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Abstract of thesis presented to the Senate of Universiti Teknologi Petronas in fulfillment

of the requirements for the degree of Master of Science

CHARACTERIZATION, IDENTIFICATION AND AP”PLICATION OF
Acinetobacter baumannii SERDANG 1 FOR PHENOL BIODEGRADATION

By
ZAILATUL HANI MOHAMAD YADZIR

August 2007

Chairman: Dr Mohd Azmuddin Abdullah, PhD

Department: Chemical Engineering

Phenolic compounds has long been recognized as one of the most recalcitrant and
persistent substance .in petroleum refinery effluents. The potential of microorganisms to
catabolize and metabolize aromatic compounds has been recognized as effective means
of disposing the hazardous wastes. A locally isolated bacterial strain Serdang 1 was
investigated for phenol degradation. Based on Biolog ™ Identification System and a
BLASTN search of GenBank, the complete sequences of bacteria strain Serdang 1 shared
98% similarity with Acinetobacter baumannii. The bacteria strain Serdang 1 was
redesignated Acinetobacter baumannii Serdang 1 and was deposited at the GenBank

under the accession number EF525671. Phenol biodegradation by free and Ca-alginate

vii



immobilized cells was investigated in batch system and continuous packed-bed reactor.
The optimal conditions for immobilization of cells were: 3% (w/v) of both sodium
alginate and calcium chloride solution; 2 mm bead diameter and initial cell loading
(ICL); 400 beads/flask. Optimum initial pH and temj erature of phenol degradation were
determined at pH 7.5 and 30°C, respectively for both free and immobilized cells. The
best nitrogen source for both free and immobilized cells was ammonium sulphate at
1 g/L. Comparison of freely suspended and Ca-alginate :mmobilized cells on phenol
degradation were carried out. The immobilized cell was able to degrade phenol at initial
phenol concentration up to 2g/L, whilst free cells did not grow at all. Repeated use of
immobilized cells showed that they could be used up to five cycles without loss of
activity. Degradation of phenol in a packed-bed column (2.5 cm x 40 cm) with
immobilized bacteria in alginate beads was carried out with phenol in minimal salts
media, pre-aerated with air at 0.1ml/min. A flow rate of 1.5 ml/min and a bed height to

diameter ratio of 15.2 was optimum to achieve 76.7% phenol removal of 200 mg/L

phenol concentration.
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Abstrak tesis yang dikemukakan kepada Senat Universiti Teknologi Petronas sebagai

memenuhi keperluan untuk Ijazah Master Sains

PENGECAMAN, PENG:NALAN DAN APLIKASI
Acinetobacter baumannii SERDANG 1 UNTUK BIODEGRADASI FENOL

Oleh
ZAILATUL HANI MOHAMAD YADZIR

August 2007

Pengerusi: Dr Mohd Azmuddin Abdullah, PhD

Jabatan: Kejuruteraan Kimia

Fenol telah lama dikenalpasti sebagai salah satu sebatian yang tegar dan kekal di dalam
sisa penapisan petroleum. Keupayaan mikroorganisma untuk memetabolismakan sebatian
:aromatik adalah kaedah yang berkesan untuk menghapuskan sisa berbahaya ini. Bakteria
tempatan strain Serdang 1 telah dipencilkan untuk kajian biodegradasi fenol. Berdasarkan
Sistem Pengenalan Biolog dan pencarian pada GenBank, jujukan sepenuhnya bakteria
strain Serdang 1 mempunyai 98% kesamaan (iengan strain Acinetobacter baumannii.
Strain bakteria Serdang 1 ini telah dinamakan sebagai Acinetobacter baumannii
Serdang 1 dan didaftar di dalam GenBank di bawah nombor penambahan EF525671.
Biodegradasi fenol oleh sel bebas dan sel tersekatgerak di dalam alginat telah dikaji di

dalam sistem kultur sesekelompok dan di dalam reaktor suapan. Keadaan optimum bagi
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sel tersekat gerak adalah: 3% (berat/isipadu) bagi kedua-dua larutan alginat dan kalsium
klorida; 2 mm diameter gel dan muatan sel awal; 400 biji/kelalang. Keadaan optimum
bagi biodegradasi fenol adalah pada pH 7.5 dan suhu 30°C bagi kedua-dua sel bebas dan
sel tersekat gerak. Sumberh‘nitrogen terbaik bagi kedua-dua sel bebas dan sel tersekat
gerak adalah ammonium sulfat pada kepekatan 1 g/L. Perbandingan biodegradasi fenol
antara sel bebas dan sel tersekat gerak telah dilakukan. Sel tersekat gerak mempunyai
keupayaan untuk menguraikan fencl sehingga pada kepekatan 2 g/L., sedangkan sel bebas
tidak dapat hidup. Pengulangan penggunaan sel tersekat gerak menunjukkan bahawa
mereka dapat digunakan sebanyak lima kali tanpa kehilangan aktiviti. Biodegradasi fenol
di dalam kolum dasar padatan (2.5 cm x 40 cm) berisi sel tersekatgerak telah dilakukan
dengan menggunakan fenol di dalam media garam minima, yang telah diudarakan
terlebih dahulu pada 0.1 ml/min. Kadar aliran 1.5 ml/min dan nisbah tinggi dasar kepada
diameter pada 15.2 adalah optimum dengan pengurangan fenol sebanyak 76.7% daripada

kepekatan fenol 200 mg/L.
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CHAPTER 1

INTRODUCTION

Petroleum refineries and petrochemical plants are the hearts and souls of
petroleum industries. Benefits are derived by conversion of crude oil into a wide range of
products such as petroleum fuels, lubricants, bitumen, waxes, plastics and resins,

synthetic rubber, materials for agriculture including agrochemicals and cleaning agents.

While undoubtedly petroleum-based industries are imminent contributors for
national gross products and economic well beings, they are also associated with pollution
of wastes generated world-wide (Ruiz-Ordaz et al, 2001; Chang et al, 1998).
Prominent among these are phenol and its derivatives. Levels of 20-200 mg/l, far
surpassing permitted phenol level in the environment have been reported from petroleum
refineries (World Bank Group, 1998). In Malaysia, the Environmental Protection Act
(1974) establishes the limit of a phenol concentration of 0.001 mg/L for Standard A, 0.1
mg/L for standard B, and 5 mg/L other than standard A and B, as the limit for wastewater
discharges into inland waters. Based on the report by the Department of Environment
(DOE) in 2005, phenol levels exceeding permissible level has also been recorded at solid
landfill, urban/suburban, agricultural areas, industrial areas, ex-mining areas and rural

arcas.

Phenols are distributed throughout the environment as artificial or natural

mono-aromatic compounds and could pose serious ecological problems



(Fava et al., 1995). Being water-soluble, phenol is likely to eventually reach downstream

drinking water sources and can cause severe odor and taste problems even at low

concentrations (Collins and Daugulis, 1997b). The presence of phenol in drinking water =

and irrigation water represents serious health hazards to humans, animals, plants and
microorganisms (Sharma et al., 1997; Salonen et al., 1989; Shailubhai, 1986). A
concentration of 1 pg/lL has been described permissible for drinking waters
(WHO, 1994). Phenol concentrations greater than 50 ppb are toxic to some form of
aquatic life and ingestion of 1 g of phenol can be fatal in human beings
(Seetharam and Saville, 2003). As a result, the disposal of phenol has become a global
concern (Percival and Senior, 1998). Effluents from phenol- generated industries require
proper treatment before they can be discharged into natural sinks such as rivers, lakes or

lagoons.

Different methods have been proposed to remediate sites contaminated with
phenols. Among them is the use of activated carbons (Dabrowski et al, 2005;
Snoeyink et al, 1969). However, the higher the quality of activated carbon, the more
expensive is the cost. This includes both chemical and thermal regeneration of the
poisoned carbon, making it with additional effluent and considerable adsorbent loses
(Dursun and Tepe, 2005). Other strategies for phenol remediation involve chemical
oxidation, solvent extraction or irradiation, oxidation by ozone, ion exchange and
biodegradation (Nuhoglu and Yalcin, 2005; Annadurai ef al., 2002; Garcia et al., 2000;
Alexander, 1999; Saha et al., 1999). Of these, biodegradation has become an increasingly

popular strategy as it is environmentally-friendly and more economical



(Alexander, 1999). Biodegradation offers the possibility of complete mineralization of
phenol (Kobayashi and Rittmann, 1982).

