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ABSTRACT

Different pollutants arising from natural and anthropogenic sources have
contaminated our nature and have grave impact on human health. Polycyclic aromatic
hydrocarbons (PAHS) are ubiquitous pollutant which cause great damage to terrestrial
and aquatic ecosystems. Efficient and safe removal of these pollutants from
environment has been an intensely active research area. Bioremediation is a well—
established technique employed for the clean-up of PAHSs. In this thesis, we have
studied the process of PAHs removal through yeast, Candida tropicalis. This type of
non-ligninolytic fungi have an edge over other fungi owing to their higher tolerance
towards pollutants. To begin with, we have addressed the primary facet of a typical
bioprocess, i.e. optimization of physical parameters and kinetic analysis of microbial
growth. The model system was phenanthrene and pyrene as pollutants and native
yeast strain of Candida tropicalis MTCC 184. The physical parameters related to
phenanthrene and pyrene biodegradation were optimized using statistical design of
experiments. The tolerance test revealed marked decrease in yeast cell growth after
100 and 75 mg L™ of phenanthrene and pyrene, respectively. The values of the
optimised parameters were similar for both the PAHs. Under optimum conditions, ~
66% of phenanthrene and ~ 53% of pyrene was degraded in 14 days. Kinetics of the
process was studied using different substrate inhibition models. The profiles were best
described with Haldane substrate inhibition model. Next intensification of
biodegradation of PAHs with ultrasound was studied from a mechanistic viewpoint.
After optimization of sonication duty cycle, ultrasound was applied in the log phase
of yeast growth cycle. A marked rise of ~ 25% in phenanthrene removal and ~ 30% in
pyrene removal was seen with sonication. Kinetic analysis revealed that the biomass
yield coefficient increased while the decay coefficient of the cells reduced in presence
of sonication. No significant alteration in the cellular morphology and topography
was seen with ultrasound treatment. Further, we have studied the biomechanism of
degradation of phenanthrene and pyrene by Candida tropicalis. It was found that
same route of degradation (meta— pathway) was followed in both test and control
experiments, thereby signifying that ultrasound did not alter the route of degradation.
SDS-PAGE analysis revealed higher protein expression in the test samples as

compared to control samples. GC-MS analysis of intermediate metabolites revealed
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two parallel pathways of degradation, first triggered by intracellular cytochrome P450
monooxygenase enzyme, and second initiated by dioxygenase enzymes. Finally, the
co—bioremediation of both the PAHs have been studied. Experimental results have
been analyzed using a kinetic model for cell growth that takes into account self— and
cross—inhibition of both substrates. In dual substrate system, specific degradation rate
of phenanthrene was significantly higher than pyrene, which indicated relatively
lower tolerance of C. tropicalis cells towards pyrene. The values of interaction
parameters of inhibition revealed strong competitive cross—inhibition between two
substrates, due to which biomass yield with dual substrates was reduced significantly.
Inhibition induced by pyrene on cell growth was higher than phenanthrene. On a
whole the thesis presents a complete lab scale process design and intensification of
bioremediation of PAHSs through non-ligninolytic fungi. Moreover, the methodology
presented in the thesis forms a general framework that can be extended to other
bioremediation systems.
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CHAPTER 1

Introduction and

Literature Review

1.1 INTRODUCTION

The 20™ century was an era of rigorous industrialization, modernization,
population growth and scientific development. Progress in science and technology
from the phase of industrial revolution resulted in increasing excavation of
conventional fuels sources and the introduction of pharmaceuticals and agricultural
chemicals have assisted in upgrading the living standard of people. Industrial
processes, agricultural practices and the usage of chemicals in different areas has led
to intentional or accidental discharge of chemicals into the environment (Harms et al.,
2011). These released chemicals may have adversative health effects on living beings

and environment (Valentin et al., 2013). The chemicals of concern are petroleum
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CHAPTER 1

hydrocarbons (aliphatic, aromatic, polycyclic aromatic hydrocarbons), BTEX
(benzene, toluene, ethylbenzene, and xylenes), chlorinated hydrocarbons,
nitroaromatic compounds, organophosphorus compounds, halogenated solvents,
agricultural chemicals, heavy metals and metalloids (Megharaj et al., 2011).
Chemicals like organochlorides and nitroaromatic compounds are intentionally
manufactured, while the production and incineration of some other products, such as
polyvinyl chloride (PVC) plastic lead to creation of unwanted lethal by—products.
After these chemicals serve their purpose, they are generally released into the
environment (soil, water and atmosphere). These persistent chemicals often end up in
soil, or if passed through a water treatment plant, accumulate and sediment at the
bottom of water bodies, thereby creating pollution in the environment (Valentin et al.,
2013). Among the various toxic pollutants of global concern, polycyclic aromatic
hydrocarbons (PAHSs) occupy a special position due to their widespread occurrence in
the ecosystem (Cachada et al., 2016) posing severe effects on terrestrial and aquatic

ecosystem and human health (Majumdar et al., 2016).

1.2 Polycyclic aromatic hydrocarbons (PAHS)

PAHs belong to subset of a set of compounds identified as polycyclic organic
matters (POM). These group of multiple ringed aromatic hydrocarbons are ubiquitous
in the natural environment. The term “PAH” mostly signifies compounds comprising
of carbon and hydrogen atoms. They are basically hydrocarbons formed by fusion of
two or more benzene rings in linear, angular or clustered arrangements (Abdel-Shafy
and Mansour, 2016). They are distributed in two classes: low molecular weight
(LMW) compounds comprising of less than four rings and high molecular weight

(HMW) compounds consisting of four or more rings. PAHSs in pure form occur as
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INTRODUCTION & LITERATURE REVIEW

colourless, white/pale yellow—green solids, lipophilic in nature with high boiling and
melting point and low vapour pressure (Kim et al., 2013). They are extremely
recalcitrant compounds due to their hydrophobicity and molecular stability (Ortega—
Calvo et al.,, 2013) and possess toxic, genotoxic, carcinogenic and/or mutagenic
properties (Cerniglia, 1993; WHO, 1983). Because of these properties, the presence of
PAHSs in the eco— and biosphere is quite alarming. The rise in the number of aromatic
rings in a PAH structure, indicates increase in the hydrophobicity, carcinogenic
property, potential to bio—accumulate and resistance to degradation of the PAH. With
an ever—increasing global awareness in the last few decades regarding the hazardous
consequences of these contaminants on human health and ecosystem, studies on
remediation and renovation of polluted environment have received great attention
(Hong et al.,, 2016.). Based on abundance and toxicity, the United States
Environmental Protection Agency (US EPA) has declared 16 PAHs as priority
pollutants (Srogi, K., 2007; Agency for Toxic Substances and Disease Registry
[ATSDR], 1990) which are enlisted in Fig. 1.1. PAHSs that are probable carcinogens:
chrysene, benzo(a)anthracene, benzo(a)pyrene (BaP), dibenzo(a,h)anthracene,
benzo(b)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-c,d)pyrene and
benzo(g,h,i) perylene. Several physicochemical properties and relevant information of
the 16 priority PAHs are provided in Table 1.1.

1.2.1 Sources of PAHS

As depicted in Fig. 1.2, PAHSs originate either naturally or anthropogenically. They
are formed as by—products of natural and anthropogenic carbon combustion. Natural
sources can form recalcitrant PAHs possessing toxic properties (Haritash and

Kaushik, 2009).
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Naphthalene Anthracene

Phenanthrene

D D O

Acenaphthylene Fluorene

Fluoranthene Benzo[a]anthracene

vead o‘o‘ posd

Chrysene Pyrene Benzo|b]fluoranthene Benzo[k]fluoranthene

Dibenzo|[a,h]anthracene Benzo[a]pyrene Indeno[1,2,3-c,d]pyrene Benzo[g hi]perylene

Figure 1.1. Structures of 16 PAHs enlisted as priority pollutants by US EPA.

Examples belonging to this category comprise: forest fires, volcanoes,
hydrothermal processes, bacterial and plant reactions, petroleum leaks, erosion of
sedimentary rocks comprising of petroleum hydrocarbons and vegetative decay.
Anthropogenic sources include incomplete combustion like incinerators and industrial
processes. PAHs originated from sources such as vehicle emissions, smoke from
wood-burning stoves, cigarette and cigar smoke and smoked food also fall in this
category. Other anthropogenic sources include sewage sludge, petroleum product
spills, and tarry or creosote waste materials. It is rather essential to cite that
incomplete combustion in any form has been recognised as the sole major contributor
of PAHs in the environment (Lawal, 2017; Abdel-Shafy and Mansour, 2016).
Nevertheless, anthropogenic contribution of PAHSs in the ecosystem is higher than

natural sources.
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INTRODUCTION & LITERATURE REVIEW

Table 1.1. Properties of 16 PAHSs enlisted as priority pollutants by US EPA.

Order Name CAS Molecular Molecular / Boiling Melting Vapor pressure
registry no.  formula  weight (g mol™) point (°C) point (°C) (mmHg at 25°C)
1 Naphthalene 91-20-3 CioHs 128.1 218 80.2 85x107°
2 Acenaphthene 83-32-9 C12H1o 154.2 279 93.4 25x% 107
3 Acenaphthylene 208-96-8 Ci2Hs 152.1 280 925 6.68 x 107
4 Anthracene 120-12-7 Ci4H1p 178.2 342 218 6.53 x 10°®
5 Phenanthrene 85-01-8 Ci4H1o 178.2 340 101 1.2 x 10"
6 Fluorene 86-73-7 CizHio 166.2 295 116 6.0 x 10
7 Fluoranthene 206-44-0 CisH10 202.2 375 110.8 9.22 x 10°®
8 Benzo[a]anthracene 56-55-3 CigH12 228.3 438 158 4.11 %10
9 Chrysene 218-01-9 CigH1o 228.3 448 254 6.23 x 10”
10 Pyrene 129-00-00 CieH1o 202.2 404 151 45x10°
11 Benzo[a]pyrene 50-32-8 CooH12 252.3 495 179 5.49 x 10
12 Benzo[b]fluoranthene 205-99-2 CaoH12 252.3 481 168.3 5.0 x 10"
13 Benzo[k]fluoranthene 207-08-9 CaoH12 252.3 480 217 9.7 x 10
14 Dibenzo[a,h]anthracene 53-70-3 CooHig 278.3 524 269.5 9.55 x 10™°
15 Benzo[g,h,i]perylene 191-24-2 CaH1s 276.3 550 278 1.0 x 10™°
16 Indenol[1,2,3-cd]pyrene  193-39-5 CxH1z 276.3 536 163.6 1.25 x 103
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The most common regions of these pollutants are soil and waste proximate to
oil refineries, gas plants, air bases, fuel stations and chemical industries (Shahsavari et
al., 2019; Juhasz et al., 2005). From all the above—mentioned sources, PAHSs are
widely dispersed and detected as in air, soil, sediment, surface water and ground
water. Natural and anthropogenic sources, combined with the global transport
phenomena, leads to the widespread distribution resulting in dispersion of PAHs from
the atmosphere to vegetation and in all other places leading to bioaccumulation in
various food chains thereby posing serious threat to life and ecosystem (Ghosal et al.,

2016; Wagrowski and Hites, 1997).

PAHs sources

Natural Anthropogenic
Natural Petroleum Petroleum spills
\Vegetative decay Sewage sludge
Plant synthesis PAHs contaminated media
Rare minerals Pesticide formulations

\olcanoes, Fires} Tncomplete Wood burning, co_king plarjts,
combustion Cigarette smoke, incineration,
Vehicles (internal combustion),
Other burning & industrial processes

Polycyclic aromatic hydrocarbons in the environment (soil, air & water)
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Animals and plants Occupational or non-occupational
exposure to PAHs | human exposure to PAHs

Figure 1.2. Sources of PAHs in the environment (Adopted from Abdel-Shafy and
Mansour, 2016, Okonkwo et al., 2014).

1.2.2 PAHSs exposure routes to humans
The main route of PAHs exposure among human population is through

inhalation of smoke from cigarette and open fireplace or from consumption of food
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having PAHs (ACGIH, 2005). Different types of PAHSs released from tobacco smoke
are carcinogenic to humans (Lannero et al., 2008). Food also can be polluted with
PAHs through environmental sources (natural and mostly anthropogenic), food
processing industries and household cooking practices. These pollutants enter into the
food chain by deposition and transfer from air, water and soil (Chen and Chen, 2001).
Various agricultural crops may produce PAHs or absorb them through soil, water or
air (Ciecierska and Obiedzinski, 2013). Spread of PAHSs is assisted by water that
leaches out PAH content of soil, and enters into water bodies, or also from liquid
discharges from industries or accidental spills during oil shipping. Besides, intake of
PAHs may happen from polluted soil through ingestion, inhalation, or dermal
exposure (Wang et al., 2012). Workforces (mechanics, street sellers, or automobile
drivers) suffer from occupational exposure to PAHs by inhaling exhaust fumes and
those working in mines, metal, or oil refining industries (See et al., 2006; Armstrong
et al., 2004). Therefore, pathway of exposure to PAHs comprises of ingestion,
inhalation, and dermal interaction in both occupational and non—occupational settings
(Ravindra et al., 2008). Moreover, simultaneous exposures via numerous ways like
dermal and inhalation exposures result in increase of the overall dose of absorbed
PAHs.
1.2.3 Effects of PAHs exposure

Exposure to PAHSs at different levels and from different occupations results in
short term and long term health effects. These effects also differ according to the
intensity, concentration, frequency, duration of contact, toxicity and the pathway of
exposure (inhalation, ingestion, dermal) through which the pollutant absorbed
(ACGIH, 2005). Exposures to high concentrations of pollutants comprising PAHs

results in symptoms such as eye and skin irritation, vomiting, nausea, inflammation
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etc. Naphthalene, anthracene and benzo(a)pyrene are direct skin irritants, while
anthracene and benzo(a)pyrene are reported to be skin sensitizers in human beings
and animals (Unwin et al., 2006). Various health troubles like lung, skin, bladder, and
gastrointestinal cancers have been reported (Diggs et al., 2011; Olsson et al., 2010).
Long-term exposure to PAHSs like pyrene and BaP has been recognized to cause
cancer in laboratory animals (Diggs et al., 2012). Exposure to PAHs also results in
cataracts, liver and kidney damage. Various authors reported DNA damage due to
PAH exposure (Garcia—Suastegui et al., 2010; John et al., 2009; Gunter et al., 2007).
PAHs exposure for long time is supposed to elevate the threats of cell damage
through gene mutation and cardiopulmonary mortality (Kuo et al., 2003). Fig. 1.3
portrays a simple flow chart linking impact on health due to short and long term

exposure of PAHS.

