSQC with 6H 4.65), 6C 77.73 (HSQC with 6H

4.41). 6C 92.20 (HSQC with 5H 5.62) and 6C 68.11 (HSQC with 6H 4.25)

supported the presence of ester groups in the titled compound. The proton

signals at 5H 7.07 (HSQC with 6C 130.61), 7.42 (HSQC with 6C141.95), 6.75

(HSQC with 6C 115.17) supported the presence of benzene ring in the compound.

The FTIR spectrum of tire compound 2, exhibited absorption bands at 3374 cm"'

confirming the presence of hydroxyl group in the compound. Similarly, the

absorption bands at 1734 cm'' was found to correspond to C=0 stretching and that

at 1448 cm"' was due to the aromatic C=C stretching vibrations. Thus based

spectroscopic techniques including NMR, GCMS, FT-IR and UV, the structure of

the compound was designated as 6'a-(3'-(r-(8-hydroxy-l-oxoisochroman-3-

yI)propoxy)-3'-oxoethyl)-8'-oxotetrahydrofuran-6'-yI butyrate (2), and was

classified under polyketide.

The purified polyketides were assessed for their antioxidant (DPPH and

ABTS"* scavenging) and anti-inflammatory (5-LOX attenuation) activities. The

6'a-(3'-(r-(8-hydroxy-l-oxoisochroman-3-yl)propoxy)-3'-oxoethyl)-8'-oxotctra-

hydrofuran-6'-yI butyrate (2) displayed significantly greater antioxidant activities

against DPPH (ICso 0-31 mg/mL) and ABTS^ (IC50 0.32 mg/mL) compared to 1-

(8-hydroxy-l-oxoisochroman-3-yl)propyl 4'-(6-hydroxy-8'-oxotetrahydrofuran-

5'-yl)acetate (1) (DPPH IC50 0-35 mg/mL; ABTS"" IC50 0.36 mg/mL). Similarly

the compound 2 also recorded greater anti-inflammatory properties as determined

by 5-LOX inhibitory assay (5-LOX IC50O.9O mg/mL) compared to that displayed

by compound 1 (5-LOX IC50 0.98 mg/mL). The antioxidant and anti-

inflammatory properties were found to be greater for compound 2, and therefore,

it could be used as valuable pharmacophore in pharmaceutical applications.
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6.SUMMARY

Mangroves are woody halophytes that occur in the tropical and sub-tropical

latitudes (Kathiresan and Bingham, 2001; Alongi, 2002). These halophytic plants were

found to exhibit a marked degree of tolerance to high salt concentrations and soil anoxia

(Saenger, 2013). These extreme conditions prevailing in the mangrove ecosystem could be

helpful for the microbes associated with the rhizospheric soil sediment in the production of

secondary metabolites. Mangrove sediment associated bacteria is a reservoir of metabolic

diversity. Mangroves and mangrove sediment associated microorganisms were widely

known for their medicinal values against various human diseases from the ancient period,

due to the occurrence of bioactive metabolites with intriguing carbon skeletons (Nebula et

al., 2013; Joel and Bhimba, 2010). The secondary metabolites or bioactive compounds

from mangrove sediment associated bacterial flora were reported to display potential

antimicrobial, antiviral, antioxidant, anti-inflammatory and antidiabetic activities. Thus,

those compounds could be used as therapeutic leads for curing diseases such as diabetes,

microbial infections and inflammatory disorders, like arthritis.

In the present investigation, mangrove sediment associated bacteria exhibiting

significant antioxidant and antimicrobial activities were isolated, identified and

characterized by integrated biochemical, morphological, microbiological and 16S rRNA

sequencing. Among the total 40 isolates, 25 isolates, i. e. 62.5 % of the isolates were

active against at least one of the test pathogens with an inhibition zone diameter > 10 mm;

whereas 15 % of the total isolates were active against at least one pathogen with an

inhibition zone diameter > 20 mm. A total of 40% and 10% of the isolates showed activity

agaimst methicillin resistant S. aureus with an inliibilion zone > 10 mm and > 15 mm,

respectively, whereas 45% of the isolates were active against K parahemolyticus with an

activity of > 10 mm and 30 % showed activity with > 15 mm inhibition zone. A total of

12.5 % of the isolates showed significant activity against pathogenic E. coli, whereas only

2.5 % showed significant activity with > 15 mm zone diameter. A total of 20 % of the

isolates were active agaiast A. caviae with an inhibition zone > 10 mm but only 0.05 %

showed activity greater than 20 mm. A total of 47.5 % of the isolates were gram positive

1^
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rods, 10 % were gram positive cocci, 40 % were gram positive rods, whereas 1 isolate

was a gram negative coccus.