Several studies have shown that phenol can be degraded by a wide veriety of
microorganisms, including pure bacterial cultures of Acinetobacter calcoaceticus
(Paller et al, 1995), Alcaligenes eutrophus (Léonard and Lindley, 1998;
Hughes et al., 1984), Bacillus stearothermophilus (Buswell, 1975), Burkholderia cepacia
G4 (Schroder et al., 1997; Solomon et al, 1994; Folsom et al., 1990), Nocardia sp.
(Rizzutt et al, 1979), Nocardioides sp. (Cho et al., 2000), Pseudomonas pickettii
(Fava et al., 1995), Pseudomonas putida (Gotz and Reuss, 1997; Hinteregger et al., 1992;
Bettmann and Rehm, 1984; Hill and Robinson, 1975; Yang and Humphrey, 1975;
Feist and Hegeman, 1969) Pseudomonas resinovorans (Dikshitulu et al, 1993),
Ralstonia eutropha (Léonard et al., 1999) and Rhodococcus sp. (Straube, 1987) and the
fungal species of Fusarium sp. (Anselmo et al., 1985) and Aureobasidium (Cheetham and
Bucke, 1984). Several reports have included yeasts as also capable of breaking-down
phenol such as Candida spp. (Krug and Straube, 1986; Hofmann and Kriiger, 1985;
Newjahr et al, 1974) and Trichosporon cutaneum (Spanning and Neujahr, 1991;
Gaal and Neujahr, 1979; Neujahr and Gaal, 1973). Others have reported degradation of
phenol by mixed bacterial cultures (Farrell and Quilty, 1999; Moérsen and Rehm, 1990;

Pawlowsky and Howell, 1973).

Phenol toxicity studies suggest that bacteria can adapt to low phenol

concentrations, but the overall phenol biodegradation drops with increasing phenol



concentrations (Dean-Ross, 1989). At toxic concentrations, phenol inhibits microbial
growth (Chung et al, 1998; Ahmed, 1995; Fava et al, 1995; Zaisev, 1995) and cause
cell-lysis (Ruiz-Ordaz et al, 1998). It is necessary to construct a barrier between
microorganisms and the toxic phenol concentration to protect microor‘ganisms from being
damaged as well as to maintain a continuous cell growth and phenol degradation
(Chung et al., 1998). Immobilization of microorganisms behind a porous boundary is an
established technique. Cell entrapment, in which the living cells are erclosed in a
polymeric matrix which allows the diffusion of substrates into the cells and products
away from the cells, is one of the most used techniques (Chung et al, 1998; Wu and
Wisecarver, 1992; Hobson and Millis, 1990; Yang and Wang, 1990; Kolot, 1988). Cell
entrapment in calcium alginate for example is versatile, simple, cheap and non-toxic to
biomolecules and microorganisms (Morsen and Rehm, 1987). There is a possibility of
repeated use of immobilized cells as cells are protected from immediate direct contact
with high concentration of toxic pollutants (Chung et al., 1998). Phenol degradation and
purification of phenol containing waste waters using Pseudomonas putida
(Aksu and Bulbul, 1999), Acinetobacter sp. strain W-17 (Beshay et al, 2002) and
Ralstonia eutropha (Dursun and Tepe, 2005) immobilized in Ca-alginate beads have been

reported.

The objectives of this study are:
1. To isolate, characterize and identify the phenol-degrading bacteria from

Malaysian soil.



To compare the activities of freely and Ca-alginate immobilized cells on phenol
biodegradation in a batch system.
To establish important operating conditions for continuous phenol degradation in

a packed-bed reactor. ‘



CHAPTER 11

LITERATURE REVIEW

2.1 Phenol as a “Friendly-Chemical”

Phenol, C¢HsOH is an aromatic molecule containing a hydroxyl group attached to
a benzene ring structure (Figure 2.1). Common names for phenol include benzene phenol,

benzenol carbolic acid, hydrobenzene, monohydroxybenzene, monophenol, phenic acid,

phenol alcohol, phenyl hydroxide and phenylic acid (Environment Canada, 1998a).

OH OH

Figure 2.1: The structure of phenol.

Phenol has a molecular weight of 94.11 gm/mole (Lide, 1993). Its Chemical
Abstracts Service (CAS) number is 108-95-2. It forms white to colourless crystals with a
melting point of 43°C (WHO, 1994; Budavari et al., 1989). The crystals turn pink or red
on exposure to air and light and hastened in the presence of alkalinity or impurities

(Windholz, 1983). In molten state, it is a clear, colorless liquid with low viscosity. It has



relatively high water solubility and is soluble in most organic solvents such as aromatic
hydrocarbons,  alcohols, ketones, ethers, acids, halogenated hydrocarbons
(Kirk and Othmer, 1980; Lide, 1993). The solubility is however limited in aliphatic
solvents (WHO, 1994). Phenol has a characteristic acrid smell and a sharp burlxing taste.
The odor threshold of phenol in air is 0.04 ppm (v/v), with a strong sweet odor reported
(ATSDR, 1989; Amoore and Hautala, 1983) and in water between 1 ppm and 7.9 ppm
(w/v) (Baker et al., 1978; Amoore and Hautala, 1983).

The annl;al productions of phenols are estimated around 1.25 x 10° kg
(Béchard et al., 1990). In 1995, the total annual capacity of phenol production approaches
2.03 billion kg (CMR, 1996). The most commonly used production method for phenol is
from cumene (isopropylbenzene) (IARC, 1989) and from chlorobenzene and toluene.
Phenol is used in the production of adhesives, explosives, coke, fertilizers, illuminating
gas, paints and paint removers, rubber, asbestos goods, wood preservatives, textiles,
drugs, pharmaceutical preparations, perfumes and bakelite (Environment Canada, 1998a;
Deichmann and Keplinger, 1981). It is also used as a feedstock in the production of other
organic substances (including phenolic resins, bisphenol A, caprolactam, aniline, adipic
acid, alkyl phenols, chlorophenols and other chemicals). In Canada, the manufacturing of
phenolic resins (Figure 2.2) account for about 85% of phenol consumption (Environment
Canada, 1998b). Most of these are used for oriented strand board production, panels,
insulation, and articles and formulations such as paints, lubricants, creams, adhesives,

brakes, electrical components and electrodes (SRI International, 1993).



Figure 2.2: Phenolic resins.

Phenol is also an effective disinfectant against vegetative Gram-positive and
Gram-negative bacteria and some fungi and viruses (Reynolds, 1989). Weak solutions of
phenol have been used topically for disinfection, and a 5% solution is used as a
disinfectant for excreta. Other disinfectants contain 20-50% phenol compounds, and
fungicides contain 2-4.5% phenol (Gosselin et al., 1984). It is also present in
antibacterial preparations that are given topically or orally. In liquid formulations, it is
present at about 2%, and in medicinal tablets and lozenges up to 33 mg per tablet/lozenge
(Gosselin et al., 1984). Phenol is commonly used as an antipruritic (relieves itching) and
1s used in the form of phenolated calamine lotion (1%), phenol ointment (2%) or a simple
aqueous solution (0.5-1%) (Gennaro, 1990). In a number of non-prescription drugs in
Caﬁada, phenol can be found as an active ingredient including in lip balms, ointments and

throat sprays or lozenges (Keéley, 1997).



2.2 An “Unfriendly-Phenol” with Its Hazardous Effects

Phenol exposure to human occurs most often through skin contact. Being a local
anaesthetic, no pain is normally felt initially upon initialh sontact with phenol. By the time
pain is felt, serious burns and absorption through skin may have occurred (Allen, 1991).
Local damage to the skin includes erythema, inflammation, and necrosis. Chronic doses
may result in ochronosis (yellowing of the skin) and skin eruption (WHO, 1994). The
effects are worse when the application sites are bandaged (WHO, 1994). A white, brown
or red discolouration of the skin may occur (Leikin and Paloucek 17h9-96-7). Systemic
intoxication can occur from absorption (WHO, 1994); with roughly 50 % of all reported
cases have fatal outcomes (Horch et al, 1994). The cause of death is often respiratory
failure (WHO, 1994). Phenol vapors are irritating to the upper respiratory tract. Upon
ingestion, phenol produces burning pain and white necrotic lesions in the mouth,
esophagus and stomach, vomiting and bloody diarrhea and can also lead to death
(WHO, 1994; Reynolds, 1993; Allen, 1991; Foxall et al., 1989). Direct contact of phenol
with the eyes can cause severe burns and permanent corneal damage which could result

in blindness (WHO, 1994).