[ Polycyclic Aromatic Hydrocarbons ]

L S

Short-term Health Effects ] [ Long-term Health Effects ]
——[ Eye & skin irritation ] Lung,. skln,.bladder &
b, |_gastrointestinal cancers )
__[ Nausea, vomiting _.( Cataracts, kidney &
& confusion L liver damage J
_.‘ Inflammation & ) | [ Genotoxicity & DNA |
diarrhea ) L damage )

Figure 1.3. Short and long term health effects of exposure to PAHs (Adopted from
Kimetal., 2013).
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1.2.4 Removal of PAHs

PAHs are considered to be main pollutant of air, but soil and water are the
ultimate depository of these pollutants. The fate of PAHSs in the ecosystem involves:
volatilization, photo—oxidation, biodegradation, chemical oxidation, adsorption to soil
particles and leaching (Haritash and Kaushik, 2009). These pollutants do not degrade
easily in natural conditions and their persistence enhances with higher molecular
weight. Thus, they have become a matter of huge worry due to their extensive
occurrence in the ecosystem. Their resistance to degradation, capacity of bio-
accumulation and cancer—causing effects make these pollutants even more unsafe.
Contact with these pollutants occurs through inhaling PAHs contaminated air, or from
water, or soil of nearby hazardous waste sites, or via consuming polluted water or
milk etc. (Albanese et al., 2014; Zhao et al., 2014).

The clean-up of PAHSs polluted sites has been considered to be one of the
critical issues of preventing/restoration of environmental damage. Several
conventional remediation practises have been developed and studied to reduce the
ever—increasing environmental pollution issue. Different treatment methods (physical
and chemical) like incineration, base—catalyzed dechlorination, UV oxidation, solvent
extraction etc. are already in practice (Varjani, 2017; Ghosal et al., 2016; Gan et al.,
2009). Each of these treatments affects in different way depending on the PAHSs
physical, chemical and biological properties. Such traditional techniques possess
limited efficiency, and are expensive as they involve excavation and transportation of
contaminated materials. Moreover, these conventional practices, in several situations,
do not destroy the pollutants entirely, but instead relocate them from one location or
phase to another. These serious issues and limitations in decontamination have

spurred researchers to devise alternative effective and environmental friendly clean—
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up practice to fight pollution. Bioremediation is a green option that utilizes and
manipulates the detoxification capabilities of microorganisms and plants to
transform/eliminate toxic wastes into harmless products, often water and CO,
(Macaulay and Rees, 2014; Niti et al., 2013; Bamforth and Singleton, 2005).
Basically, it is an important tool for conversion of pollutants to less/non—hazardous
form with relatively low energy and chemicals consumption. It mostly obviates the
constraints and demerits of former physicochemical procedures by
degrading/removing organic pollutants at low expense and in ambient conditions.
Therefore, it has been widely adopted for removal of wide range of pollutants. It is a
procedure that utilises microbes, green plants, fungi, or their enzymes to remove
pollutants and make the environment free from contaminants (Mani and Kumar,
2014). Although bioremediation was known for decades, it is only in recent years that
serious endeavours have been attempted to harness nature's own potential — with the
purpose of environmental applications for inexpensive and effective protection of
ecosystems (Abdel-Shafy and Mansour, 2016; Megharaj et al., 2011; Andreoni and
Gianfreda, 2007). This progress has requisite of: (1) amalgamation of basic laboratory
facilities to classify and characterize biological processes, (2) testing of different
bioremediation technologies and pilot-scale development, (3) acceptance by
regulators and people, and (4) on-site application to ensure their efficiency and

safety.

1.3 Bioremediation of PAHSs
Bioremediation technique has emerged as an efficient strategy for cleaning—up
pollutants and has rightfully addressed the limitations associated with the

conventional remediation processes. This process has been widely accepted by

1
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environmentalists worldwide as it transforms the pollutants into less hazardous or
non—hazardous forms. Abundant microorganisms: bacteria, fungi, or algae have
capability to biodegrade PAHs (Luo et al., 2014). Both free cells and immobilized
cells possess capability to degrade PAHs (Partovinia and Naeimpoor 2014).
Biodegradation of these pollutants have been explored by various researchers
(Rodriguez—Morgado et al., 2015; Biswas et al., 2015; Jiang et al., 2014; Haritash and
Kaushik, 2009; Peng et al., 2008; Cerniglia 1993). The mechanism of this process
involves breakdown of organic complexes through biotransformation into simpler
metabolites, and through mineralization into inorganic minerals, H,O, CO, (aerobic)
or CH, (anaerabic). It occurs on the basis of: growth and co—metabolism. For growth,
the pollutants are the sole carbon and energy source, resulting in a complete
biodegradation of pollutants. Co—metabolism refers to the breakdown of pollutants in
presence of a growth substrate which acts as the primary source of carbon and energy
(Fritsche and Hofrichter, 2008). The PAH biodegradation rate is indirectly
proportional to the number of aromatic rings existing in structure of a particular PAH;
LMW PAHs are more readily degradable as compared to HMW PAHSs. For the
successful occurrence of biodegradation, various factors are responsible. The extent
and rate of this process is dependent on numerous factors: temperature, pH, oxygen,
microbe  population, microbial acclimatization, nutrients, bioavailability,
physicochemical properties of PAH, cellular transport properties and chemical
partitioning in growth medium (Haritash and Kaushik, 2009). Biodegradation
pathway is highly selective with specific pathway dependent on the type of
microorganism involved.

Some of the hydrocarbon—degrading bacterial genera in environments that are
worth mentioning include Achromobacter, Acinetobacter, Alcaligenes, Arthrobacter,
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Bacillus,  Brevibacterium,  Burkholderia, = Collimonas,  Corynebacterium,
Flavobacterium, Gordonia, Micrococcus, Mycobacterium, Nocardia, Nocardioides,
Ochrobactrum, Pseudomonas, Ralstonia, Rhodococcus, Sphingomonas (Darmawan et
al., 2015; Okai et al., 2015; Sun et al., 2014a; Hamamura et al., 2013; Mao et al.,
2012; Arulazhagan and Vasudevan, 2011; Chikere et al., 2011; Kanaly and
Harayama, 2010; Haritash and Kaushik, 2009; Cybulski et al., 2003; Kanaly and
Harayama, 2000). Bacterial strains belonging to genera such as Mycobacterium,
Pseudomonas and Sphingomonas have been reported to dominate biodegradation of
PAHs in soil (Bisht et al., 2015). Some common fungi genera responsible for
hydrocarbon degradation are: Aspergillus, Candida, Cladosporium, Cunninghamella,
Debaromyces, Fusarium, Irpex, Leucosporidium, Lodderomyces, Mucor,
Phanerochaete, Pleurotus, Polyporus, Penicillium, Pichia, Rhodosporidium,
Rhodotorula, Saccharomyces, Scopulariopsis, Sporidiobolus, Sporobolomyces,
Stephanoascus, Trametes, Trichoderma, Trichosporon, Yarrowia (Hashem et al.,
2018; Hadibarata et al., 2017; Aranda, 2016; Jove et al., 2016; Okerentugba et al.,
2016; Gargouri et al., 2015; Marco-Urrea et al., 2015; Mineki et al., 2015; Simister et
al., 2015; Hadibarata and Kristanti, 2014; Harms et al., 2011; Kumari and Abraham.,
2011; Passarini et al., 2011; Borras et al., 2010; Csutak et al., 2010; Hadibarata et al.,
2009; Wu et al., 2009; Li et al., 2005).
1.3.1 Factors Affecting Biodegradation of PAHs

Microorganisms possess the potential to degrade several organic contaminants
owing to their metabolic machinery and ability to adjust in hostile environments. This
effectiveness has been mostly studied in ideal laboratory environment having neutral
pH and ambient mesophilic temperature (Ghosal et al., 2016; Joutey et al., 2013).
However, in real situation, bioremediation efficiency is dependent on the existence
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and growth of microbial consortia adept in biodegrading organic pollutants and
converting them to harmless products, and bioavailability of the pollutant to microbial
attack. Different biotic as well as abiotic factors like (medium pH, temperature,
oxygen level, moisture, nutritional, PAH concentrations, toxicity, etc.) either
accelerate or inhibit the bioremediation process (Abel-Shafy and Mansour, 2016;
Joutey et al., 2013; Ukiwe et al., 2013; Luo et al., 2012). Bioavailability of pollutants
followed by contaminant mass transfer and subsequent metabolism are the major
elements that regulate the entire bioremediation effectiveness, especially in cases of
hydrophobic pollutants such as PAHs (Amodu et al., 2013; Mohan et al., 2006). Fig.

1.4 illustrates various factors influencing PAHs degradation.
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Figure 1.4. Biotic and abiotic factors influencing degradation of PAHs in
environment (Adopted from Ghosal et al., 2016).

These factors affecting PAHs biodegradation can be classified in three major domains
(Vidali, 2001)
A. PAH properties: physico—chemical properties (molecular weight, chemical

structure, hydrophobicity), PAH concentration, associated bioavailability of the
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pollutant for the microbial population, and hydrophobicity and toxic or inhibitory
effects of the pollutant and their metabolites.
B. Environmental conditions: type of medium, organic and nutritional contents,
salinity, temperature, pH, water content, presence of oxygen or other electron
acceptor and presence of alternate carbon sources.
C. Microbial ecology: A particular microbial population having potential of degrading
pollutants depends on type of species, population, distribution and prior exposure.
Microbial species that exist in previously polluted sites possess the capability to
metabolize PAHs at higher rates than microbes present in unpolluted sites. An
acclimatisation phase is essential for microorganisms after contamination prior to the
commencement of degradation process. During this particular phase, suitable
microbial communities develop through growth and enzyme induction. The
bioremediation efficiency is also largely governed by the metabolic pathway of
degradation, potential of surfactant production, substrate affinity and substrate range.
1.3.2 Bacterial Degradation of PAHs

Bacteria belong to the class of microorganisms which have evolved billions of
years ago and have developed strategies to obtain energy from everywhere by quick
adaptability. Therefore, they are considered as nature’s greatest scavengers. Bacteria
have been largely used to remediate or degrade toxic environmental pollutants.
Different bacterial species have been vigorously involved in biodegradation of
organic contaminants such as PAHs. The metabolic pathways for bacterial
degradation of PAHSs, as represented in Fig. 1.5, have been very well documented and
presented in numerous review articles (Shahsavari et al., 2019; Mallick et al., 2011,

Seo et al., 2009; Cerniglia, 1993).
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Predominantly, bacterial species favour aerobic conditions for degradation
where the initial attack on hydrocarbons involves molecular oxygen as co—substrate.
The enzymes in the metabolic pathways of alkanes are monooxygenases, whereas
aromatic hydrocarbons are attacked by either monooxygenases or dioxygenases. The
initial step in aerobic bacterial metabolism of PAHSs is oxidation of the aromatic ring
by dioxygenase enzymes to form cis—dihydrodiols. This initial enzymatic process is
generally the rate limiting step in PAHs degradation process. Then re-aromatization
of the aromatic nucleus occurs by the action of cis—dihydriol dehydrogenase to form
dihydroxylated intermediates, which undergo further oxidation leading to catechol
formation. The subsequent step is confirmation—dependent aromatic ring fission.
When the hydroxyl groups of the dihydroxylated intermediates are in ortho—position,
then cleavage is catalysed by intradiol (ortho) dioxygenase forming cis, cis—-muconic
acid. If the hydroxyl groups are in meta—position, cleavage occurs adjacent to
hydroxyl groups by extradiol (meta) cleaving dioxygenase, thereby forming 2-
hydroxymuconic semialdehyde (Mallick et al.,, 2011; Elliot et al., 2010). Ring
cleavage results in the formation of succinic, fumaric, pyruvic, acetic acids and
aldehydes, which are consumed by microbes for the synthesis of cellular constituents
and energy. The by—products of this reaction are carbon dioxide and water. Bacteria
can also degrade PAHSs through cytochrome P450 enzyme system resulting in the
production of trans—dihydrodiols and phenols (Moody et al., 2004).