The bacteria were identified as B. cereus, B. anlhracis, B. paramycoides and B.

amyloliqi4efaciens by integrated biochemical, morphological, microbiological and 16S

rRNA sequencing. B. amyloliquefaciens (S2A) was positive for PKS gene cluster, which

has been a secondary metabolite biosynthetic gene cluster, involved in the synthesis of

many secondary metabolites. The B. amyloliquefaciens (S2A) exhibiting significant

antimicrobial activity against V. parahemolyticus, A. caviae and MRSA and antioxidant

activity against the free radical, DPPH was selected for iurther purification of bioactive

metabolites. The bacteria, S2A attained stationary phase in between 68-72 h. Therefore,

tlie bioactive compound extraction was carried out after 72 h of incubation in nutrient agar

plates. The extracellular and intracellular compounds from the bacteria were extracted in

solvent ethyl acetate for 1-7 days. TLC was performed to detect the presence of

compounds at 254 nm and 365 nm, and the extraction was continued till the spots got

invisible.

The optimum separation of compounds was observed in 5 % methanol and 95 %

dichloromethane. Spots were observed from the day of first extraction till it get faded and

the extraction was stopped at a point where, the spots were not visible. Visualizing agents,

such as iodine, DPPH and vanillin-sulphuric acid were also used for the detection of spots

in the TLC plates. The presence of anti-oxidant compounds were indicated by the

decolourization of spots from purple to while in the TLC plates visualized with DPPH. The

extracellular crude extracts were further screened to check antioxidant activity using the

oxidants DPPH and ABTS, whereas anti-inflammatory activity was reported by checking

their capacities to attenuate pro-inflammatory 5-LOX. The ethyl acetate extracts of the B.

amyloliquefaciens exhibited potential antioxidant activities (i.e., IC50 3.5 pg/mL and 3.9

pg/mL to quench DPPH and ABTS radical species) coupled with 5-LOX inhibitory

activity (IC50 6 pg/mL).

The antimicrobial activities of the organic extracts were analyzed by disc diffusion

assay against pathogens, such as V. parahemolyticus, MRSA, E, coli and A. caviae. The

crude extracts were found to possess higher activities when compared to the spot-over

130
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lawn assay and the positive control, chloramphenicol (30|ig). The extracellular extracts

displayed significant higher activity against V. parahemolyticus with an inhibition zone

diameter of 20 mm for 100 pg where, the inlracellular extracts exhibited 12 mm zone for

100 pg of the extract. No significant differences in the antibacterial activities between the

intracellular and extracellular extracts were apparent against the pathogenic A. caviae with

an inhibition zone of 18-20 mm by 100 pg of the test material. Likewise, no significant

differences in the antibacterial activities between the intracellular and extracellular extracts

were apparent against the pathogenic E. coli with an inhibition zone of 15-16 mm by 30 pg

of the test material. Notably, the extracellular extracts exhibited a higher activity towjuds

the test pathogen MRS A (16 mm for 100 pg of the extract) and A. caviae (20 mm for 100

pg of the extract). The inhibition zone diameter exhibited by the crude extracellular

extracts against A. caviae and MRSA (13 mm 30 pg) was greater than that of the positive

control chloramphenicol (10 mm 30 pg) for The minimum inhibitory concentration was

determined by broth dilution method against different pathogenic bacteria, such as A.

caviae, V. parahemolyticus and A. caviae. The MIC was found to be lesser tlian 12.5 pg

for all the lest organisms.