The toxic effects of phenol on terrestrial and aquatic organisms have been
extensively studied. Rats exposed continuously for 15 days to a concentration of 26 ppm
phenol, have shown muscle tremors, twitching and disturbances in walking rhythm and
posture after 3-5 days exposure (Dalin and Kristofferson, 1974). After 15 days, severe

neurological impairment has been reported as measured by decreased performance on



tilting plane test, and liver damage as observed by the elevated serum concentrations.
Male rats exposed to 5000 ppm of phenol in their drinking waters for 103 weeks had a
higher incidence of kidney inflammation (NCI, 1980). Jones-Price et al. (1983b) report
that pregnant mice dosed orally with phenols exhibit decreased maternal weight gain,
tremors, and increased maternal mortality; whilst the fetus shows reduced growth,
decreased viability, and increased incidence of cleft palate. Increased mortality is also
observed in earthworms and terrestrial plants (Environment Canada, 1995; Neuhauser
and_ Callahan, 1990; Neuhauser et al, 1986). Toxic levels of phenol could inhibit
seedIing emergence and nitrification in plants (Den Blanken, 1993; Beccari et al., 1980).
Of aquatic organisms examined such as fish and other invertebrates, freshwater algae are
far less sensitive to phenol exposure in fresh water (Tisler and Zagorc-Koncan, 1995),

suggesting its potential as an environmental screen from toxic contaminants.
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2.3 Phenol as an “Environmentally-Unfriendly” Pollutant

The origin of phenol in the environment is from natural, man-made and
endogenous sources. Phenolic substances may occur naturally in water and soil as the
decomposition product of plants, vegetation and animal waste (Dobbins et al, 1987).
Animal and decomposition of organic wastes are the two natural sources of phenol in
aquatic media. However, these are mostly in trace amounts (CCREM, 1987). Increased
concentrations from natural sources may instead result from forest fires (IPCS, 1994a).
The major contribﬁtor of phenolic pollutants are man-made from industrial wastes such
as fossil fuel extraction, chemical, pharmaceutical, wood processing industry and
pesticide manufacturing plants (Kumaran and Parachuri, 1997). Table 2.1 shows

different sources of phenols and related aromatic compounds in wastewater.
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~ Table 2.1: Sources of phenols and other related aromatic compounds in wastewater.

Sources

Significant Phenolic Compounds

Petroleum refining

Petrochemicals

Basic organic manufacturing
chemicals

Coal refining

Pharmaceuticals

Tannery

Pulp and paper mills

Hydrocarbons (alkanes, cycibalkanes, polyaromatic
hydrocarbons), benzenes, ‘substituted benzenes,
toluenes, n-octanes, n-decanes, naphthalenes,
biphenyles, phenol, cyanide, sulphide and
ammonia.

Naphthalene, hepatanes, benzenes, butadiene, C-4
alcohols, phenol and resorcinol.

m-amino phenol, resorcinol,

dinitrophenol, p-nitrophenol,

trinitrophenol, benzene sulphonic acids, aniline,
chlorobenzenes, toluene and resorcinol.

Phenol, catechol, o-, m-, p-cresols, resorcinol,
hydroquinone, pyrogallol, polyaromatic
hydrocarbons, pyridine, pycolines, lutidines,
xylenes, toluenes, benzoic acid.

Toluenes, benzyl alcohols, phenyl acetic acid,
chlorinated products of benzene, chloroform, ether,
ethyl alcohol.

Tannin, catechin, phenol, chlorophenol,
nitrophenols.

Lignin, vanillin, vanillic acid, dehydrodivanillin,
ferulic acid, cinnamic acid, synringic acid, vieratric
acid, protocatechuic acid, gentisic acid, benzoic
acid, guadiachols, catechol, coniferyl alcohol,
dehydrodihydroconiferyl alcohol, nhenyl propionic
acid, phenols and chlorophenols.

(Source: Kumaran and Paruchuri, 1997)
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Phenol has been found in surface water, ground water, soil and sediment
(HazDat, 1998). It is estimated that a total of 10.6 million kg of phenol has been released
into the environment from 689 large processing facilities; 4.3 million kg released into the
air, (accounting for about 5% of environmental release:); 71,577 kg released into the soil
from 102 large processing facilities, (accounting for about 0.7% of total environmental
releases) and another 32,650 kg released into water from 230 large processing facilities,
(accounting for about 0.3% of total environmental releases) (TRI, 1998). Phenol may be
released into the atmosphere from storage tank vents during transport loading
(Delaney and Hughes, 1979), incinerators, residential wood bumingf‘ and automobile
exhaust (Den Boeft ef al, 1984; Scow et al., 1981). Phenol may be released to the soil
during its manufacturing process, loading and transport when spills occur or when it
leaches from hazardous waste sites and landfills (Xing et al., 1994). In the exhaust gases
of private cars, phenol is detected at 0.3 ppm (approximately 1.2 mg/m®) to 1.4-2.0 ppm
5.4-77 mg/m3) (Verschueren, 1983; Kuwata et al., 1980). Emissions from waste
incinerator plant have been reported at 0.36 ppb (Jay and Stieglitz, 1995) and from

cigarette smoke, in quantities that are comparable to an average emission of 0.4

mg/cigarette (Groenen, 1978).

Generally, the data on phenol concentrations in soil at sites other than hazardous
sites are lacking. This can be attributed to a rapid biodegradation rate and leaching.
Phenol found in soils may be a result of continuous or consistent releases from a point
source. Phenol that leaches through soil to groundwater spends at least some time in that

soil as it travels to the groundwater. Phenol in groundwater can be detected mainly at or
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near hazardous waste sites. Levels of phenol concentration in wastewater from selected
industries are as shown in Table 2.2. The most common anthropogenic sources of phenol
in natural water include coal tar (Thurman, 1985) and wastewater from manufacturing
industries such as resins, plastics, fibers, acidesives, iron, steel, aluminum, leather, rubber,
and influents from synthetic fuel manufacturing (Parkhurst et al., 1979), paper pulp mills
(Keith, 1976) and wood treatment facilities (Goerlitz et al., 1985). About 3.8 kg/day of
phenol is released to seawater from municipal treatment facilities (Crawford et al., 1995).
Other release of phenol resulting from commercial uses of phenol and phenol-containing
pro;iucts, include slimicides, general disinfectants (Budavari et al., 1989; Hawley, 1981),
medicinal preparations such as ointments, ear and nose drops, cold sore lotions,
mouthwashes, gargles, toothache drops, analgesic rubs, throat lozenges (USEPA, 1980),

and antiseptic lotions (Musto et al., 1977).
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Table 2.2: Typical levels of phenol concentration in wastewater of some selected

industries.
Selected industry Phenol concentration Reference
: (mg L")

Phenol production v 3,000-4000 Godjevargova et al., 2003

Pulp and paper 33.1-40 Peralta-Zamora et al., 1998;
Minussi et al., 1998

Textile 12.3 Kunz et al., 2001

Olive oil mill 3000-10,000 Klibanov et al., 1983;
Bonja et al., 1992;
Hamdi, 1992;
Martinez-Neito et al., 1992;
Knupp et al., 1996;
Robards and Ryan, 1998

Coal conversion plant 4-4780 Parkhurst et al., 1979

Shale o1l wastewater 4.5 Hawthorne and Sievers, 1984

Ash-heap water (oil shale) 500 Kahru et al., 1998

Phenolic resins production

Methyl violet and cumenephenol
production

Chemical specialities-
manufacturing

Petroleum oil refinery

1200->10,000

310-660

0.01-0.30

335

Patterson, 1985;
Kavitha and Palanivelu, 2004

Kanekar et al., 1999

Jungclaus et al., 1978

Pfeffer, 1979

(Source: Piakong, 2006)

15



24 Methods of Phenol Remediation

Different methods have been designed to remediate phenol contamination either
in situ or ex situ. These could be either by physico-chemical means (Larson and Chuang,
1994) or by biological means (Fang et al., 1996). Adsorption by activated carbons is the
most frequently used method to remove phenol (Dabrowski et al., 2005; Snoeyink et al.,
1969), but it can be costly. Chemical oxidation, solvent extraction or irradiation,
oxidation by ozone and ion exchange (Nuhoglu and Yalcin, 2005; Annadurai et al., 2002;
Garcia et al., 2000; Saha et al., 1999) have- some serious drawbacks which include the

formation of hazardous by-products (secondary pollution) and high costs

(Atlow et al., 1984).