1.3.3 Anaerobic PAHs Degradation

Though several PAHs are known to be degraded in aerobic conditions,
anaerobic biodegradation of different pollutants including PAHs have been reported
in previous works (Li et al., 2015; Aburto et al., 2009; Phelps et al., 2002) and
reviewed (Aburto—-Medina and Ball, 2015; Yang et al., 2013; Karthikeyan and

TH-2404_146152011 15



CHAPTER 1

Bhandari, 2001). This can be considered a favourable substitute in soil bioremediation
specially in subsurface and deep sediments and in situations of low soil porosity and
air permeability (i.e., oil spills), where oxygen transfer in the system is problematic
(Li et al., 2010a). PAH degradation in this condition is a time—consuming process in
comparison to aerobic conditions and its mechanism has not yet been elucidated
clearly (Sun et al., 2014b; Haritash and Kaushik, 2009). In this process,
biodegradation occurs under sulfidogenic conditions which is followed by
methanogenic and nitrate—reducing conditions (Fig. 1.5) (Chang et al., 2002). Li et al.
(2015) reported that the PAHs degradation rates under anaerobic conditions are
considerably boosted when inoculated with PAH—enriched microbial consortium.
This lead to better microbial activity, resulting in faster and complete degradation

with the half-lives of the target PAHSs reduced considerably.
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Figure 1.5. Major pathways for PAHs degradation by fungi and bacteria (Adopted
from Shahsavari et al., 2019; Cerniglia & Sutherland, 2001).

1.3.4 Fungal Degradation of PAHs
Numerous studies have reported the potential of diverse fungal species for

PAH biodegradation and mineralization (Cerniglia and Sutherland, 2010). Fungi
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possess both biochemical and ecological potential to degrade organic pollutants
making them a promising species for bioremediation. In conditions of bacterial
malfunction such as over—polluted and too acidic habitats, pollutants are physically
inaccessible to unicellular organisms or complex xenobiotic structures, and in such
cases, fungal remediation can be a promising alternative. PAHs transformation by
fungi comprises of numerous enzymatic routes and is mainly dependent on the type of
species and environment for growth. Fungi which are responsible for PAHSs
degradation falls in two categories: (1) non—ligninolytic and (2) ligninolytic fungi or
white—rot fungi. Non-ligninolytic fungi produces cytochrome P450 monoxygenase
enzyme for degradation, while ligninolytic fungi produces extracellular enzymes for
catabolism. These enzymes are nonspecific and oxidize a broad range of organic
complexes (Li et al., 2010b; Peng et al., 2008; Tortella et al., 2005). Although
ligninolytic fungi possess remarkable biochemical qualities, they cannot compete in
the natural environment because of their requirement of ligninolytic conditions to
secrete their enzymes and lignocellulosic substrates. Therefore, the application of
wood-inhabiting fungi in remediation of polluted soil environments turns out to be
challenging and resulted in poor success (Harms et al., 2011; Baldrian, 2008).
1.3.4.1 PAHs catabolism by ligninolytic fungi

Ligninolytic fungi, also recognised as white—rot fungi have been investigated
for their PAH-degradation potential (Verma et al., 2007). These fungi have
widespread application in the field of bioremediation because of their ability to
entirely mineralize PAHs to water and carbon dioxide (Cerniglia and Sutherland,
2010). They secrete extracellular enzymes with considerably low substrate specificity,
making them apt for degradation of lignin and other organic complexes (Haritash and
Kaushik, 2009). Moreover, they can also degrade individual PAHs and their complex
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mixtures (Pozdnyakova, 2012). Ligninolytic enzymes are basically of two types:
laccases and peroxidases. Depending on the type of substrate, peroxidase enzymes are
further classified into: lignin peroxidase and manganese peroxidase. These enzymes
oxidise the PAHs by producing hydroxyl free radicals, resulting in formation of
PAH-quinones as shown in Fig. 1.5. These quinones further undergo ring fission
leading to complete mineralization of PAHS. Thus, these fungi and their extracellular
enzymes degrade PAHSs with their low substrate specificity and ability to diffuse into
sediment or soil matrix. They have the ability of degrading highly recalcitrant
compounds (Bamforth and Singleton, 2005).
1.3.4.2 PAHSs catabolism by non-ligninolytic fungi

The metabolic pathway of PAHs degradation followed by non-ligninolytic
fungi is analogous to that of mammals. Cytochrome P450 belongs to protein
superfamily— hemoprotein, capable of catalysing hydroxylation, monooxygenation
and epoxidation reactions. In fungi, these enzymes have a pivotal function in
metabolite biosynthesis during degradation and detoxification of Xxenobiotic
compounds (Aranda, 2016). In the case of non—ligninolytic fungi, initial oxidation of
PAHs takes place through cytochrome P450 monooxygenase enzymes which
catalyses a ring epoxidation, thereby forming unstable arene oxides, which are initial
products of PAH metabolism (Cerniglia and Sutherland, 2010). The resultant arene
oxide intermediate is carcinogenic which undergoes further hydrolysis by epoxide
hydrolase to form their corresponding trans—dihydrodiols or undergo non-enzymatic
reactions resulting in phenols which can subsequently form many conjugates of
sulfate, glucose, xylose or glucuronic acid (Fig. 1.5). In living creatures that utilise
cytochrome P450 system for biodegradation, trans—dihydrodiol cannot be consumed
further as a source of energy (Pozdnyakova, 2012). However, it is more soluble and
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potentially accessible for bacterial biodegradation (Al-Turki, 2009). Thus, along with
bacteria, both yeasts and fungi can also be explored as valuable endeavour for
bioremediation in places polluted with PAHs. The ability of yeasts to utilise n-
alkanes as carbon source is facilitated by the presence of multiple microsomal
cytochrome P450 family CYP52. These enzymes are reported to be present in several
yeasts such as Candida maltosa, Candida tropicalis, Candida apicola and Yarrowia
lipolytica (Hanano et al., 2014). Two categories of CYP450 are responsible in this
catabolic pathway: (1) CYP450-ALKs: involved in aliphatic hydrocarbons (n-
alkanes) catabolism leading to terminal oxidation of n—alkanes to fatty alcohols, and
(2) Non-—characterized epoxide/ hydroxy—forming CYP450s, which catalyse the
oxygenation of PAHs. Moreover, yeasts with dimorphic behaviour possess an
additional benefit for application in hydrocarbon remediation (Priya et al., 2016).
Therefore, yeasts can be considered as a potent candidate for the study of PAHs

bioremediation.

1.4  Literature review on pollutant biodegradation by different Candida sp.

As mentioned earlier, non-ligninolyitc fungi might possess certain advantages
over other microbes with respect to biodegradation owing to their tolerance towards
pollutants, ability of penetration in soil through mycelia and fast colonization in solid
substrates (Harms et al., 2011). These types of fungi undoubtedly possess great
potential in the field of bioremediation of organic pollutants. Although various studies
have been conducted to study the degradation potential, pathway and metabolites
formed during bioremediation of pollutants by non-ligninolytic fungi, there is not
enough literature in support of the theories about the PAH biodegradation ability of
these type of fungi. Numerous filamentous fungi have been identified to degrade
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organic pollutants owing to their rapid growth and resistance to adverse
environmental conditions. Candida sp. is one of the prominent fungi recognised for
its xenobiotic degradation potential. Various researchers have reported its capability
to degrade petroleum hydrocarbons, phenols, PAHs etc. The ability of this fungi to
degrade pollutants mainly depends on their capacity to secrete specific enzymes
(Hadibarata et al., 2007; Wang et al., 2007). Table 1.2 presents a literature review on
biodegradation studies of different pollutants by various Candida sp. strains. It was
observed that Candida strains degraded a wide range of pollutants at different initial
concentrations using a variety of degradation media. Researchers have studied the
capability of Candida tropicalis strain to degrade phenolic pollutants such as phenol,
m-—cresol and 4—chlorophenol at different initial concentration of pollutant and have
achieved almost 100% degradation within a duration of 2-3 days (de Silva et al.,
2019; Basak et al., 2014; Wang et al., 2011; Jiang et al., 2007; Yan et al., 2006 and
Yan et al., 2005). From the above—mentioned works, it can be concluded that phenols
being comparatively simple structured pollutants are easily degraded and consumed
by microbes as sole carbon source in shorter duration in mineral salt medium. Rigo
and his co—workers investigated the degradation of catechol by yeast, Candida
parapsilopsis in standard medium and found that longer lag period was caused due to
high catechol concentration. The yeast could totally biodegrade a concentration of
910 mg L™ in a duration of 48 h (Rigo et al., 2010). Total petroleum hydrocarbon
(TPH) degradation was also studied using strains Candida digboiensis and Candida
tropicalis. Sood et al. (2010) employed Candida digboiensis TERI ASNG6 in corn cob
powder medium with peptone and yeast extract to degrade TPH, and achieved ~ 95%
degradation in 175 days. Fan et al. (2014) could degrade 83% TPH by Candida
tropicalis SK21 in Bushnell-Haas (BH) medium in 180 days. Degradation of crude
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petroleum oil and n-hexadecane was also successfully performed using different
Candida sp. strains within 3-4 days (Priya et al., 2016; Farag and Soliman, 2011;
Zeng et al., 2011). Candida viswanathii KA-2011 strain was found to effectively
biodegrade lubricating and diesel oils (58.6 and 93.9%, respectively) in mineral salt
medium at 6% salt concentration within 4 days (Ramadan et al., 2012).
Biodegradation of PAHs is not an easy process owing to their complex ring structures
and hydrophobic nature. Increasing number of aromatic rings in PAH structure leads
to rise in hydrophobicity, carcinogenic properties, and potential to bio—accumulate
and resistance to degradation. Hesham et al. (2009) have studied the biodegradation
of phenanthrene using Candida viswanathii and found that the yeast had the
capability to degrade both LMW and HMW PAHs (naphthalene: 89.76%,
phenanthrene: 77.21%, pyrene: 60.77% and benzo(a)pyrene: 55.53%) at the end of 10
days. Candida digboiensis TERI ASN6 was used to perform pyrene biodegradation in
mineral salt medium (MSM) with yeast extract and a low output of 15% was achieved
in 10 days (Sood et al., 2010), whereas Candida tropicals degraded 67% pyrene in 4
days in glucose—potato medium (Wang et al., 2007). This mainly occurred due to the
presence of additional carbon source in the medium in the later study. Both Priya et
al. (2016) and Farag and Soliman (2011) studied PAHs degradation (naphthalene,
phenanthrene and pyrene) by using Candida sp. strains in sea water as the medium
and achieved a considerable amount of degradation, signifying that the strain is a
potent candidate for PAHs degradation. 75% pyrene degradation was achieved by
using Candida sp. S1 with 24 g L™ of NaCl. The extent of degradation decreased with

increasing salinity (Hadibarata et al., 2017).

TH-2404_146152011 21



CHAPTER 1

Table 1.2. Literature review on different pollutant degradation by various Candida sp. strains.

Strain Pollutant Degradation medium Initial conc. Time of Degradation Reference
degradation
Candida tropicalis Phenol Mineral salt medium 2000 mg L1 66 h 100% Yan et al., 2005
(MSM)
Candida tropicalis Phenol Mineral salt medium 2000 mg L1 66 h 100% Yan et al., 2006
m-cresol (MSM) 1 52 h
280 mg L
Candida tropicalis Phenol Mineral salt medium 2000 mg L™ 66 h 100% Jiang et al., 2007
4-chlorophenol (MSM) 350 mg L* 55 h
Candida tropicals Y Pyrene 2% glucose + 0.3% 100 mg kg™ 4 days 67% Wang et al., 2007
219 +Y 220 leavening + 20% potato
Naphthalene Basal medium (BM) + 1.79 mg kg* 89.76%
Candida viswanathii Phenanthrene 0.5 g yeast extract 1.89 mg kg™ 10 days 77.21% Hesham et al., 2009
Pyrene 1.96 mg kg™ 60.77%
Benzo(a)pyrene 1.98 mg kg 55.53%
Candida Catechol Standard medium 910 mg L™ 48 h 100% Rigo et al., 2010
parapsilopsis
Pyrene Mineral salt medium 5mg 10 days 0.75 mg
Candida digboiensis (MSM) + yeast extract
TERI ASNG6 Sood et al., 2010
Total petroleum Corn cob powder + yeast 184.06 g kg™ 175 days 176.10 g kg™

hydrocarbons (TPH)

extract + peptone
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Table 1.2. (continued...)
Strain Pollutant Degradation medium Initial conc. Time of Degradation Reference
degradation
Petroleum crude oil Natural sea water (NSW)
+ 0.5% yeast extract 0.5% 72h 7.7%
Candida tropicalis Farag and Soliman,
Phenol Natural sea water (NSW) 53.6% 2011
Naphthalene 500 mg L™ 3 days 97.85 %
Phenanthrene 22%
Candida tropicalis Phenol Mineral salt medium 1800 mg L™ 62 h 100% Wang et al., 2011
JH8 (MSM)
Candida tropicalis n-hexadecane Mineral salt medium 500 mg L™ 96 h 93.1% Zeng et al., 2011
(MSM) + monoRL
Candida viswanathii Diesel oil Mineral salt medium 5mL 4 days 93.9%
KA-2011 Lubricating oil (MSM) + 6% NaCl 2mL 58.6% Ramadan et al., 2012
Candida tropicalis Phenol Mineral salt medium 2400 mg L* 48 h 99.4% Basak et al., 2014
PHB5 (MSM)
Candida tropicalis Total petroleum Bushnell-Haas (BH) 16300 mg kg™ 180 days 83% Fanetal., 2014
SK21 hydrocarbons (TPH) medium
Candida Petroleum crude oil 1% (w/v) 49%
vishwanathii Pyrene Sea water 0.1% (w/v) 72h 83% Priya et al., 2016
TERI MS1 Naphthalene 0.1% (w/v) 69%
Candida sp. S1 Pyrene Mineral extract broth 20mg L™ 15 days 75% Hadibarata et al., 2017
(MEB) + NaCl
Candida tropicalis Indeno(1,2,3-cd) Minimal salt medium + ImglL™ 15 days 90.68% Ojhaetal., 2019
NN4 pyrene NaCl + Fe nanoparticles
Candida tropicalis Phenol Inorganic medium 1100 mg L™ 72 h 99.97% Silvaetal., 2019
ATCC 750
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Ojha and her colleagues attempted degradation of 1 mg L™ indeno(1,2,3-c,d)
pyrene (InP) in minimal salt medium by using Candida tropicalis NN4 and achieved
~90% degradation in 15 days (Ojha et al., 2019). These results demonstrated possible
application of the yeast for bioremediation of InP—polluted locations. From this
literature, it is evident that further research and in—depth study is required in the field
of bioremediation by using Candida sp. strains, especially in biodegradation of
ubiquitous PAHSs. Such studies could shed light on the degradation potential of fungi
in pollutant biotransformation, thereby facilitating an effective application of non—

ligninolyitc fungi in bioremediation.