The crude extract of B. amyloliquefaciem exhibited significant antimicrobial,

antioxidant (DPPH and ARTS free radical scavenging) and anti-inflammatory (5-LOX

inhibitory) activities. Therefore, the organic (EtOAc) extract of B. amyloliquefaciem was

selected for purification by preparatory HPLC to yield bioactive metabolites. The column

chromatographic purification of the organic extract using preparative HPLC resulted in

two new polyketide derivatives, characterized as l-(8-hydroxy-l-oxoisochroman-3-

yl)propyl 4-(6'-hydroxy-8'-oxotetrahydrofuran-5-yl)acetale (1) and 6'a-(3'-(r-(8-hydroxy-

l-oxoisochroman-3-yl)propoxy)-3'-oxoethyl)-8'-oxotetrahydrofuran-6'-yl butyrate (2). The

structures of the compounds were assigned by extensive one ('H, '^C and '^^DEPT NMR)

and two ('H-'h COSY, HSQC, HMBC and NOESY) dimensional spectroscopic

experiments combined with mass and FTIR analyses. The isolated compounds were further

analyzed for antioxidant and anti-inflammatory activities. The compound 2, 6'a-(3'-(l'-(8-

hydroxy-l-oxoisochroman-3-yl)propoxy)-3'-oxoethyl)-8'-oxotetrahydrofuran-6'-yl butyrate
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exhibited significantly greater antioxidant activities against DPPH (ICso 0-31 mg/mL) and

ABTS^ (IC50 0.32 mg/mL) radicals compared to l-(8-hydroxy-l-oxoisochroman-3-

yl)propyl 4'-(6'-hydroxy-8'-oxotelrahydrofuran-5'-yl)acetate (1) (DPPH IC50 0.35 mg/mL;

ABTS^ IC50 0.36 mg/mL). Similarly the compound 2 also recorded greater anti-

innammatory properties as determined by 5-LOX inhibitory assay (5-LOX IC50 0.90

mg/mL) compared to that displayed by compound 1 (5-LOX IC50 0.98 mg/mL). Thus the

antioxidant and anti-inflammatory properties were found to be greater for compound 2, and

therefore, it could be used as valuable pharmacophore in medicinal applications. The

research outcomes could able to identify the therapeutic potential of mangrove sediment

associated bacteria as pool of bioactive phannacophores of polyketide origin for use

against oxidants and inflammatory pathophysiological conditions.
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ABSTRACT

Mangrove sediment associated bacteria are of significant importance in the field of

medicine and pharmaceuticals as new promising sources of biologically active

pharmacophores due to extreme conditions, such as high salt concentrations and soil

anoxia. This study aimed to evaluate the antimicrobial, antioxidant and anti-inflammatory

properties of Bacillus amyloliquefaciens associated with Acanthus ilicifolius and Avicemia

qfficinalis, collected from the Mangalavanam mangrove ecosystem of Kerala State of

India. The bacteria exhibiting significant antioxidant and antimicrobial activities were

isolated, identified and characterized by integrated biochemical, morphological,

microbiological and 16S rRNA sequencing. Spot-over-Iawn-assay was carried out to

screen all the 40 isolates against various pathogens like A. caviae, E. coli, V.

parahemolyticus and MRSA to hit upon tlie antibacterial compound producing microbes.

The B. amyloliquefaciens MK765025 strain exhibiting significant antimicrobial activity

against V. parahemolyticus and antioxidant activity against the free radicals, was selected

for further extraction and purification of bioactive metabolites. The extraction of bioactive

compounds was carried out using ethyl acetate to obtain the crude organic extracts and

exhibited potential antioxidant activities (i.e., IC50 3.5 pg/mL and 3.9 pg/mL to quench

DPPH and ABTS radical species, respectively) coupled with 5-lipoxygenase inhibitory

activity (TC50 6 pg/mL). The extracellular organic extracts exhibited potential activity

towards the test pathogens V. parahemolyticus. MRSA, E. coli and A. caviae with the

inhibition zone ranging from 16-22 mm for 100 pg of the extract in disc diffusion assay.

The minimum inhibitory concentration was determined by broth dilution method against

different pathogenic bacteria, and was found to be lesser than 12.5 pg for all the test

organisms. The crude extract of B. amyloliquefaciens MK765025 exhibited significant

antimicrobial, antioxidant and anti-inflammatory activities, and therefore, was selected for

purification on Ci8 reverse stationary phases to yield two polyketides with

oxotelrahydrofiiran moiety. The compound (2) displayed potential antioxidant activities

(IC50 0.31-0.32 mg/mL) and anti-inflammatory properties against pro-inflammatory

lipoxygenase (ICsoO.OO mg/mL). Thus the compound 2, could find its utilities as valuable

pharmacophore with potential antioxidant and anti-inflammatory properties.