Interest in the use of microbial degradative ability is growing due to its
environmentally-friendly nature and cost-effectiveness (Alexander, 1999; Miller and
Babel, 1996). Biodegradation is defined as the biologically-catalyzed reduction in the
complexity of chemical compounds into lesser or non-toxic products, the latter being
preferable (Alexander, 1994). Bacteria, fungi, yeast and algae of different genera and

species have been reported to be capable of degrading phenol.
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2.5 Engineering Considerations in Phenolic Bioremediation
2.5.1 Aerobic or Anaerobic System

Phenol can be degraded biologically via either aerobic or anaerobic pathways. In
anaerobic respiration, different inorganic electron acceptors, such as NOjs, SO42', CO;
and Fe** are possible. A different pathway must be utilized to breakdown phenol as
oxygenases will not be induced under anaerobic conditions. The carboxylation of phenol
to 4-hydroxybenzoate by a denitrifying Psedomonad can occur and is the first step in the
breakdown of phenol under anaerobic conditions (Tschech and Fuchs, 1987). Major
disadvantages with anaerobic systems are the length of time required to completely
degrade phenol (Wang et al.,, 1989), and the difficulty in ensuring a system with complete
lack of oxygen. Equipment costs may be increased, maintenance of culture collection is
harder and process control is difficult. Tolerance to phenot is also limited in anaerobic
cultures (Craik et al, 1992), with a limit of only 1g L', as compared to up to 4g L' in
aerobic cultures (Betmann and Rehm, 1984). Hence, aerobic processes are generally
preferred to degrade phenolic compounds (Fedorak et al., 1984) due to the low costs as
well as the possibility of complete mineralization of phenol (Collins and Daugulis,

1997b).

Aerobic processes require molecular oxygen for complete degradation of phenol.
The initial stages in phenol catabolism involve the use of oxygenases to oxidize the

substrate. Here, oxygen acts as the electron acceptor. Molecular oxygen is a reactant for
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oxygenases and is incorporated into the final products. In the transfer of electrons
between the electron-donor and electron-acceptor, substrates are essential for maintaining
the biomass. Aromatic compounds may be converted to a few substrates such as catechol,
protocatechuate or gentisate (Locher, 1991). Figure 2.3 shows representative aromatic
compounds that are converted via catechol. In the biodegradation of phenol, phenol is the
primary substrate and must be made available in order to have active biomass in the
biodegradation process. Once active biomass :s present, any biotransformation reaction
can occur, provided the microorganisms possess the necessary enzymes to catalyze the
reaction (Rittmann and Saez, 1993). Enzymes that are involved in the aerobic metabolism
of aromatic compounds would define the range of substrates that can be transformed by

certain metabolic pathways (Pieper and Reineke, 2000).
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Figure 2.3: Microbial metabolism of some aromatic compounds via catechol (Adapted
from Locher, 1991).

The first step in aerobic metabolism of phenol is phenol hydroxylation to catechol
by phenol hydroxylase (EC 1.14.13.7), a NADPH-dependant flavoprotein (Enroth et al.,
1998; Neujahr and Gaal, 1973). it incorporates one oxygen atom of molecular oxygen
into the aromatic ring to form catechol as shown in Figure 2.4. Phenol hydroxylases,
strictly dependent on the presence of NADPH, have been described in extracts of
Trichosporon cutaenum (Neujahr and Gaal, 1973) and Candida tropicalis (Neujahr et al.,

1974). The second step is catalyzed by catechol 1, 2- dioxygenase (EC 1.13.11.1; ortho
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fission) to form cis,cis-muconic acid or catechol 2, 3-dioxygenase (EC 1.13.11.2; meta
fission) to form 2-hydroxymuconic semialdehyde. After several subsequent steps, the
products are incorporated into the tricarboxylic acid (TCA) cycle as Acetyl-CoA and
succinate or acet;:‘!dehyde and pyruvate (Shingler, 1996). It has been established that the
aerobic degradation of phenolic compounds is metabolized by different strains through
either the ortho-or the meta-cleavage pathway (Ahamad and Kunhi, 1996; Shingler,
1996; Bayly and. Barbour, 1984). Table 2.3 shows phenol metabolism pathway by
bacteria, fungi, yeasts and algae. It is observed that meta cleavage pathway is more
predominant in bacteria and algae, while ortho cleavage pathway is distinct in fungi and

yeasts.
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Figure 2.4: The main pathways of phenol degradation under aerobic condition (ortho-
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Table 2.3: Phenol metabolism pathway of microorganism.

Microorganism Pathway Reference
Al Bacteria
Acinetobacter calcoaceticus ortho Paller er al., 1995
A. radioresistens ortho Pessione et al., 1999

Pessione and Giunta, 1997

Alcaligenes eutrophus meta Leonard and Lindley, 1998
A. eutrophus JMP 134 meta and ortho Miiller and Babel, 1996
A. faecalis ortho Bastos er al., 2000b
Bacillus strain Cro3.2 meta Aliet al., 1998
B. stearothermophilus meta and ortho Adams and Ribbons, 1988
B. thermoleovorans A2 meta Milo et al., 1999
B. thermogiucosidasius A7 meta Duffner et al., 2000
Comamonas testosteroni meta Yaperal., 1999
Ochrobatrum tritici meta El-Sayed et al., 2003

Pseudomonas sp.

P.sp. CF600
P. cepacia AC1100

P. pickettii
P. putida

P. putida BH
P. putida NCIB 10015

P. putida P35X
P. vesicularis

Ralstonia
R. eutropha

Staphylococcus sciuri

B. Fungi

Penicillium (AF2, AF4, FIB9)
Graphium (LE9, LA1,LAS, -
(LE11,FIB4, LE6, AE2)
Scedosporium apiospermum

C. Yeast
Aureobasidium
Candida tropicalis
Rhodotorula

R. glutinis

R. rubra
Trichosporon sp. LE3
Fusarium (FE16,FEIL1)

D. Algae
Ochromonas danica

meta and ortho
mela
meta
meta

meta

meta

meta
meta

meta

meta

meta and ortho
meta

ortho

ortho

ortho
ortho

ortho
ortho
. ortho
ortho

ortho

ortho
ortho

meta

de Lipthay et al., 1999
Kang and Park, 1997
Powlowski and Shingler, 1994
Ghadi and Sangodkar,1994
Nelson et al., 1987

Kukor and Olsen, 1991

Hill and Robinson, 1975
Yang and Humphrey, 1975
Morsen and Rehm, 1990
Takeo et al., 1995

Dagley and Gibson, 1965
Bayly and Dagley, 1969
Sala-Trepat et al., 1972
Ngetal., 1994

Mrozik and Labuzek, 2002

de Lipthay ef al., 1999
Leonard et al., 1999

Mrozik and Labuzek, 2002

Santos and Linardi, 2004

Santos and Linardi, 2004
Claufen and Schmidt, 1998

Santos and Linardi, 2001
Bastos et al., 2000a
Santos and Linardi, 2001
Katayama-Hirayama et al.,
1994
Katayama-Hirayama et al.,
1991
Santos and Linardi, 2001
Santos and Linardi, 2004

Semple and Cain, 1995,
Semple, 1997

(Source: Piakong, 2006)
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2.5.2 Pure or Mixed Culture

Phenol degradation by pure and mixed microbial cultures have been reported
(Chang et al., 1998; Ruiz;‘)rdaz et al., 1998; Collins ar;d Daugulis, 1997a; Schroder et
al., 1997, Ahmed, 1995). If a mixed culture is chosen, the microbes should be highly
suited to the substrate being degraded and the conditions should be optimal. Based on
batch systems, 3 groups of interacting bacteria responsible for phenol degradation have
been identified:- phenol metabolisers, hydrogen-utilising methanogens and acetotrophic
methanogens (Satsangee aﬁd Ghosh, 1990; Wang et al, 1989). In treatment tanks,
bacterial species have been found dominant, but synergistic relationships may occur
(Bames and Fitzgerald, 1987). This relationship requires a balance between cell numbers
and the degrading substrate and must be maintained for a successful degradation of a

compound (Barnes and Fitzgerald, 1987).

For mixed culture systems, the different populations of organism makes
optimization difficult as conditions that are optimal for one organism may not be the
same for the other. For example, control of pH may not enhance the capabilities of the
system as different optima are necessary to optimize conditions for each microorganism
(Zache and Rehm, 1989). The changing conditions in the mixed culture create problems
in replicating the system where slight environmental changes would enhance a different
organism’s growth to that previously investigated. Therefore, the basis of choice may not
entirely for improved productivity alone, but also ease of operation, stability and ease of

replication. There are some success stories with mixed culture. Defined mixed-culture
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system using Cryptococcus elinovii Hl and Pseudomonas putida has shown complete
degradation of phenol as high a concentration as 17g L' in a batch system (Mérsen and
Rehm, 1990; Zache and Rehm, 1989). Compared to free cell systems, a mixed culture of
bacteria and ye.ast could degrade 1g L™ of phenol faster. It can be attributed to higher cell
numbers and the action of two rings cleavages systems (both meta and ortho cleavage

systems with meta cleavage by the bacterna and the ortho cleavage by the yeast).
2.5.3 Batch or Continuous Mode

Current technology for the biodegradation of toxic compounds involves the use of
microorganisms in batch and continuous mode, using either suspended or immobilized
cultures (Zache and Rehm, 1989; Morsen and Rehm, 1987; Bettman and Rehm, 1984;
Yang and Humprey, 1975). In batch and continuous culture systems, the use of aerobic
cultures has been widely researched (Hutchinson and Robinson, 1988; Tschech and
Fuchs, 1987; Molin and Nilsson, 1985; Bettman and Rehm, 1984; Hill and Robinson,

1975; Feist and Hegeman, 1969).