1.5 Literature review on phenanthrene degradation using different microbial

strains

Phenanthrene, a LMW PAH comprising of three benzene rings in an angular
manner, is a widespread and typical representative of this genre of pollutants. Its
molecular structure comprises of bay— and K- regions, which allows the formation of
epoxides, indicating it to be a carcinogen (Huang et al., 2016). Thus, phenanthrene is
studied as a model compound to investigate the catabolism of carcinogenic PAHs. As
mentioned earlier, the compound is also on the priority pollutants list given by US
EPA and is known for its harmful effects on human health and environment
(Hadibarata and Tachibana, 2010). Various studies have been conducted to study the
phenanthrene degradation pattern and pathway by using different microbial species.
Any biodegradation process is regulated by numerous factors like pH, temperature,
agitation, initial concentration of pollutant, degradation medium and carbon source
(Csutak et al.,, 2010). Table 1.3 represents literature review on phenanthrene
degradation using different microbial strains. Hesham and his co—workers (Hesham et
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al., 2009) have studied the biodegradation of phenanthrene using Candida viswanathii
and obtained a degradation of 77% in 10 days. They used phenanthrene and glucose
as carbon source, along with Tween 80 to increase the bioavailability of pollutant to
the yeast. In another work (Farag and Soliman, 2011), the biodegradation potential of
Candida tropicalis strain was analysed using phenanthrene as sole carbon source and
a biodegradation of 22% was attained within 3 days at neutral pH. Another non-
ligninolytic fungi, Fusarium solani has been reported in the work of Hesham et al.,
2017 to degrade phenanthrene upto 40% in 10 days. The medium contained
phenanthrene as carbon source along with Tween 80 to facilitate degradation.
Ligninolytic fungi such as Trametes hirsute and Polyporus sp. are also known to
degrade phenanthrene from the works of Hidayat and Yanto, 2018 and Hadibarata and
Tachibana, 2010. Phenanthrene was efficiently degraded with Tween 80 in the
degradation medium in a time period of 15-30 days. This indicated that it is
somewhat difficult to biodegrade phenanthrene when it is present as sole carbon
source in the medium. Pan and his colleagues (Pan et al., 2004) reported phenanthrene
biodegradation of upto 60% by Pichia anomala. Halotolerant yeast like Hortaea sp.
has also been reported to degrade 100% phenanthrene in 6 days (Kristanti et al.,
2018). Both these works degraded phenanthrene with aid of surfactant. Some
additional nutrient or booster is needed to facilitate the degradation of phenanthrene.
Acevedo and his collagenous investigated the PAHs degradation potential of
ligninolytic fungus, Anthracophyllum discolour. The white-rot fungus was able to
biodegrade phenanthrene in Kirk medium with the highest removal of ~ 23% within
28 days at nearly neutral pH. The phenanthrene removal efficiency enhanced upto
62% when inoculated in autoclaved soil (Acevedo et al., 2011). The fungus,
Acremonium sp. P0997 displayed good potential of phenanthrene degradation in the
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work portrayed by Ma et al., 2014. Removal capacity for phenanthrene was ~ 90%
and the strain also displayed reasonable resistance towards heavy metals indicating
fungal bioremediation of organic contaminants in metal-organic mixed polluted sites.
Another study aimed to investigate the phenanthrene metabolic mechanism and
bioremediation capability by Phomopsis liquidambari. The fungal strain was able to
grow on the pollutant, and ~ 77% of initial 50 mg L™ phenanthrene was removed after
10 days (Fu et al., 2018). Bacterial strains belonging to Pseudomonas genus are
recognized as pollutant degraders and have been extensively used to degrade PAHSs.
Previous authors have reported that this particular bacterial strain possesses the
potential to degrade 80-98% phenanthrene at neutral pH at different initial
concentrations (Ma et al., 2018; Chebbi et al., 2017; Singh and Tiwary, 2017; Lin et
al., 2014; Zhao et al., 2009). To improve the biodegradation efficiency, microbial
consortia were also constructed and studied. Mnif and co—workers have studied
phenanthrene degradation by halotolerant bacterial consortium comprising of two
major species belonging to genera Pseudomonas and Staphylococcus (Mnif et al.,
2017). They have achieved complete degradation of 200 mg L™ phenanthrene within
10 days in presence salinity and at neutral pH. Other bacterial species of varied
community such as Klebsiella sp., Achromobacter sp., Massilia sp., Rhizobium sp.,
Achromobacter sp., Stenotrophomonas sp. have also been described to efficiently
degrade phenanthrene as sole carbon source or with additional supplements (Hou et
al., 2018; Arulazhagan et al., 2017; Li et al., 2017; Huang et al., 2016; Wang et al.,

2016; Hassan et al., 2015).
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Table 1.3. Literature review on phenanthrene degradation using different microbial strains.

Microbial strain Carbon source Degradation medium Initial conc. Process parameters Degradation Reference
Pichia anomala Phenanthrene + Basal medium 520mg L™ Temperature = 27°C 3.10mg L™ Pan et al., 2004
Tween 80 Agitation = 150 rpm
Time =96 h
Candida viswanathii Phenanthrene + Basal medium (BM) + 0.5¢ 1.89 mg kg™ pH = 5.0-6.0 77.21% Hesham et al., 2009
50 g Tween 80 + yeast extract Temperature = 27°C
10 g glucose Agitation = 150 rpm
Time = 10 days
Pseudomonas stutzeri Phenanthrene Mineral salt medium (MSM) 250 mg LT pH =8.0 96% Zhao et al., 2009
ZP2 Temperature = 37°C
Agitation = 180 rpm
Time = 6 days
Polyporus sp. S133 Phenanthrene + Mineral salt broth (MSB) 1 mmol L™ Temperature = 25°C 92% Hadibarata and
Tween 80 Agitation = 120 rpm Tachibana, 2010
Time = 30 days
Anthracophyllum Phenanthrene + Kirk medium 50mg L™ pH =6.6 22.6% Acevedo et al., 2011
discolor Tween 80 (0.05% Temperature = 30°C
vIv) Time = 28 days
Candida tropicalis Phenanthrene Natural sea water (NSW) 500 mg L™ pH=7.0 22% Farag and Soliman,
medium Temperature = 30°C 2011
Agitation = 200 rpm
Time = 3 days
Pseudomonas sp. BZ-3 Phenanthrene Mineral salt medium (MSM) 50mg L™ pH=7.0 75% Linetal., 2014
+20 g L™ salinity Temperature = 30°C
Agitation = 180 rpm
Time = 7 days
Acremonium sp. P0997 Phenanthrene Mineral medium 500 mg L™ pH=6.5 89.9% Maet al., 2014
Temperature = 28°C
Agitation = 160 rpm
Time = 15 days
27
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Table 1.3.

(continued...)

Microbial strain

Carbon source

Degradation medium

Initial conc.

Process parameters

Degradation

Reference

Klebsiella sp.

Phenanthrene

Bushenll-Haas (BH)
medium

400 mg L™

pH=9.0
Temperature = 35°C
Agitation = 150 rpm
Time = 3 days

84.9%

Hassan et al.,
2015

Rhizobium
petrolearium SL-1

Phenanthrene

Mineral salt medium (MSM)
+ 0.02 % salinity

100 mg L™

pH=7.0
Temperature = 30°C
Agitation = 150 rpm
Time = 21 days

100%

Huang et al., 2016

Cupriavidus sp. MTS-7

Phenanthrene

M9 medium

150 mg L™

pH=7.0
Temperature = 25°C
Agitation = 175 rpm
Time = 4 days

100%

Kuppusamy et al.,
2016

Massilia sp. WF1

Phenanthrene

Mineral salt medium (MSM)

100 mg L™

pH =6.0
Temperature = 28°C
Agitation = 130 rpm
Time = 2 days

100 mg L™

Wang et al., 2016

Stenotrophomonas
maltophilia AJH1

Phenanthrene

Acidophilic mineral salt
medium (AMSM)

500 mg L

pH=20
Temperature = 30°C
Agitation = 150 rpm
Time = 10 days

82%

Arulazhagan et
al., 2017

Pseudomonas sp. W10

Phenanthrene

Basal medium (BM)

200mg L™

pH=7.0
Temperature = 37°C
Agitation = 180 rpm
Time = 30 days

80%

Chebbi et al.,
2017

Fusarium solani

Phenanthrene +
Tween 80 (509)

Mineral basal salt

6.55 mg kg*

Temperature = 27°C
Agitation = 150 rpm
Time = 10 days

40.09%

Hesham et al.,
2017
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Table. 1.3.  (continued...)

Microbial strain Carbon source Degradation medium Initial conc. Process parameters Degradation Reference
Achromobacter sp. Phenanthrene Mineral salt medium (MSM) 100 mg L™ pH=7.2 92.3% Lietal., 2017
LH-1 Temperature = 33.2°C
Time =5 days
Pseudomonas sp. & Phenanthrene Basal medium + 200 mg L™ pH=7.0 100% Mnif et al, 2017
Staphylococcus sp. 10 g L™* NaCl Temperature = 37°C
Agitation = 150 rpm
Time = 10 days
Pseudomonas stutzeri Phenanthrene Carbon-free mineral medium 1000 mg L* pH=7.0 98% Singh and
P2 (CFMM) Temperature = 30°C Tiwary, 2017
Agitation = 150 rpm
Time = 7 days
Achromobacter sp. Phenanthrene Mineral salt medium (MSM) 100mg L! Temperature = 30°C 94% Hou et al., 2018
LH1 Agitation = 150 g
Trametes hirsuta D7 Phenanthrene Mineral salt broth 0.056 mM Temperature = 25°C 71.73% Hidayat and
+ 1% Tween 80 (MSB) Time = 15 days Yanto, 2018
Phomopsis Phenanthrene Mineral salt medium (MSM) 50 mg L™ Temperature = 28°C 77.38% Fuetal., 2018
liqguidambari Agitation = 180 rpm
Time = 10 days
Hortaea sp. B15 Phenanthrene + Mineral liquid medium 100mg L* pH =8.0 100% Kristanti et al.,
Tween 80 Temperature = 37°C 2018
Agitation = 120 rpm
Time = 6 days
Pseudomonas sp. Ph6 Phenanthrene + Mineral salt medium with 50 mg L™" Temperature = 30°C 99.5% Ma et al., 2018
Rhamnolipid yeast extracts (MSMY) Agitation = 150 rpm
(100 mg LY Time = 14 days
Burkholderia fungorum Phenanthrene Minimal medium (MM) + 300 mg L™ pH=7.0 85.71% Liuetal., 2019
FM-2 0.5 % (w/v) salinity Temperature = 25°C
Agitation = 200 rpm
Time = 3 days
29
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Some of the bacterial species such as Cupriavidus sp., Pseudomonas sp. and
Burkholderia sp. also showed heavy metal tolerance apart from efficient degradation
of phenanthrene at pH 7 within 3-4 days (Liu et al., 2019; Singh et al., 2017;
Kuppuswamy et al., 2016). This literature clearly demonstrates the potential of non-
ligninolytic fungi for bioremediation, and thus also justify further study and research

in the areas such as metabolism mechanism.