Most bioprocesses are based on batch reactors (Shuler and Kargi, 2002). The
principal advantages. of batch cultures are low contamination risk, the ability to run
different successive phase in the same vessel, and close control of the genetic stability of
microorganism (Scragg, 1992; Panikov, 1995). However, batch cultures can suffer great
variability from one run to another. Problems such as substrate inhibition, low cell

concentration, glucose effect, catabolite repression, auxotropic mutants and high viscosity
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of the culture broth are common in batch processes (Shuler and Kargi, 2002). Batch
culture under conditions of mineral limitation or glucose repression may be protracted
and even irreversible (Panikov, 1995). Conventional batch fermentation has been used to
degrade phenol, but is limited by the low initial concentrations required to prevent

complete inhibition of microbial activity (Andrews, 1968).

A possible solution to extending the length of maximum growth is to maintain
conditions at an optimal level, giving increased biomass growth and therefore high
phenol utilization rates. This can be achieved by prolonging the exponential growth phase
via the addition of fresh medium to the culture vessel (medium that is not growth-limiting
nor toxin-producing) as is practiced in continuous cultures. During steady state, the cell
population and the concentration of the media components reach equilibrium. The spent
medium or effluent contains the same concentration of components as that in the reactor
and the substrate concentration is never depleted. An optimal system would be one in
which dilution rate, D, is high enough to sustain a high population of cells, but low
enough to allow efficient utilization of the medium components or substrate. This offers a
high process throughput of wastewater, a constant culture environment and an extended
expoﬁential cell growth phase (Lakhwala et al., 1992; Autenrieth et al., 1991; Bettman

and Rehm, 1985).

With pure culture operated in a continuous mode, cell growth can be sustained on
phenol concentration greater than 500 mg L™, This concentration can be maintained with

low dilution rates, which is below 0.4 h™' (Hill and Robinson, 1975; Yang and Humprey,
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1975). This is important to avoid bacterial growth on reactor walls and blockage which is
a major cause of shortening reactor usage time. Biomass wall-growth and retention
change the dynamics of the system and causes non-Newtonian flow behavior and may
destabilize steady-state condition (F;:'hardt and Rehm, 1989; Hill and Robinson, 1975;
Yang and Humprey, 1975). Hence, two-prolonged strategies must be adopted when using
pure culture in a continuous mode:

1 Phenol concentrations greater than 500 mg L™ is used so as to provide a high
enough carbon substrate level to enable sustainable cell growth population and
avoid major fluctuations in steady state due to dynamic population.

il. Very low dilution rate is used which is below the critical dilution rate, D, rate at
which cell washout occurs, so that complete degradation of phenol can occur.
High dilution rates will not achieve complete degradation (Erhardt and Rehm,

1989; Yang and Humprey, 1975).
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2.54 Free or Immobilized Cells

In continuous culture, very often the critical dilution rate, D, is low and cell
washout occurs early'\ on, which reduces the efficiency of the system. Thus,
immobilization is the solution which not only prevents cell wash out, but also protects the
cells from direct contact with the toxic phenol concentrations. Immobilization confines a
catalytically active enzyme or cell within a reactor system and prevents its entry into the
mobile phase, which carries the substrate or product (Rosevear, 1984). This can be
divided into;- 1) immobilized, treated cells (dead cells) being subjected to appropriate
treatment before or after the immobilization, whilst the desired enzymes are in active and
stable form; and 2) immobilized, liv.ing cells (cells either growing in or on gel matrices)
(Fukui and Tanaka, 1982). Cell immobilization has been widely used in phenol
degradation (Loh er al., 2000; Aksu and Bulbul, 1999; Hannaford, 1992; Lakhwala et al.,
1992; Bettman and Rehm, 1985). A major feature of immobilization is the high cell
density and the ease with which cells can be separated from the culture broth.

Immobilized cells offer several advantages compared to free cell systems. These are:

Continuous or repeated-batch use of cells. With immobilization a high through-
put of liquid can pass through the reactor while the cells are retained within,
without cell washout. The culture liquor can be removed at the end of the batch,
and the same population of cells can be reused by refilling the vessel with fresh
medium. This removes the need for reculturing of cells for each new batch

(Webb, 1987).
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High productivity, as cells are confined and the density is high in the reactor.
Tolerance to increased levels of toxic substances, owing to a barrier being present
between the cells and the liquid phase.

Redu-c e reactor wall-growth and blockage. Dilutions rates can be higher than that
of free cell systems as washout does not occur; and large dynamic changes in
liquid loading do not cause significant disruption of the cell population, enabling
stable steady states to be achieved (Anselmo and Novais, 1992; Betmann and

Rehm, 1985).

There is a variety of methods available to immobilize cells including cross-
linking, entrapment and encapsulation. Detailed reviews on these have been reported
(Webb, 1987; Chibata et al., 1986 Cheetham and Bucke, 1984). One important criterion
is to have immobilization matrices with high integrity preventing the bacteria from
leading out into the environment and signal transduction (Premkumar et al., 2002). An
ideal immobilization matrix would prevent cell flow within the matrix, functional at
ambient temperatures, survive harsh wastewater conditions including contaminated water
and turbidity, and allow the flow of nutrients and oxygen and analytes through the matrix
along with wastes and signals out. A simple schematic of a desirable immobilization
matrix is as shown in Figure 2.5. Among common immobilization matrices include
alginate beads, diatomaceous earth, ionic network polymer, activated carbon, sintered
glass, polyacrylamide beads and polymeric membranes (Chung et al., 2003; Zhu et al.,
2000; Loh et al., 2000; Bandyopadhyay et al., 1999; Aksu and Bulbul, 1999; Karel et al.,

1985; Tanaka et al., 1984).
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Figure 2.5: General schematic of a desirable immobilization matrix.

In the case of entrapment, the cell is merely restricted in its movements and
confined to a small vblume of liquid within a defined microenvironment. The gelation of
alginic acid by polyvalent metal ions is one of the most important methods of cell
immobilization. Alginates are often used in the food industry as a gelling compound,
such as in the production of meat-like chunks in pet food. Alginate is commercially
available as the sodium salt of alginic acid (sodium alginate). It is a linear polysaccharide
isolated from strains of seaweed and algae. Alginate bearing weeds are typically found in
temperate or cold water. Major commercial sources of alginates are Macrocystis pyrifera,
the giant kelp from California and Ascophyllum nodosum from the north Atlantic.

Alginates are formed by converting mannuronic and guluronic acid into their salt forms
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of mannuronate (M) and guluronate (G). They are copolymers consisting of (1,4-) linked
B-D-mannuronic acid and a-L-guluronic acid (Smidsrod and Skjak Braek, 1990). As
shown in Figure 2.6, alginate structure may comprise of blocks of M and G, or alternating
GM blocks. The type of structure is influenced by the seaweed source as well as the
growing conditions of the weed. The block structure ultimately dictates the gelling
properties of the alginate being produced. Alginates are available with varying molecular
masses, mannuronate: guluronate ratios and distribution of units between blocks and
alternating sequences. Durvillea and Ascophyllum species tend to be high in mannuronic
acid and hence form softer gels whereas alginate sources such a Laminaria hyperborea
stems tend to have a higher guluronic acid content and hence form much more rigid gels
(Dara, 2004). Alginate solutions with a concentration range of 0.5-10% can be

used for cell immobilization (Beshay, 2003).

Figure 2.6: G and M blocks of the alginate structure.

Immobilization of cells via entrapment in alginate gel involves drop-wise addition
of cells suspended in sodium alginate into calcium chloride solution (Kierstan and Bucke,

1977) to form stable gel where cells are entrapped. Polyvalent cations bind to the
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polymer whenever there are two neighbouring guluronic acid residues. Therefore,
polyvalent cations can cross-link nearby polymer chains and/or cross-link different
segments of the same polymer chain. The mechanism of gelation is simply the exchange

of calcium ions for socium ions, and can be carried out under mild conditions.

2Na [alginate] + Ca®™ — . Ca** [alginate],+ 2Na*

(Soluble) - (Insoluble)

The ionically linked gel structure is stable over the 0-100 °C.

31



2.6  Characterization and Identification of Phenol-Degrading Bacteria

Traditionally, classification of bacteria has relied entirely on phenotypic
characteristics, such as cell wall type, morphology, motility, nutritional requirements and
fatty acid profile. Although these characteristics certainly give useful information for
bacterial taxonomy, the problem is that individual microorganisms may exchange genes
with one another via horizontal gene transfer. Consequently, genes for characteristics
such as the ability to grow on certain carbon source may be transferred between distantly

related strains and complicate the classification.

An alternative approach to bacterial taxonomy is to study the genotype of a strain
by its nucleic acids analysis. A widely used method is cloning and sequencing of the 16S
rRNA genes (Olsen et al., 1986; Pace et al.,, 1986). These genes have become useful for
phylogenetic analyses as they are present in all microorganisms. They are long enough to
provide taxonomic information but short enough to be easily PCR-amplified. They also
contain conserved regions as targets for PCR primers. The sequences of large number of
16S rRNA genes are available in public databases and novel strain can easily be
compared to already studied microorganisms. Moreover, the 16S rRNA sequence can be

used to trace the phylogenetic history (lineage) of an organism.
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However, analysis of the 16S rRNA gene itself is not enough to assign a strain as

a novel species as more data is necessary. The “gold standard” of bacterial phylogenetics

. 1s DNA: DNA hybridization between total genomic DNA of two related microorganisms.

- Here, the entire genomes of two strains are compared, and this method can be used to
define a bacterial species. Two strains with 70% or greater DNA similarity as determined
by DNA: DNA hybridization is considered to belong to the same species

(Wayae et al., 1987).

Since cloning and sequencing of 16S rRNA genes is technically much simpler and
cheaper than DNA: DNA hybridization, analysis of 16S rRNA has its place as an initial
screening method to determine the closest relative of a novel strain
(Stackebrandt and Goebel, 1994). The level of 16S rRNA similarity is also an indication
of whether the strain may constitute separate species and need further investigation.
Comparison of 16S rRNA gene sequences with DNA: DNA hybridization data indicates
that when two strains have 16S rRNA genes which are identical to less than 97.5%, they
are likely to belong to different species (Stackebrandt and Goebel, 1994). Generally, a
polyphasic approach to bacterial systematic identification is favored by combining

phenotypic and genotypic characteristics.
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CHAPTER III

PHENOTYPICAL AND MOLECULAR CHARACTERIZATION
OF PHENOL-DEGRADING BACTERIA

3.1 Introduction

Phenol and its derivatives are some of major hazardous compounds in industrial
wastewater (Peters et al,, 1997, Watanabe et al., 1996). Fortunately, mother nature has
her own way of dealing with these toxic compounds as phenol can be utilized by
microorganisms as carbon and energy sources (van Schie and Young, 2000,
Gibson et al., 1990; Gibson, 1968). Biodegradation of phenol has attracted considerable
attention for in situ or ex situ remediation (Shingler, 1996; Yang and Humphrey, 1975).
In actual fact, bacteria play a major role in the degradation of phenol in the ecosystem: in
soil (Hickman and Novak, 1989), sediments (Shimp and Young, 1987) and water
(Howard, 1989). Large numbers of phenol-degrading bacteria have been isolated,
characterized and identified (El-Sayed et al, 2003; Begona Prieto et al, 2002;

Monteiro et al., 2000).

Several studies have shown that most 16S ribosomal RNA (rRNA) sequences
amplified directly from environmental samples are different from the sequences of
comparable laboratory strains. It has been concluded that many bacteria that are

predominant in the natural environment have yet to be isolated in the laboratory and that
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the microbial diversity in the natural environment is much greater than the diversity of
the bacteria that has been isolated (Snaidr ez al., 1997; Bond et al., 1995; Muyzer et al.,
1993; Delong, 1992; Wagner et al., 1993; Shmidt et al., 1991; Giovannoni et al., 1990;
Ward et al., 1990). Ribosomal RNA (rRNA) approach has been used to detect microbial
populations and to describe the structures of microbial communities in various
environments without isolating the component microorganisms (Olsen et al., 1986; Pace
et al., 1986). One important aspect of microbial ecology study is functional dissection of
microbial communities based on structural information obtained by the 16S rRNA
approach. An analysis of a population shift accompanied by a change in the function of
community, yields information useful for identifying functionally dominant populations
(Bomeman and Triplett, 1997; Watanabe and Hino, 1996; Bond et al., 1995). However,
information concerning the function (activity) of each population can never be obtained
by this approach. Hence, pure-culture experiments may still be indispensable for detailed
analysis of the functions of each population and that isolation of the functionally

dominant populations in a microbial community remains important.

The potential of native, Malaysian bacteria in the degradation of phenol has not
been comprehensively explored. Yet, the state of phenolic-based contamination in waste
water and is alarming in Malaysia. National Guideline for Raw Drinking Water Quality
has stated that the permissible level for phenolic compounds is 0.002 mg/L. Based on the
report by the Department of Environment (DOE) in 2005, phenol levels exceeding
permissible level has been recorded at solid landfill (39 %), urban/suburban (33 %),

agricultural areas (29 %), industrial areas (26 %), ex-mining areas (17 %) and rural areas
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(10 %). The objectives of this study are therefore to isolate, characterize and identify

phenol-degrading bacteria from Malaysian soil.
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3.2 Materials and Methods

3.2.1 Phenotypical and Biochemical Characterization of Phenol-Degrading
Bacteria

3.2.1.1 Bacterial Isolates

The bacterial strain was provided by Bioremediation Laboratory, Universiti Putra
Malaysia. It was isolated from soil contaminated with petrol wastes from a car workshop
in Serdang, Selangor. The strain was initially assigned Isolate Serdang 1. The
morphology of the bacteria was observed by Gram staining and microscopy. Important

features such as the shape, elevation and pattern of colonies were observed and recorded.

Microbial isolation strategies usually involve a period of enrichment in liquid
culture, followed by separation of organisms in or on solid media where they are allowed
to grow as colonies (Hardman et al., 1993). Bacteria capable of utilizing phenol as a sole
carbon source was isolated by enrichment in mineral salts medium containing 500 mg/L
phenol as carbon source. The mineral medium constituents were as follows (g/L): 1.0
(NH4);S04 (R&M Chemical, China), 0.25 MgS04.7H,0 (Merck, Germany), 0.25 KH,PO,
(Merck, Germany), 0.07 CaCl,.2H,0 (Merck, Germany), 0.1 yeast extract, 0.5 phenol
(Hamburg Chemical, Germany) (Ali et al., 1998). The isolation of microbial strains was
done by plating technique as prescribed in APHA 9215 (APHA, 1989). This enables
observation and enumeration of colonies. A series of dilutions was made and selected,

transferred to the petri dishes and then the molten phenol agar medium was poured in.
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When the agar solidified, the plate was incubated for 48 hours at room temperature.
Colonies would grow within as well as on the surface of the agar plate. Single colony was
plated out and bacterial colonies obtained. In order to obtain pure cultures, a small
portion of an individual colony was picked up using sterile inoculating loop and then
streaked out on fresh agar plate. In this way, mixed culture can be separated into single

colonies and grown up individually as culture stocks.