1.6  Literature review on pyrene degradation using different microbial strains

HMW PAHs exhibit greater resistance to biodegradation owing to their
complex structure, low bioavailability and hydrophobic nature. The pollutant pyrene
belongs to the class of peri—condensed 4-ring HMW PAH and is a priority pollutant
as listed by US EPA. It is highly toxic with evidence of harmful effects on humans
and ecosystem (Hadibarata et al., 2017). Moreover, the pollutant is also a signature
compound for the degradation study of carcinogenic HMW PAHSs (benzo(a)pyrene)
because of its structural similarity (Kamyabi et al., 2018). Therefore, due to its toxic
properties and xenobiotic characteristic, it is very essential to remove this PAH from
environment. Various researchers have explored pyrene biodegradation using
different microbial strains at different operating conditions. Table 1.4 presents
literature review on pyrene degradation by different microbial strains. Among the
various microbes mentioned in the Table, yeasts belonging to Candida sp. such as C.
tropicalis, C. vishwanathii and C. digboiensis have been reported to biodegrade
pyrene effectively by several authors (Hadibarata et al., 2017; Priya et al., 2016; Sood
et al., 2010; Hesham et al., 2009; Wang et al., 2007). The results of both Wang et al.
(2007) and Hesham et al. (2009) indicate that Candida sp. can degrade 60-65%
pyrene when supplemented with additional carbon source. The strain TERI ASN6
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was not capable of consuming pyrene as sole carbon source and degraded only 15%
pyrene in MSM with yeast extract in acidic pH (Sood et al., 2010). Both Priya et al.
(2016) and Hadibarata et al. (2017) worked on finding microbial strains that were
sufficiently robust to withstand the rough nature of sea environment. They reported
that this genre of species has been reported to be halotolerant in nature and as a result
it adapts to conditions of higher salinity, and can grow in marine environment
(Hadibarata et al., 2017; Priya et al., 2016). This trait of the yeast is advantageous
since PAHSs also exist in saline waste water or sea water. Moreover, most of the work
on pyrene biodegradation by Candida sp. has been done with the aid of surfactants or
additional nutritional supplements. Yeasts like Basidioascus persicus and Hortaea sp.
possessing halotolerant nature have also been reported to degrade ~80-90% pyrene in
~20-25 days when supplemented with surfactant and salinity (Farraj et al., 2019;
Kamyabi et al., 2018). Ligninolytic fungi, Trichoderma sp. has also been able to
degrade 78% pyrene in 15 days when the culture conditions were fixed at 100 mg L™
initial pyrene concentration, pH 5 at 27°C with Tween 80 in the medium (Al Farraj et
al., 2020). Oleaginous Yyeasts like Cryptococcus psychrotolerans have been reported
to entirely degrade pyrene within 6 days with the aid of glucose as additional carbon
source. Both substrates, viz. glucose and pyrene, were consumed simultaneously by
the yeast (Deeba et al.,, 2018). Another ligninolytic fungus, Anthracophyllum
discolour, was investigated for pyrene degradation capability both in liquid medium
and in soil. It was found that the strain could transform only 8.5% pyrene in Kirk
medium in neutral pH and 60% pyrene in autoclaved soil, indicating its capacity to
grow rigorously in autoclaved soil. In non—autoclaved soil, the inoculation with the
fungus did not lead to efficient removal of pyrene due to the existence of indigenous
soil microorganisms (Acevedo et al., 2011).
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Apart from fungi and yeasts, a wide range of bacterial species have also been
investigated to study and explore their degradation capabilities. Pseudomonas sp.
have been studied by various researchers and revealed different results. Chebbi and
his associates found that only ~ 20% pyrene was degraded from a concentration of
200 mg L, when incubated as the sole carbon source within 30 days at pH 7 (Chebbi
et al., 2017). While Ping and colleagues reported ~ 57% degradation of 20 mg L™
pyrene degradation by Pseudomonas monteilii PL5 within 10 days (Ping et al., 2017).
Also, Singh and Tiwary (2017) have reported a high pyrene degradation potential of ~
93% by Pseudomonas stutzeri P2 in 10 days. These variations in the biodegradation
capacity by the same bacterial group might due to different operating conditions,
pollutant concentrations and species of the microbe. Yuan and co—workers
investigated the removal capacity of pyrene by Acinetobacter strain USTB—X and
reported ~ 63 % degradation for the initial concentration of 100 mg L * at neutral pH
in 16 days (Yuan et al., 2014). Rhodococcus sp. has also been investigated for pyrene
degradation. On the basis of the experimental results, the optimum degradation
conditions for the strain were pH 7, 5 mg L™ yeast extract, 0.5% NaCl and 90 mg L™
rhamnolipid, which resulted in pyrene biodegradation rate of 48.77% in 5 days (Jia et
al., 2019). Salam et al. (2017) revealed the catabolic versatility of Microbacterium sp.
and its bioremediation capability in environments co—contaminated with pyrene and
heavy metals. The biodegradation potential of acidophilic Stenotrophomonas
maltophilia AJH1 has also been studied, and this strain was an efficient pyrene

degrader in contaminated wastewater at acidic pH (Arulazhagan et al., 2017).
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Table 1.4. Literature review on pyrene degradation using different microbial strains.

Microbial strain Carbon source Degradation medium Initial conc.  Process parameters  Degradation Reference
Candida tropicals Pyrene 2% glucose + 0.3% 100 mg kg™ pH=7.0 67% Wang et al.,
Y 219 +Y 220 leavening + 20% potato Temperature = 28°C 2007
Agitation = 160 rpm
Time = 4 days
Candida viswanatbhii Pyrene + 50 g Basal medium (BM) + 1.96 mg kg™ pH =5.0-6.0 60.77% Hesham et al.,
Tween 80 + 0.5¢ yeast extract Temperature = 27°C 2009
10 g glucose Agitation = 150 rpm
Time = 10 days
Candida digboiensis Pyrene Mineral salt medium 5mg pH=3.0 0.75mg Sood et al., 2010
TERI ASN6 (MSM) + 25 mg yeast Temperature = 30°C
extract Agitation = 180 rpm
Time = 10 days
Anthracophyllum Pyrene + Tween Kirk medium 50 mg L™ pH = 6.6 8.5% Acevedo et al.,
discolor 80 (0.05% v/v) Temperature = 30°C 2011
Time = 28 days
Klebsiella pneumonia Pyrene Minimal medium (MM) 20mg L™ pH=7.0 63.4% Ping et al., 2014
PL1 Temperature = 40°C
Agitation = 180 rpm
Time = 10 days
Acinetobacter sp. Pyrene Mineral salt medium 100 mg L™ pH=7.0 63% Yuan etal., 2014
USTB-X (MSM) Temperature = 30°C
Agitation = 150 rpm
Time = 16days
Cupriavidus sp. Pyrene M9 medium 150 mg L™* pH=7.0 100% Kuppusamy et
MTS-7 Temperature = 25°C al., 2016
Agitation = 175 rpm
Time = 20 days
33
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Table 1.4. (continued...)
Microbial strain Carbon source Degradation medium Initial conc. ~ Process parameters  Degradation Reference
Thalassospira sp. Pyrene Mineral salt medium 20mg L™ pH=7.4 42.5% Zhou et al., 2016
TSL5-1 (MSM) + 5% salinity Temperature = 30°C
Time = 25days
Candida vishwanathii Pyrene Sea water 0.1% (w/v) Temperature = 30°C 83% Priyaetal., 2016
TERI MS1 Agitation = 180 rpm
Time=72h
Microbacterium Pyrene Mineral salt medium 50 mg L™ pH=7.0 89.28% Salam et
esteraromaticum (MSM) Temperature = 30°C al.,2017
Agitation = 180 rpm
Time = 21days
Pseudomonas stutzeri Pyrene Carbon-free mineral 500 mg L™ pH=7.0 92.6% Singh and
P2 medium (CFMM) Temperature = 30°C Tiwary, 2017
Agitation = 150 rpm
Time = 10 days
Pseudomonas sp. Pyrene Basal medium 200 mg L™ pH=7.0 20% Chebbi et al.,
W10 Temperature = 37°C 2017
Agitation = 180 rpm
Time = 30 days
Candida sp. S1 Pyrene Mineral extract broth 20mg L™ pH=5.0 75% Hadibarata et al.,
(MEB) + Temperature = 28°C 2017
24 mg L™ NaCl Agitation = 80 rpm
Time = 15 days
Pseudomonas Pyrene Degradation medium 20mg L™ pH =6.0 56.5% Ping et al., 2017
monteilii PL5 Temperature = 35°C
Agitation = 180 rpm
Time = 10 days
34
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Table 1.4. (continued...)
Microbial strain Carbon source Degradation medium Initial conc.  Process parameters  Degradation Reference
Stenotrophomonas Pyrene Acidophilic Mineral Salt 200mg L™ pH=2.0 7% Arulazhagan et
maltophilia AJH1 Medium (AMSM) Temperature = 30°C al., 2017
Agitation = 150 rpm
Time = 14 days
Cryptococcus Pyrene + Yeast nitrogen base 050gL" pH=7.0 100% Deeba et al.,
psychrotolerans glucose (4%) (YNB) Temperature = 25°C 2018
IITRFD Agitation = 200 rpm
Time =144 h
Basidioascus Pyrene Bushnell-Haas (BH) 500 mg L™ Temperature = 28°C 79% Kamyabi et al.,
persicus EBL-C16 medium + 2.5% NaCl Agitation = 120 rpm 2018
Time = 21 days
Hortaea sp. B15 Pyrene + Tween Bushnell-Haas (BH) 100 mg L™ pH=7.0 92% Farraj et al.,
80 medium Temperature = 25°C 2019
Agitation = 150 rpm
Time = 25 days
Mycobacterium Pyrene Mineral salt medium 50 mg L™ pH =8.0-9.0 95% Wu et al., 2019
gilvum (MSM) Temperature = 35°C
Time = 7 days
Rhodococcus sp. T1 Pyrene + Mineral salt medium 200 mg L™ pH=7.0 48.77% Jiaetal., 2019
rhamnolipid (MSM) + yeast extract Temperature = 35°C
(90 mg L™ + NaCl (0.5%) Agitation = 200 rpm
Time = 5 days
Trichoderma sp. FO3  Pyrene + Tween Malt extract liquid 100 mg L™ pH=5.0 78% Al Farraj et al.,
80 medium Temperature = 27°C 2020
Time = 15 days
Achromobacter sp. Pyrene Mineral salt medium 300 mg L™ pH=7.0 40.6% Li et al., 2020
AC15 (MSM) Temperature = 30°C
Agitation = 200 rpm
Time = 14 days
35
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Other bacterial species like Klebsiella sp., Achromobacter sp., Cupriavidus sp.,
Thalassospira sp., Mycobacterium sp. have also been reported to degrade pyrene at
different initial concentrations — both as sole carbon source or with extra nutritional
supplements (Li et al., 2020; Wu et al., 2019; Kuppusamy et al., 2016; Zhou et al.,
2016; Ping et al., 2014). It could be inferred from published literature that the subject
of pyrene biodegradation by non-ligninolytic fungus as sole carbon has not been
explored in—depth.This subject is more crucial from viewpoint of practical application
of bioremediation, as supplementation with additional substrates like glucose or other
components like surfactants is not feasible on large scale. Systematic optimization
and mechanistic studies are needed to in the area of bioremediation of PAHSs as single
carbon source, which can form general framework for bioremediation of other

carcinogenic PAHSs.

1.7 Literature review on bioremediation in systems comprising mixed PAHs
PAHs with different solubilities co—exist in contaminated areas, and those
PAHs having higher solubility have more probability to come in contact with
microbes and get degraded. Degradation kinetics in any PAH—polluted environment is
complex due to the probability of substrate interactions. Very little is known about the
biodegradation in systems comprising mixtures of PAHs, and when present in
combinations, these pollutants affect the extent and rate of degradation of other
components present in the mixture. These interactions turn out positive in some cases,
resulting in enhancement of degradation of one or more components, whereas in other
cases negative effects that retard biodegradation have been observed.
To explain the extent of such interactions, PAHs degradation in single, dual and
multi—substrate systems have been investigated (Stringfellow and Aitken, 1995;
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Dean-Ross et al., 2002). Substrate interactions can occur due to dual effects of
competitive metabolism and biomass growth due to multiple substrates. The first will
adversely affect the degradation rate of substrate while the second will boost it.
Understanding this interaction mechanisms would also facilitate in the optimization of
bioremediation approaches. The probable interactions among different PAHSs
comprise of co—metabolism (Acevedo et al., 2011; Van Herwijnen et al., 2003),
inhibition (Zhong et al., 2010), and non-interaction (Baboshin and Golovleva, 2011).
The remediation potential of any individual microbe or consortium depends not only
on the pollutant degradation capability of the organism(s), but also on the organism's
tolerance towards inhibitors. Therefore, it is essential to investigate and understand
the substrate interaction in any multi—substrate PAH system. Studies on single PAHs
cannot reflect and portray the actual complications of PAH biodegradation in natural
environment where the pollutants exist in multicomponent mixtures. Various authors
have studied binary or multi-PAHSs bioremediation systems and it has been displayed
in Table 1.5. The study conducted by Stringfellow and Aitken (1995) reported multi—
substrate biodegradation of PAHSs. In this work, a mathematical model based on
competitive inhibition was proposed that demonstrated involvement of common
enzyme systems of Pseudomonas strains for degradation. Naphthalene was found to
be a competitive inhibitor for phenanthrene biodegradation and the bacteria was found
to utilize both phenanthrene and naphthalene as sole carbon source. Analogous
observations were also reported by Ma et al. (2013) that similar enzymes may be
involved in biodegradation of multi—substrate system. They employed Pseudomonas
sp. Jpyr—1 strain to investigate the competitive inhibition by other PAHSs in pyrene
biodegradation. It was revealed that simultaneous presence of multiple substrates
would lead to competition for active site(s) of the enzyme. Another study revealed

TH-2404_146152011 37



CHAPTER 1

that the biodegradation of pyrene by strain Pseudomonas putida KBM-1 was
inhibited competitively by phenanthrene (McNally et al., 1999). Multi—substrate
model has been applied to predict the kinetics of biodegradation of naphthalene,
pyrene and phenanthrene by mixed culture using parameters derived from single
substrate experiments (Guha et al., 1999). They predicted interactions among
substrates in binary and ternary mixtures and concluded that biodegradation Kinetics
of otherwise easily degradable pollutants is retarded due to competitive inhibition.
Moreover, higher degradation of recalcitrant PAHs happens due to simultaneous
growth of biomass on multiple substrates. The study by Dean—Ross and co—workers
reported the capability of two bacterial strains to consume different PAHs. The study
established the phenomenon of simultaneous consumption of PAHs in a multi—
substrate system and the kinetic experiments suggested that fluoranthene acted as a
competitive inhibitor (Dean—Ross et al., 2002). A study demonstrated that the fungus
Pichia anomala degraded phenanthrene in a four PAH-mixture at a slower rate than
in single experiment due to competitive inhibition between phenanthrene and
dibenzothiophene. Chrysene persisted in the mixture and could be degraded only in
presence of naphthalene (Pan et al., 2004). Another study conducted using the same
fungus revealed possible metabolic competitions between chrysene and
benzo(a)pyrene (HMW PAHSs) and naphthalene and phenanthrene (LMW PAHS)
leading to delayed degradation rates of LMW PAHSs (Hesham et al., 2006). Desai and
Zhong, along with their respective colleagues studied degradation of PAH mixtures
using Sphingomonas sp. and revealed that there were competitive interactions among
the substrates and the biodegradation rates of individual PAH reduced in presence of

other PAHSs (Zhong et al., 2010; Desai et al., 2008).
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Table 1.5. Literature review on different mixed substrate (PAHSs) system undergoing microbial degradation.