3.2.1.2 Gram Staining Method

Gram staining is an important differential staining procedure widely used in
bacteriology. It is developed empirically by Christian Gram (1884) to differentiate
bacteria in tissue sections. Bacteria are subdivided by their reaction to this stain into those
which retain it, termed Gram positive, and those which are decolorized, termed Gram
negative. A suspension of microorganisms was transferred to a glass microscope slide
and allowed to dry. The slide was then quickly passed through a flame to affix the cells to
the slide. The smear was applied with crystal violet dye (Fluka, Switzerland) as the
primary stain, which stained both Gram-positive and Gram-negative cells blue-purple
(Figure 3.1). After 1 min, the slide was washed with distilled water for 5 sec. The
specimen should appear blue-purple when observed with the naked eye as the dye entered
the cytoplasm of both types of cells. The slide was then flooded with Gram’s iodine
(Ajax Chemical, Australia), a mordant (a substance that increases the affinity of the
primary stain for the bacterial cells). After 1 min, the slide was rinsed with distilled water

for 5 sec. When iodine (the mordant) was applied, it formed large crystals with the dye,
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and were large enough to escape through the cell wall. At this point, the specimen should
remain blue-purple in color (Figure 3.1). The smear was then discolored by 95% ethyl
alcohol (Hamburg Chemical, Germany). This step should be taken cautiously as too
much decolorizer could result in a false Gram (-) result. Likewise, not using enough
decolorizer may yield a false Gram (+) results. The application of alcohol dehydrates the
peptidoglycan of Gram-positive cells to make it more impermeable to the cystal
violet-iodine. The effect on Gram-negative cells is quite different; alcohol dissolves the
outef membrane of Gram-negative cells and even leaves small holes in the thin
peptidoglycan layer through which crystal violet-iodine diffuse. The slide was rinsed with
distilled water for 5 sec, before counterstained with safranin (Ajax Chemical, Australia)
for 45 seconds, which stains those bacteria that were decolorized in the previous step so
that they can be easily seen (Figure 3.1). Again, the slide was rinsed with distilled water
for 5 sec to remove any excess dye. The slide was blotted with bibulous paper and
examined under the light microscope (Olympus) at 100X magnification with an oil
immersion. Gram-positive bacteria should retain the crystal violet-iodine complex and
appear purple when viewed under the light microscope. Gram-negative bacteria would be
the color of the counterstain (pink). The morphology of the cell was also observed;

whether it was a rod or a coccus, and whether it was in pairs or in the form of chain.
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Figure 3.1: Gram staining procedures.

3.2.1.3 Oxidase Test:

Oxidase test was conducted to test for the presence of cytochrome C oxidase, a
component of electron transport chain. A separate and well-grown colony from a culture
plate of 24 hours old was taken up with an inoculating loop. The colony was spread on to
a reaction zone of an oxidase strip (Medvet, South Australia) and the colour change was
observed for up to 5 sec. A deep blue/violet color indicates positive reaction, and a no

color change indicates no reaction,

3.2.1.4 Catalase Test

Catalase test was carried out to check the presence of catalase enzyme. The
method was as prescribed by Cappuccino and Sherman (2005). Culture streak of 24 hours

old was applied with three or four drops of 3% (v/v) hydrogen peroxide to the entire

40



culture surface to check for the presence or absence of bubbling or foaming. Bubble

formation indicates catalase presence.

3.2.1.5 Biolog ™ Identification System

Biolog™ system uses a 96 well microplate having different carbon source in each
wzll (Biolog, 2002). The microplates are specific for Gram positive and Gram negative
isolates. This system identifies bacteria on the basis of the exchange of electrons
produced during the respiration of an organism, which causes a subsequent
tetrazolium-based color change from clear to purple. Purple wells indicate positive
growth, and wells that remain colorless indicate negative growth. The test inoculum was
prepared from overnight culture of bacterial Isolate Serdang 1 on nutrient agar plate. The
bacterial colonies were picked using sterile cotton swab and resuspended into inoculation
fluid (0.4% (v/v) NaCl, 0.03% (v/v) Pluronic F-68, and 0.02% (v/v) Gellan Gum). The
bacterial suspension was adjusted to 61% turbidity using the Biolog'™ Turbidimeter
(Biolog, Inc) according to the manufacturer’s recommendation. One hundred and fifty pl
of the suspension was dispensed into all wells of the Biolog™ ID Microplates using the
8-channel micropipettor. The ID Microplate was incubated at room temperature for 16 to
24 hours. To analyze the sample, the ID Microplate was placed in the Biolog™
Microstation reader without tilting the plate. Identification was carried out using the

pre-loaded ID Database on a computer which identifies bacteria to the species level.
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3.2.2 Molecular Characterization of Phenol-Degrading Bacteria

3.2.2.1 Genomic DNA Extraction

Cells from overnight broth cultures were harvested from 1.5 ml culture by
centrifugation (Eppendorf, North America) at 13,000 rpm for 2 minutes and the
supernatant was discarded. Genomic DNA was extracted from the harvested cells by
alkaline lysis using Wizard® Genomic DNA Purification Kit™ (Promega, USA)
according to the manufacturer’s procedure. In order to lyse the cells, 600 pl cell lysis
solutions was added and mixed gently by repeated pipeting, followed by incubation at
80°C for 5 minutes and cooling to room temperature. Then, 3 pl RNase solutions was
added and mixed, followed by incubation at 37°C for 5 minutes. For protein
precipitation, 200 pl protein precipitation solutions was added, vortexed and the tube was
cooled on ice for 5 minutes. The solution was then centrifuged at 13,000 rpm for 3
minutes. The supernatant was transferred to a clean tube containing 600 pl of room
temperature isopropanol and mixed. The solution was centrifuged at 13,000 rpm for 2
minutés and the supernatant discarded. Six hundred microliters of room temperature 70%
ethanol was added and mixed. The solution was centrifuged at 13,000 rpm for 2 minutes.
The ethanol was aspirated and the pellet was air-dried for 15 minutes. The DNA pellet
obtained at the end of the protocol was used as a template in PCR. The DNA pellet was

stored at 4°C.
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3.2.2.2 DNA Quantification and Purity

The concentration and purity of the extracted DNA was determined by a
spectrophotometer (Beckman, USA) according to the method described by Sambrook et
al., (1989). Spectrophotometric readings were taken using the wavelengths of 260 nm
and 280 nm. The reading at 260 nm allowed calculation of the DNA concentration in the
sample, where an optical density (OD) of 1 corresponds to approximately 50 pg of double
stranded DNA per ml of DNA sample. Therefore, the net absorbance at 260 nm was
multiplied by 50; the result obtained was again multiplied by dilution factor to get the
concentration of DNA in pg/ml. The ratio of the reading at 260 nm to 280 nm provides an

estimate for the purity of the DNA. A pure DNA sample has a ratio of 1.7 to 2.0.

3.2.2.3 Amplification of Genomic DNA by Polymerase Chain Reaction (PCR)

PCR was performed by incubating the samples at three temperatures in a thermal
cycler (MJ Research Inc., USA) corresponding to three steps in an amplification cycle-
denaturation, annealing and extension in a cycle of amplification. To amplify the 16s
rRNA region, PCR was performed using the 16s universal primer (Turenne et al., 2002).
Forward PCR primers (5’-aga-gtt-tga-tcc-tgg-ctc-ag-3’) and reverse primers
(5’-aag-gag-gtg-atc-cag-ccg-ca-3’) synthesized by First Base Laboratories Sdn Bhd,
Malaysia, were used for the amplification of the 16s rRNA region. This forward and

reverse primers flank the 16s rRNA coding region of bacteria.
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For the PCR mixture; 1 ul of DNA template was mixed with 2 pl of Tag
polymerase in NH4SO4 buffer (MBI Fermentas, Lithuania), 2 pl of 20 mM MgCl, (MBI
Fermentas, Lithuania) 0.5 pl of 10 mM dinucleotide triphospate (dANTP) (MBI
Fermentas, Lithuania), 0.5 pl of 00 uM forward primer (First Base, Malaysia), 0.5 pl of
100 uM reverse primer (First Base, Malaysia), 43 ul of deionized water and 0.5 pl of Tag
polymerase (MBI Fermentas, Lithuania) to a total volume of 50 pl. The PCR reaction
mixture was dispensed into a 0.5 ml thin-walled PCR tube. The samples were then placed
in the thermal cycler (MJ Research Inc., USA) for amplification. The double stranded
DNA was predenatured by heating at 94°C for 4 min, followed by 30 cycles of
denaturation at 94°C for 1 min. The primers were allowed to anneal to their
complementary sequence by cooling at 56.5°C for 2 min, followed by heating to 72°C for
2 min to extend the annealed primers. Following these cycles, a prolonged extension at
72°C for 10 min was used (Sambrook et al., 1989). Negative control reactions without
template DNA were carried out simultaneously and for the negative control, ultra pure

water was used as a substitute for DNA template.

3.2.2.4 Detection of PCR Products

DNA amplified was separated using agarose gel electrophoresis. A 1.0% agarose gel was
prepared in a 250 ml conical flask by melting 0.3 g of agarose in 30 ml of 1X TBE
electrophoresis buffer (0.1 mM Tris/HCL, 0.1 mM boric acid, 0.002 mM EDTA, pH 8.3)
(Sambrook et al., 1989). The agarose gel at 50-70°C was poured into the gel tray and the

comb was inserted. After the gel has hardened completely, the comb was remove
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carefully and the gel placed in the electrophoresis chamber. The chamber was then filled
with 1X TBE electrophoresis buffer. Seven microliters of amplified PCR products were
pre-mixed with 1 pl of 6X loading dye (MBI Fermentas, Lithuania) on a piece of
parafilm and loaded into the gel well. Gene Ruler™ 1kb DNA marker (MBI Fermentas,

Lithuania) was used as a standard.