Mixed substrate system Microorganism Type of substrate inhibition References
Naphthalene-methylnaphthalenes- Pseudomonads Competitive Stringfellow and Aitken,
fluorene-phenanthrene 1995
Naphthalene-phenanthrene-pyrene Mixed culture Competitive Guhaetal., 1999
Naphthalene-phenanthrene-pyrene Pseudomonas putida KBM-1 Competitive McNally et al., 1999
Anthracene-Pyrene-Fluoranthene- Mycobacterium flavescens Competitive Dean-Ross., 2002
Phenanthrene & Rhodococcus sp.
Naphthalene-dibenzothiophene- Pichia anomala Competitive Pan et al., 2004
phenanthrene-chrysene
Naphthalene-phenanthrene-chrysene- Pichia anomala Competitive Hesham et al., 2006
benzo(a)pyrene
Fluorene-naphthalene-1,5- Sphingomonas paucimobilis Competitive Desai et al., 2008
dimethylnaphthalene-1- EPA505
methylfluorene
Phenanthrene-pyrene-fluoranthene Sphingomonas sp. PheB4 Competitive Zhong et al., 2010
Fluorene-phenanthrene-anthracene- Pseudomonas sp. Jpyr-1 Competitive Maet al.,
fluoranthene-pyrene
Phenanthrene-fluoranthene-pyrene Pseudomonas aeruginosa LBP9 Competitive Bezza and Chirwa, 2017
Anthracene-naphthalene Acinetobacter johnsonii Competitive Jiang et al., 2018a
Naphthalene-anthracene-pyrene- Acinetobacter johnsonii Competitive Jiang et al., 2018b
phenanthrene
Naphthalene-pyrene Ochrobactrum sp. Competitive Wang et al., 2019
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Moreover, it was also concluded that despite biosurfactant—enhanced bioavailability
of PAHSs, the microbial degradation rate was still competitively inhibited in PAH
mixtures system (Bezza and Chirwa, 2017). Jiang and his co—workers studied co—
biodegradation in multi-PAH system by using Acinetobacter sp. HMW PAHSs
exhibited greater inhibition as compared to LMW PAHs and competitive inhibition
between PAHs was also embodied in cell growth behaviors (Jiang et al., 2018a; Jiang
et al.,, 2018b). Wang et al., 2019 reported co-biodegradation of pyrene and
naphthalene by Ochrobactrum sp. Naphthalene removal was 99% against 41%
removal of pyrene. The interaction pattern between the two pollutants was of

competitive nature.

1.8  Strategy for intensification of biodegradation

Authors have employed various methods to intensify the biodegradation
process such as addition of alternate carbon source, immobilization of microbes and
by enhancing the bioavailability through the aid of nutritional supplements like
surfactants, humic substances, etc. Another way of process intensification is through
coupling microbial degradation with ultrasound irradiation or sonication. Suitably
controlled ultrasonic waves have revealed favorable effects on the microbial growth
and metabolic performance in live systems. Low power ultrasound results in steady
cavitation and causes repairable damages to microbes which leads to rise in their
proliferation. However, high power ultrasound causes unrepairable damages to
microbial cells (Huang et al., 2017a).

Ultrasound essentially refers to mechanic or sound waves that requires an
elastic medium for propagation. The frequencies of ultrasound are above human
hearing range but lower than microwaves frequencies, i.e. from 20 kHz to 10 MHz
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(Chemat and Khan, 2011). Being a longitudinal wave, it can pass via compressible
medium like water and air, in series of alternative compression and rarefaction cycles
due to oscillatory motion of fluid elements in the direction of propagation of the wave
(Shah et al., 1999). These waves are produced with the help of transducer i.e. electric
energy is converted to mechanical energy. The key characteristics of this wave are
velocity, frequency and pressure amplitude. For propagation of ultrasound wave via
any liquid, bubbles in the medium scatter the waves triggering severe attenuation. The
gas bubbles present in the liquid also changes the compressibility of the medium,
thereby reducing the speed of sound in the medium. The sound wave properties in gas
are immensely affected due to static pressure in the medium. For sound wave
propagation in liquids, the static pressure does not have any major impact due to
insensitivity of liquid properties to static pressure (at least at moderate pressure
levels). Cavitation can be described as nucleation, growth, oscillation and transient
collapse of gas/vapor bubbles driven by variation in bulk pressure in the medium.
This variance in bulk pressure can be result of acoustic wave propagation or change in
flow geometry, or in general, energy dissipation in the system. Cavitation has been
proved as an effective tool for introducing energy into a system for intensification of
numerous physical/chemical/biological processes. Both ultrasound and cavitation
have several impacts on a reaction system. The main manifestation of these
phenomena is generation of intense micro—convection and micro—mixing in a reaction
system.

Different beneficial factors have been reported in literature regarding
application of ultrasound in enhancement of microbial productivity. Firstly,
ultrasound facilitates in loosening of cell bunches formed in any microbial culture.
Nutrient utilization by microbes also boosts following the increase of cell biomass
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and higher production of target substances. Avhad and Rathod (2015) investigated the
ultrasound-assisted production of a fibrinolytic enzyme from Bacillus sphaericus.
They reported ~1.5—fold rise in the yield of the enzyme by sonication treatment.
Secondly, ultrasound augments the cell membrane permeability resulting in quicker
transfer of components and stimulates biomass growth and proliferation. It was
reported in a study that low power ultrasound could impressively boost the total Ca**
content accumulation in Saccharomyces cerevisiae cells. Moreover, ultrasonic waves
also improved the effusion and accumulation of cellular metabolism products was
also improved by ultrasound, resulting in greater yield (Bochu et al. 2003). Another
study investigated the ultrasound-assisted ethanol production from cassava—based
plants. Ultrasound not only decreased the fermentation period by ~ 24 h but also
increased the final ethanol titre. The ethanol yield from the sonication-assisted
experiments was considerably higher than the conventional experiments, and the
overall production costs also decreased (Nitayavardhana et al. 2010). Dai and co—
workers studied the impact of low ultrasonic stimulus on riboflavin yielding strain
Ecemothecium ashbyii. They established that ultrasound of low frequency can
stimulate mycelium growth and enhance the riboflavin output. The optimum
frequency was ~ 24 kHz and several other significant biochemical parameters
associated with cell growth were also measured. Exposure to sonication reduced
fermentation period by 36 h, simultaneously boosting riboflavin productivity ~ 5
times, as compared to conventional fermentation (Chuanyun et al., 2003). The rigid
cell membrane structure of E. ashbyii always acted as hindrance in the enhancement
of riboflavin productivity by hampering riboflavin release from cells in the
fermentation broth. This issue of riboflavin excretion was effectively solved by
application of ultrasound (Chuanyun et al., 2004). Thirdly, ultrasound is used to
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provide an ideal ecosystem for biomass growth and proliferation in the medium. The
influence of ultrasound on S. cerevisiae growth cycle (lag, exponential and stationary
phase) was investigated (Lanchun et al. 2003). Low—power ultrasound could augment
the cell growth in both lag and exponential phase under different conditions, but had
nearly negligible impact on the yeast cells in the stationary phase. The underlying
cause is that the pH of the broth was stationary in the lag phase and increased ~ 0.2—
0.3 in exponential phase in comparison to control experiments. Another cause is the
foam produced due to sonication in the medium, which results in increase of the
exchange area between liquid and gas, and the residence time of air bubbles in
medium. These exchanges improve oxygen transfer rate, thereby benefitting the
growth of the yeast. Fourthly, ultrasonic irradiation has impact on the cellular
components and functions of microbes. A study by Zhao et al. (2012) proposed low-—
intensity pulsed ultrasound stimulation for boosting the production of mycophenolic
acid (MPA) by using Penicillium brevicompactum. Under the optimum conditions,
MPA production increased by 60% along with a rise in the number of cell hyphae
tips. Moreover, ultrasound has also been reported to improve the functional
characteristics of S. cerevisiae in beer production. Enhancement in the microbial
fermentation strength and the proteinase activity was also reported, however no
genetic variation has been reported to occur by ultrasound exposure (Lanchun et al.,
2003). Another study reported the intensification of cellular permeability and biomass
of Candida tropicalis cells treated with low—intensity sonication in a sweeping
frequency mode. (Huang et al., 2017b). Significant increment in yeast biomass was
witnessed, the hyphae became considerably longer, the seeped cellular protein and
nucleic acid from the yeast increased and the cellular Ca®* content decreased.
Therefore, the effects of ultrasound can be elucidated at both cellular and molecular
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level. At cellular level, sonication stimulates cell growth by loosening cell bunches,
enhances membrane permeability, adjusts the culture medium and affects the cell
components, functions and genetics. At molecular level, ultrasound induces

conformational changes in secondary structure of enzyme that boosts their activity.

1.9 OBJECTIVES, APPROACH AND SCOPE OF THE PRESENT THESIS

From the literature review and analysis presented in the preceding sections, it
could be inferred that bioremediation is an effective removal technique for the
ubiquitous polycyclic aromatic hydrocarbons (PAHSs) pollutants. Bioremediation has
many distinct merits over other conventional processes such as eco—friendly
operation. Among large number of microorganisms investigated for degradation of
variety of PAHSs, non-ligninolytic fungi/yeasts possess certain advantages owing to
their tolerance towards contaminants, penetration in soil through mycelia and ability
to rapidly colonize in substrates. Still, the research in the area of PAH degradation by
non-ligninolytic fungi is rather limited, and has originated from microbiology
community. Studies with engineering approach addressing issues like Kinetics,
optimization and bioreactor design are relatively few. Moreover, most authors have
used a supplemental carbon or nutritional source during PAH biodegradation studies
using fungi.

Considering the potential and promise of non—ligninolytic fungi and yeasts for
biodegradation, there is an urgent need to study these processes from engineering
perspective. Moreover, bioremediation with PAHSs as sole carbon source also needs to
be studied in—depth keeping in view the additional cost of co—substrates like glucose
and surfactants. Moreover, due to inadequate understanding of the metabolic pathway
of PAHSs degradation (especially HMW) followed by microbes and thus more studies
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are needed in this area. Another lacuna in previous literature is that most studies have
focused on degradation of a single substrate (or PAH) at a time. The interactive
effects in multi-substrate systems have not been explored much. Again, from practical
perspective, these are quite important as PAHSs are persistent in environment and can
influence ecach other’s degradation. More detailed studies are needed that can give
insight into biokinetics of multi—substrate system and the inhibitive effects rendered
by one PAH over another.

Engineering research in the area of bioremediation by non-ligninolytic fungi
should comprise of two simultaneous components, viz. experiments and simulations.
A detailed kinetic study along with attempts to intensify the bioremediation process
are required. One of the relatively new techniques developed for intensification of
microbial/enzymatic processes is to provide external stimuli in the form of ultrasound
irradiation or sonication. Use of such techniques of process intensification are
especially advantageous as these techniques do not interfere with the basic
mechanism of the process, and only augment the kinetics of the process with
reduction in time and rise in yields. Therefore, the working objectives of this thesis
research have been formulated to address above issues.

The present thesis has focused on degradation of two ubiquitous PAHS, viz.
phenanthrene and pyrene by yeast, Candida tropicalis MTCC 184. Process
optimization was performed to obtain maximum degradation followed by the
identification of pathway of degradation. An attempt has also been made to intensify
the process by application of ultrasound. Both of these PAHs are on the priority
pollutant list declared by US EPA. The co-biodegradation of PAHs has been studied

with a kinetic model and the interactive effects have been identified. This thesis
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comprises of total 6 chapters (including the present chapter) and brief content of each

chapter is given below:

o Chapter 1 presents a general introduction on environmental pollution and
bioremediation process. Degradation of PAHs (mainly phenanthrene and
pyrene), by different microbial strains, and biodegradation abilities of Candida
sp. were reviewed. A brief literature focussing on co-biodegradation of PAHs
and ultrasound-assisted bioprocess intensification has also been presented.
Finally, the objectives and approach of the thesis has been stated along with
the brief description of the chapter contents.

o Chapter 2 presents the statistical optimization of the physical parameters of
bioremediation by Candida tropicalis strain with phenanthrene and pyrene as
model PAHSs. Kinetic study was also performed using different substrate
inhibition models to analyse the specific growth rate and specific degradation
rate of the process. Both physical parameter optimization and kinetic study is
essential to have a fundamental knowledge and the smooth functioning of the
biodegradation process.

o Chapter 3 presents the attempts in ultrasound-assisted biodegradation of
PAHs using the yeast, C. tropicalis. Optimization of ultrasound duty cycle
using flow cytometry was done prior to biodegradation experiments. Kinetic
study was performed to see the impact of ultrasound on parameters of cell
growth and substrate utilization. This chapter also involves the results on flow
cytometry and FESEM analysis to observe changes in cell morphology due to
application of sonication.

o Chapter 4 presents investigations in following areas: (1) identification of

pathway followed during degradation, (2) enzymes responsible for triggering
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the degradation process, and (3) identification of metabolites/intermediates
formed during the degradation process of phenanthrene and pyrene by C.
tropicalis.