The DNA was electrophoresed at 70 V supplied from a Power Supply EPS 600
(Pharmacia, Biotech) for 1 hour and 30 min. After electrophoresis, the gel was removed
from the tray, stained with 0.5 pg/ml ethidium bromide (as described in Appendix A) for
15 min and then destained with distilled water. The bands on the gel were visualized on
an ultraviolet light transilluminator and photographed using the Bio Imaging System in

Gene Snap Program (Syngene,UK).

3.2.2.5 Purification of Desired PCR Product

The QIAquick Gel Extraction (QIAGEN, Germany) was used to extract and
purify the expected DNA fragment from the agarose gel, according to the manufacturer’s
instruction. The DNA fragment band was excised from the agarose gel with a clean,
sharp scalpel. The gel slice in a colorless tube was then weighed and 3 volumes of Buffer
QG were added to 1 volume of gel (100 mg~100 pl). The tube was incubated at 50°C for
10 min and vortexed every 2-3 min to dissolve the gel. After the gel slice has dissolved
completely, a QLAquick spin column was placed in a provided 2 ml collection tube. To

bind DNA, the sample was applied to the QIAquick column. Then, the solution was
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centrifuged at 13 000 rpm for 1 min. The flow-through was disc.arded and the column
was placed back into the same collection tube. In order to remove all traces of agarose,
0.5 ml of Buffer QG was added to QIAquick column and the solution was centrifuged at
13 000 rpm for 1 min. To washout, 0.75 ml of Buffer PE was added into the QIAquick
column. Then, the solution was centrifuged at 13 000 rpm for 1 min. The flow-through
was discarded and the column was placed back into the same collection tube and the
QIAquick column was centrifuged for an additional 1 min at 13 000 rpm to remove
residual ethanol from Buffer PE. The QIAquick column was then transferred into a new
microcentrifuge tube and 50 pl of Buffer EB (10 Mm Tris.Cl, pH 8.5) was added to the
center of QIAquick column membrane to elute the DNA out and incubated for 1 min. The

solution was centrifuged at 13 000 rpm for 1 min at room temperature.

3.2.2.6 Plasmid Vector

TOPO TA Cloning® provides a highly efficient, one step cloning strategy for
direct insertion of 7aq polymerase-amplified PCR products into a plasmid vector
(Figure 3.2a). It was supplied in linear form with single 3’-thymidine (T) overhanged at
both ends of the TA Cloning vector and topoisomerase 1 enzyme covalently bound to the

vector. The plasmid vector (pCR® 2.1-TOPO) was as shown in Figure 3.2b.
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Figure 3.2: a) TOPO TA Cloning® and b) Map of pCR® 2.1-TOPO.
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3.2.2.7 TOPO Cloning Ligation Reaction

Six microliters of TOPO Cloning reaction mixture was prepared as shown in
Table 3.1. The solution was mixed gently and incubated for 5 min at room temperature to

prevent the reduction of transformation and cloning efficiency.

Table 3.1: TOPO cloning reaction mixture.

Reagents Quantity
Fresh PCR product 4 ul
Salt solution 1 ul
pCR® 2.1-TOPO vector 1 ul
Final volume 6 pl

3.2.2.8 TOP 10 One Shot Chemical Transformation

In transformation reaction, the procedure was performed according to the manufacturer’s
instruction, 20 pl chemical competent cells of E.coli TOP 10 One Shot (Invitrogen, USA)
were thawed on ice. Six microliters of TOPO Cloning ligation reaction mixture was
added to a vial containing E.coli TOP 10 One Shot cells and mixed. The mixture was
incubated on ice for 30 min. The cells were heat shocked for 1 min at 42°C without
shaking. The tube was then incubated on ice for 2 min. Two hundred and fifty microliters
SOC medium was added to the tube at room temperature before capping tightly and

shaken horizontally at 200 rpm, 37°C for 1 hour. While the cells were left growing, X-gal
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(5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside) (4mg/ml) was added to the LB
(Lunia-Bertani) agar plates containing S50pg/ml ampicillin prepared earlier. The
preparation of X-gal, LB and ampicillin was as described in Appendix A. The X-gal was
spread immediately and evenly on the plate with a glass spreader. After 1 hour
incubation, 50 to 100 pl of the transformed bacteria was pipetted out and dispensed onto
the centre of the plate. The cells were spread evenly on the plate with a glass spreader.
The plates were incubated at 37°C for 16 hours. After incubation, blue and white colonies

were observed.

3.2.2.9 Plasmid Extraction

Plasmid extraction was performed according to the protocol as described by GeneJET™
Plasmid Miniprep Kit (MBI Fermentas, Lithuania). Overnight culture of plasmid colonies
was transferred into microcentrifuge tubes and centrifuged at 13 000 rpm for 1
min at room temperature and the supernatant discarded. The pellet was resuspended in
250 pl cell resuspension solution. Then, 250 pl cell lysis solutions was added and mixed
gently by inverting the capped tube six times. Three hundred and fifty microliters of
neutralization solution was then added and mixed by inverting the tube for six times. The
solution was centrifuged at 13 000 rpm for 15 min. Cleared lysate was transferred to the
supplied GeneJET™ spin column by decanting or pipetting. Then, the solution was
centrifuged at 13 000 rpm for 1 min. The flow-through was discarded and the column
was placed back into the same collection tube. Five hundred microliters column wash

TTM

solution containing ethanol was added into the GeneJET " spin column.
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The solution was centrifuged at 13 000 rpm for 1 min. The flow-through was
discarded and the column was placed back into the same collection tube. The washing
procedure was repeated twice. The GeneJET™ spin column was then transferred into a
new microcentrifuge tube and 50 pl of elution buffer was added to the center of
GeneJET™ spin column membrane to elute the plasmid DNA and incubated for 2 min.
The solution was centrifuged at 13 000 rpm for 2 min at room temperature. The plasmid

DNA was stored at -20°C until use. The concentration and purity of the extracted plasmid

was determined as described in section 3.2.2.2.
3.2.2.10 Analysis of Positive Clones by Restriction Endonuclease (RE) Analysis

The presence of the inserted gene in the plasmid was confirmed by digesting the
extracted plasmid with restriction endonucleases- BamHI and Xhol (MBI Fermentas,

Lithuania). The restriction digestion reaction was prepared as in Table 3.2.

Table 3.2: The restriction digestion reaction.

_ Reagents Quantity
Sterile deionized water 1 pl
Restriction endonuclease Buffer 2 ul
Restriction endonuclease (BamHI) 1 ul
Restriction endonuclease (Xhol) 1l
Recombinant plasmid S5ul
Final volume 10 pl
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The solution was mixed gently by repeated pipeting, followed by incubation at 37°C for 2
hours. The digested recombinant plasmids were analyzed by agarose gel electrophoresis.
Seven microliters of the digested recombinant plasmids were mixed with 1 pl of 6X
loading dye and then loaded on to 1% (w/v) agarose gel. Five microliters of Gene
Ruler™ 1kb DNA marker (MBI Fermentas, Lithuania) was used to estimate the
molecular weight of the DNA bands. The sample was electrophoresed in 1X TBE
electrophoresis buffer at 70 V supplied from a Power Supply EPS 600 (Pharmacia,
Biotech) for 1 hour and 30 min. After electrophoresis, the gel was removed, stained with
0.5 pg/ml ethidium bromide for 15 min and then destained with distilled water. The
bands on the gel were visualized on an ultraviolet light transilluminator and photographed

by Biolmaging System in Gene Snap Program (Syngene,UK).

3.2.2.11 Automated DNA Sequencing

The isolated plasmid DNA was subjected to automated sequencing on both
strands using forward and reverse universal primers. The sequencing was carried out by
First Base Laboratories Sdn Bhd, Malaysia. ABI PRISM BIGDYE™ and Amersham
Pharmacia Biotech DYEnamic ET Terminator Chemistry were used for the sequencing
reactions. The ABI PRISM® 377-96 DNA Sequencer automatically analyses DNA
molecules labeled with multiple fluorescent dyes by the BIGDYE™ or DYEnamic ET
Terminator sequencing reactions. The samples were loaded onto vertical 5% Long

Ranger DNA (BioWhittaker Molecular Applications) sequencing gels.
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3.2.2.12 DNA Sequence Homology Analysis

The homology of the PCR amplified DNA fragment was analyzed and compared
with Genbank database using the BLASTN 2.0.11 programs of the National Center for
Biotechnology Information, which can be accessed through the website

h