Chapter 5 presents the mechanistic investigations in the co-biodegradation
behavior of phenanthrene and pyrene by coupling experiments with a
mathematical model to quantify the growth and degradation parameters of co—
biodegradation. The kinetics of degradation has also been studied with varying
initial concentrations of the two substrates. The results of this study should
provide an in—depth insight into the interactive effects and mechanism
involved in co—degradation by C. tropicalis.

Chapter 6 represents the summary of the results obtained for all the four
working objectives and overall conclusion of the thesis. The new insights into
the process of PAH bioremediation obtained in this thesis research have been
identified and listed. Some suggestions have been made for further research in

the area of PAH bioremediation based on the results of present study.
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using Candida tropicalis:
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CHAPTER 2

Biodegradation of phenanthrene and
pyrene using Candida tropicalis:
Process optimization and kinetic study

2.1 INTRODUCTION

Among organic pollutants emerging from chemical and process industries,
polycyclic aromatic hydrocarbons (PAHs) have gained noteworthy attention for
decades owing to their extraordinary stability in terrestrial/aquatic environments,
resistance to degradation through conventional advanced oxidation processes (AOPs)
and harmful effects on ecosystem (Chebbi et al., 2017; Ortega—Calvo et al., 2013; Feng
et al., 2012). PAHSs like phenanthrene and pyrene are found ubiquitously and their
ever—increasing concentrations is a serious threat to both mankind and environment

(Hong et al., 2016; Srogi, 2007; Unwin et al., 2006). Effective degradation and
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mineralization of PAHs has become major challenge for environmentalists
worldwide. Bioremediation of PAHSs using suitable microbial species has become a
potential alternative to conventional oxidative processes. This technique has gained
attention of research community, as it is cost-effective, safe and eco—friendly
(Haritash and Kaushik 2009). Several fungi have been employed for bioremediation
(Hidayat and Yanto 2018; Hadibarata and Tachibana 2010; Hesham et al., 2006; Pan
et al., 2004). Candida sp. has been recognized as one of the commonly used non-
ligninolytic fungi for bioremediation of different PAHs (Ojha et al., 2019; Hadibarata
et al., 2017; Farag and Soliman, 2011). The degrading capability of microorganisms is
a function of physical parameters like pH, carbon sources, temperature, and nutrients
(Csutak et al.,, 2010). Biodegradation of PAHs can be enhanced by proper
optimization of the physical process parameters (Umar et al., 2017). Analysis of the
kinetics involved in any bioremediation process provides a clear picture of the various
significant factors promoting and inhibiting degradation (Basak et al., 2014).

This chapter addresses the primary facet of a typical bioprocess, i.e.
optimization of physical parameters and the kinetic analysis of microbial growth (with
consumption of substrate — which essentially is the degradation of the pollutants in
present context). The model system of present study comprises of PAHSs
(phenanthrene and pyrene) and Candida tropicalis MTCC 184. The physical
parameters related to phenanthrene and pyrene biodegradation were optimized by
response surface methodology using the central composite design of experiments. For
the statistical optimization, four experimental parameters, viz. medium pH, %
inoculum, temperature, and mechanical shaking were taken. Kinetic study was
performed using different substrate inhibition models. The experimental profiles of
biomass and substrate during bioremediation have been analyzed using kinetic models
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that account for substrate inhibition. Both physical parameter optimization and Kinetic
parameter study is essential to have a fundamental knowledge and for the smooth
functioning of the biodegradation process. The methodology and results obtained

have been explained in subsequent sections.

2.2 MATERIALS AND METHODS

2.2.1 Microbial growth and maintenance

Yeast strain, Candida tropicalis MTCC 184, was acquired from the Institute
of Microbial Technology (IMTECH), Chandigarh, India. The strain was conserved by
sub—culturing on yeast extract peptone dextrose (YEPD) agar plates and storage at
4°C. C. tropicalis was grown on an incubator shaker (Make: Lab Companion; Model:
SI-300R) at pH 7, 30°C and 150 rpm. Sub-—culture was done every month and
preserved at —-80°C in glycerol (20% v/v). For the experiments on PAH
biodegradation, the yeast was grown in Bushnell-Hass (BH) minimal salt medium
with a composition of (g L™?): KoHPO, (1.0); KH2PO4 (1.0); NH4NO; (1.0); FeCls
(0.05); MgS04-7H,0 (0.2) and CaCl,-2H,0 (0.02). The biodegradation experiments
were performed in BH medium with phenanthrene/pyrene as sole carbon source.
2.2.2 Chemicals, medium, and reagents

Phenanthrene and pyrene (sublimed grade, > 99.5%) was procured from
Sigma—Aldrich (India). Bushnell Haas (BH) medium was procured from Himedia
(Mumbai, India). HPLC grade acetonitrile, acetone and n—hexane were purchased
from Merck, India. The rest of the chemicals (analytical grade) used for analysis were
acquired from Himedia (Mumbai, India).
2.2.3 Batch biodegradation experiments

In a typical experiment, the yeast culture was initially grown in YEPD
75
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medium at 30°C, 150 rpm and pH 7. The pre—culture was incubated until it attained
an optical density of 0.5 — 0.6 at 600 nm (OD600 nm). Successively, yeast biomass
was separated through centrifugation, washed, and the pellets were suspended in BH
medium. Next, the pre—culture was inoculated in the degradation medium with
phenanthrene/pyrene as sole carbon source. Prior to degradation, BH medium was
sterilized (autoclaved at 121°C, 20 min) followed by inoculation of seed culture. Due
to low solubility in water, both the PAHs were dissolved in minimum acetone (2 — 3
mL) separately, and then the mixture was added to working volume of 100 mL BH
medium in 250 mL Erlenmeyer flask. Un—inoculated controls flasks containing only
BH medium and PAH were maintained to validate any abiotic loss. The experiments
were carried out for 14 days, while samples were collected at regular intervals to
monitor cell biomass growth and residual PAH.

After completion of 14 days, samples were initially extracted using an equal
volume of n-hexane. The mixtures were vortex agitated, followed by 10 min
centrifugation (10,000 rpm) to obtain residual PAH in the organic layer. The solution
was allowed to settle, and the organic layer comprising n—hexane, and PAH was
procured in vials. Samples with three replicates were prepared and were analyzed
using high performance liquid chromatography (HPLC) (Agilent Technologies, 1220
Infinity LC) fitted with C18 reverse—phase column (3 mm x 150 mm and particle size
of 3.5 um). Acetonitrile: Milli-Q water (volume ratio 70:30) was taken as the mobile
phase or eluent, 0.8 mL min~' flow rate with 20 pL injection volume. The compound
was identified with a UV detector (254 nm), and retention time was compared against

standards of phenanthrene and pyrene.
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2.2.4 PAH tolerance of C. tropicalis

The tolerance of C. tropicalis strain towards phenanthrene and pyrene was
examined through studying two important factors, viz. (1) biomass growth pattern and
(2) degradation potential of the strain under different initial PAH concentrations
ranging from 0 — 500 mg L. Experiments were conducted where the pre—culture of
C. tropicalis was inoculated in 100 mL liquid medium (BH medium) in 250 mL
Erlenmeyer flask supplemented with different phenanthrene and pyrene
concentrations separately. A control flask was also kept without any carbon (PAH
source) to monitor any biomass growth in the absence of PAH. Every experiment
including the control was conducted for 14 days and repeated three times for the
assessment of reproducibility. Based on the tolerance of the strain, the concentration
of phenanthrene and pyrene was fixed for the subsequent experiments.
2.2.5 Statistical optimization of physical parameters for PAH degradation

The physical parameters of PAH (phenanthrene and pyrene) biodegradation
were optimized by response surface methodology using the central composite design
(CCD) of experiments. Four experimental parameters, viz. medium pH, % inoculum,
temperature, and agitation speed, were taken as the independent variables (or
optimization parameters). Percentage degradation of both PAHs was the response (or
dependent) variable. Two levels were chosen for each physical parameter, coded as (-
1) for lower level and (+1) for higher level, as depicted in Table 2.1. The complete
design of experiments was based on five coded levels (—a, -1, 0, +1, +a) of
optimization parameters with zero as the central coded value. The complete design of
experiments (devised using MINITAB, statistical software, release 15.1, PA, USA,
Trial Version) comprised of a set of 31 individual experiments with

permutation/combination of optimization parameters. The results of statistical
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experimental design were studied using response surface methodology.

Table 2.1. Factors and levels of central composite experimental design (actual and
coded values).

Factors Levels
Low (-1) High (+1)
Medium pH (X3) 4 8
Temperature (°C) (X>) 20 40
Agitation speed (rpm) (X3) 130 170
Inoculum size (%, v/Iv) (X4) 5 10

The experimental data acquired from central composite design was fitted to
the quadratic equation with individual and interactive coefficients corresponding to

operating parameters:

Y =B+ D BXi+ D BXEEDD AKX, 1)
Notation: Y — dependent variable (% PAH degraded), k — number of factors, 3, , £,
B, B;—  regression coefficient acquired for constant, linear, quadratic, and

interaction, respectively. The coded values (X) of the optimization variables are

defined as: X :(xi —xo)/Ax, where i =1, 2, 3..., x, is a dimensionless value of the

variables, x, is the value of x, at center point, and Ax is the step change. Analysis of

variance (ANOVA) with 95% confidence intervals was also done to identify the
significant parameters of optimization (using the F— and p— values), the relative
significance of interactions between these parameters and to determine the goodness
of fit.

Validation experiments: For validation of statistical optimization, biodegradation
experiments with phenanthrene and pyrene (separately) were conducted in triplicates
at optimum conditions (or parameters) predicted by the statistical experiments.

2.2.6 Kinetic analysis of PAH biodegradation

The previous literature (Basak et al., 2014) has reported significant substrate

78
TH-2404_146152011



PROCESS OPTIMIZATION AND KINETIC STUDY

inhibition effects during the growth of yeasts, such as C. tropicalis on organic
pollutants. Substrate (PAH) utilization rate is written as:

d
d_?z_qx :_(/U/Yx/s)x (2)

Notations are as follows: S = PAH concentration (mg L ™), p = specific biomass (or

cell) growth rate (day ™), t = incubation time (day), X = dry cell weight (mg L 1), Yos
= growth yield coefficient (g g %), q = specific degradation rate (day ). Yield factor
for biomass, Y,;; (g dry biomass/g PAH) can be calculated as follows:

dx/dt _ dXx _ (X=X,) @)

“TUds/dt  dS (S-S,)

Profile of biomass involving growth and decay is written as:

dX

—= = uX —bX 4
et (4)

where b = biomass decay coefficient (day ). For the integration of equations 2 and 4,
we have used the value of specific growth rate () corresponding to initial substrate
concentration (S = Sp). Several kinetic models that account for substrate inhibition are
available in the literature. The basic kinetic model for substrate inhibition is Haldane's

kinetic model:

S 5
_KS+S+(SZ/Ki)‘ ©

$=5,

where, S = PAH concentration (mg L™), p = specific biomass growth rate (day %),
Limax = Maximum specific biomass growth rate (day ), K, = half saturation coefficient
(mg L™, K; = inhibition coefficient (mg L ™). However, other semi—empirical models

reported in the literature are:
Aiba model: ,, - #maS g0 s/k (6)
" K,+S P( /')S:S
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Edward model: ,,_ Hnax S | (7
S+K,+(S?/K;)(1+5/K,)

S=5,

Yano model: ,, — Hhnax S | 8
S+K, +(8%/K; ) (1+S/K))|

S=S,

The kinetic parameters in the above models were determined from the analysis of u
and g over a wide range of initial substrate concentrations, viz. S = 25 — 500 mg L.
The specific biomass growth rate (i) in the log or exponential phase of each

experiment was obtained using basic relation: dX/dt=—uX (i.e., equation 4 with
decay coefficient assumed as zero), or as slope of the plot In(X/Xi)versus t. The plot

of W versus Sy was fitted to equations 5 to 8 using non—linear regression method in
MATLAB R2018b to yield the growth coefficients pmax, K, Ks, and K;. The best
model for the analysis was selected on the basis of regression coefficient. For
determination of specific degradation rate (g), a similar procedure was followed, in
which the experimental values of g (specific degradation rate) for varying initial
substrate concentrations (So) were determined from the degradation profiles for the
total period of experiment (14 days). This data was fitted to analogous expressions for
g (as a function of S at S = Sp), as given in equations 5 to 8, to obtain parameters of

Qmax, K,l Kéa Ki"

2.3 RESULTS AND DISCUSSION

2.3.1 Tolerance of C. tropicalis to PAHs

The tolerance of the yeast strain to phenanthrene and pyrene separately was
studied by performing batch experiments with different initial concentrations of the
PAHSs ranging from 0 — 500 mg L™ . The trends of final biomass concentrations and

residual phenanthrene and pyrene concentration are given in Fig. 2.1 (A and B). For
80
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phenanthrene, the final biomass concentration in the mixture shows a maximum for
initial concentration of 100 mg L and reduces thereafter. For pyrene, the final
biomass concentration in the mixture shows a maximum for initial concentration of
75 mg L and reduces thereafter. This results demonstrate inhibition on growth of C.
tropicalis cells after a certain initial concentration of the pollutant. The absolute
phenanthrene and pyrene degradation rises with initial concentration in the mixture,
but not proportionately, and this could be a manifestation of inhibition of biomass

growth by both the PAHSs.

N
S
S
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Figure 2.1. PAHs tolerance of C. tropicalis cells: A. Biomass growth and
phenanthrene degradation under different initial concentration of phenanthrene (0 —
500 mg L™) and B. Biomass growth and pyrene degradation under different initial
concentration of pyrene (0 — 500 mg L™).

2.3.2 Statistical optimization of process parameters

2.3.2.1 Statistical results of phenanthrene degradation parameters

The experimental data obtained from central composite design was fitted to a

2"_order regression equation as:

Y =45.857—-0.812X, +4.895X, +1.312X,, +3.645X , —9.792X ? — 6.354X 2
~0.354X2 —4.792X % + 2.406 X, X, + 0.031X, X, + 2.343X, X, —0.218X, X,
~0.656X,X,, +1.593X,X,

(9)
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The notations for experimental parameters or factors and their levels with actual and

coded values are provided in Table 2.1. The full CCD experimental design, along

with the predicted and experimental values of response variable (i.e. percentage

degradation) are shown in Table 2.2.

Table 2.2. Full factorial central composite design matrix of phenanthrene degradation
parameters in coded and actual (in parentheses) values.

Run  Medium Temperature  Agitation  Inoculumsize  Phenanthrene degraded
order pH (°C) speed (rpm) (%, VIV)
(Xy) (X,) (Xy) (Xy) Experimental  Predicted

1 0 (6) —a (10) 0 (150) 0 (7.5) 25.50+0.07 25.64
2 0 (6) 0 (30) 0 (150) —a. (2.5) 34.00+0.16 34.39
3 -1(4) +1 (40) -1 (130) +1(10.0)  40.50+0.09  40.85
4 0 (6) 0 (30) 0 (150) 0 (7.5) 61.00+0.30 60.85
5 +1(8) +1 (40) -1 (130) +1 (10.0) 48.50+0.19 48.66
6 -1(4) +1 (40) +1 (170) +1 (10.0) 46.00+0.09 46.16
7 -1(4) -1 (20) -1 (130) -1(5.0) 36.00+0.28 36.02
8 +1 (8) +1 (40) +1 (170) +1 (10.0) 54.004+0.03 54.10
9 +1(8) -1 (20) -1 (130) +1 (10.0) 34.50+0.06 34.93
10 -1 (4) -1 (20) -1 (130) +1 (10.0) 37.00+0.16 36.75
11 0 (6) 0 (30) 0 (150) 0 (7.5) 61.00+0.28 60.85
12 -1(4) +1 (40) ~1 (130) -1 (5.0) 43.00£0.17 4275
13 -1 (4) +1 (40) +1 (170) -1(5.0) 42.00£0.10 41.68
14 0 (6) 0 (30) +a (190) 0 (7.5) 62.00+0.09 62.06
15 —a (2) (0 30) 0 (150) 0 (7.5) 23.00+0.07 23.31
16 +1(8) -1 (20) +1 (170) +1 (10.0) 41.00+0.14 41.25
17 +o (10) 0 (30) 0 (150) 0 (7.5) 20.504+0.19 20.06
18 -1(4) -1 (20) +1 (170) +1(10.0)  43.00+0.23  42.93
19 +1(8) -1 (20) -1 (130) -1 (5.0) 25.00+0.38 24.83
20 0 (6) 0 (30) 0 (150) 0 (7.5) 60.50+0.21 60.85
21 0 (6) 0 (30) 0 (150) 0 (7.5) 61.00+0.13 60.85
22 0(6) 0 (30) 0 (150) 0 (7.5) 61.00+0.09 60.85
23 +1(8) -1 (20) +1 (170) -1(5.0) 25.00+0.06 24.77
24 0 (6) 0 (30) 0 (150) +a (12.5)  49.50+0.09 48.97
25 0 (6) +a (50) 0 (150) 0(7.5) 45.50+0.08 45.22
26 +1(8) +1 (40) +1 (170) -1(5.0) 40.00+0.12 40.25
27 0 (6) 0 (30) —a (110) 0(7.5) 57.00+0.17 56.81
28 0(6) 0 (30) 0 (150) 0(7.5) 60.50+0.15 60.85
29 0(6) 0 (30) 0 (150) 0(7.5) 61.00+0.26 60.85
30 +1(8) +1 (40) -1 (130) -1 (5.0 41.00+0.36 41.18
31 -1 (4) -1 (20) +1 (170) -1(5.0) 36.00+0.09 35.83

The values of the regression coefficients, viz. R* =

TH-2404_146152011
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adjusted R? = 0.999 indicated that the model fits well to the experimental data. The
coefficients of the quadratic response model (as given in equation 1) along with the t-—
and p— values of linear, quadratic and interaction coefficients are provided in Table

2.3(A). The ANOVA for the fitted model is displayed in Table 2.3(B).

Table 2.3. Statistical analysis of central composite experimental design for process
parameter optimization of phenanthrene degradation.

(A) Model Coefficients, t—and p—values for each variable

Model term Coefficient t-value p—value
Intercept (Bo) 45.857 335.990 0.000"
Linear coefficients

Medium pH (X,) -0.812 -11.023 0.000"
Temperature (Xy) 4.895 66.421 0.000"
Agitation speed (Xs) 1.312 17.806 0.000"
% Inoculum (Xy) 3.645 49.462 0.000"
Square coefficients

Medium pH (X;) x Medium pH (X,) -9.792 -145.014 0.000"
Temperature (X;) x Temperature (X;) -6.354 -94.109 0.000"
Agitation speed (Xs) x Agitation speed (Xs) -0.354 -5.256 0.000"
% Inoculum (X34) x % Inoculum (X,) -4.792 -70.970 0.000"
Interaction coefficients

Medium pH (X;) x Temperature (X5) 2.343 25.962 0.000"
Medium pH (X;) x Agitation speed (X3) 0.031 0.346 0.734
Medium pH (X;) x % Inoculum (X,) 2.343 25.962 0.000"
Temperature (X;) x Agitation speed (Xs) -0.218 -2.423 0.028"
Temperature (X;) x % Inoculum (X,) -0.656 -7.269 0.000"
Agitation speed (X3) x % Inoculum (X,) 1.593 17.654 0.000"

* Significant p values, p < 0.05; R*= 0.999; Predicted R* = 0.998; Adjusted R? = 0.999

(B) ANOVA for quadratic model

Source DF SS MS F-value p-value
Regression 14 5109.90 364.99 2799.15 0.000
Linear 4 951.46 237.86 1824.19 0.000
Square 4 3929.60 982.40 7534.06 0.000
Interaction 6 228.84 38.14 292.50 0.000
Residual (error) 16 2.09 0.13

Lack of fit 10 1.73 0.17 2.91 0.102
Pure Error 6 0.36 0.06

Total 30 5111.98

DF — Degree of freedom; SS — Sum of squares; MS — Mean square

The t—, F— and p-values of the coefficients indicate the significance of the

variables. Large t-value and p—value < 0.05 denotes the significance of coefficient
83
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and the optimization variable to which the coefficient belongs. The relative F-values
of linear interaction and quadratic coefficient indicate the significance of the
individual effect of the variable and the magnitude of interaction between them. As
per the ANOVA results displayed in Table 2.3B, the F—value of overall regression is
2799.15 and F-value of linear coefficient is 1824.19. The p—values of every linear,
quadratic and interaction coefficient is < 0.05, which denotes their significance. The
Lack of Fit F—value is 2.91 and p—value is 0.102, which implies that the Lack of Fit is
not significant in comparison to the pure error, therefore, in other words, the model is
significant. Nonetheless, it must be noted that the regression model is effective simply
within the limits of optimization variables used in the experimental design. The global
optimum values of variables (process parameters) corresponding to maximum
response variable (phenanthrene degradation) were obtained as: medium pH = 6.2,
temperature = 33.4°C, agitation speed = 190 rpm and % inoculum = 9.26 vol%. At
optimum conditions, the maximum phenanthrene degradation predicted by the
quadratic model was 65.19%. The desirability function plot showing optimum levels

of process parameters is shown in Fig. 2.2.

; pH Temperat Agitatio Inoculum

Optimal ;o 10.0 50.0 190.0 12.50

Ciir [6.2020] [33.4343] [190.0] [9.2677]
2.0 10.0 110.0 2.50

0.98781 | gy
Composite
Desirability

<

0.98781

%phenant
Maximum
y = 65.1956
d =0.98781

Figure 2.2. Desirability function plot for optimum levels of process parameters in
phenanthrene degradation.
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Validation experiment: Validation of the statistical results obtained from
optimization of physical operating parameters was done by performing phenanthrene
degradation experiments using C. tropicalis. The experiments were performed using
the results of CCD analyses as described in the preceding sections. For 100 mg L*
initial phenanthrene concentration, a residual concentration of 34 + 2 mg L* was
obtained after 14 days, which corresponded to ~ 66% degradation. This result
matched closely with the predictions of statistical experimental design.
2.3.2.2 Statistical results of pyrene degradation parameters

The experimental data obtained from CCD was fitted to a second—order

regression equation. This equation in coded variables is depicted as:

Y =53.028+0.541X, +3.750X , + 2.000X , + 2.525X , —8.267 X 2 — 6.142X 2
~1.5172 -5.642X2 +0.125X,X,, +1.125X, X, + 0.962X, X , + 0.062X,, X, (10)
~0.850X,X,, +0.600X,X,

Various notations for the experimental parameters or factors and their levels
with actual and coded values are given in Table 2.1. The full CCD experimental
design along with the predicted and experimental values of response variable (i.e.
percentage pyrene degradation) are shown in Table 2.4. The coefficients of the
quadratic response model along with the t— and p— values of linear, quadratic and
interaction coefficients are provided in Table 2.5 (A). The ANOVA for the fitted
model is displayed in Table 2.5 (B). The predicted values of pyrene degradation
closely matched with the experimentally measured values. The p-values of every
linear, quadratic and interaction coefficient is < 0.05, indicating their significance.
The values of the regression coefficients, viz. R> = 0.999; Predicted R?> = 0.999;
Adjusted R? = 0.999 signify best fit of the model to the experimental data. The F—
value of overall regression is 21306.11 and F—value of linear coefficient is 11254.80.
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The Lack of Fit F—value is 3.09 and p—value is 0.090, which implies that the Lack of
Fit is not significant in comparison to the pure error, therefore, in other words, the
model is significant. Nonetheless, it must be noted that the regression model is
effective simply within the limits of optimization variables used in the experimental
design.

Table 2.4. Full factorial central composite design matrix of pyrene degradation
parameters in coded and actual (in parentheses) values.

Run  Medium Temperature  Agitation Inoculum Pyrene degraded
order pH (°C) speed (rpm)  size (%, v/v) (%)
(X (X)) (Xy) (X,) Experimental Predicted
1 0 (6) 0 (30) —a (110) 0(7.5) 43.00+0.08 42.95
2 -1 (4) -1 (20) -1 (130) -1 (5.0 22.50+0.12 22.41
3 +1 (8) -1 (20) -1 (130) +1 (10.0) 31.00+0.15 31.05
4 -1(4) -1 (20) +1 (170) -1 (5.0 27.20+0.06 27.34
5 0 (6) 0 (30) 0 (150) 0(7.5) 53.00+0.11 53.02
6 -1(4) -1 (20) +1 (170) +1 (10.0) 33.30+0.15 33.36
7 —a (2) 0 (30) 0 (150) 0(7.5) 19.00+0.22 18.87
8 0 (6) +a. (50) 0 (150) 0(7.5) 36.00+0.05 35.95
9 0 (6) 0 (30) +a (190) 0(7.5) 51.00+0.24 50.95
10 +1 (8) +1 (40) +1 (170) +1 (10.0) 40.00+0.10 40.05
11 0 (6) 0 (30) 0 (150) 0(7.5) 53.20+0.26 53.02
12 0 (6) 0 (30) 0 (150) 0(7.5) 53.00+0.32 53.02
13 +1 (8) +1 (40) -1 (130) -1 (5.0 33.00+0.10 32.90
14 -1 (4) -1 (20) -1 (130) +1 (10.0) 26.00+0.13 26.04
15 0 (6) 0 (30) 0 (150) +a (12.5) 35.50+0.27 35.50
16 -1 (4) +1 (40) +1 (170) +1 (10.0) 39.00+0.04 39.04
17 0(6) 0 (30) 0 (150) 0(7.5) 53.00+0.38 53.02
18 0 (6) —a. (10) 0 (150) 0(7.5) 21.00+0.19 20.95
19 0 (6) 0 (30) 0 (150) —a. (2.5) 25.50+0.21 25.40
20 +1 (8) -1 (20) +1 (170) +1 (10.0) 34.00+0.05 33.87
21 +1 (8) +1 (40) -1 (130) +1 (10.0) 37.00+0.11 36.97
22 +1 (8) -1 (20) -1 (130) -1 (5.0 23.504+0.23 23.57
23 +1 (8) +1 (40) +1 (170) -1 (5.0 33.50+0.07 33.57
24 0 (6) 0 (30) 0 (150) 0(7.5) 53.00+0.24 53.02
25 +a (10) 0 (30) 0 (150) 0(7.5) 21.00+0.12 21.04
26 0 (6) 0 (30) 0 (150) 0(7.5) 53.00+0.09 53.02
27 -1(4) +1 (40) -1 (130) +1 (10.0) 31.50+0.35 31.46
28 +1 (8) -1 (20) +1 (170) -1 (5.0 24.00+0.18 24.00
29 -1 (4) +1 (40) +1 (170) -1(5.0) 36.50+0.06 36.41
30 -1 (4) +1 (40) -1 (130) -1 (5.0 31.004+0.13 31.24
31 0 (6) 0 (30) 0 (150) 0 (7.5) 53.00+0.19 53.02
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Table 2.5. Statistical analysis of central composite experimental design for process
parameter optimization of pyrene degradation.

(A)  Model Coefficients, t— and p—values for each variable

Model term Coefficient t-value p-value
Intercept (Bo) 53.028 1221.875 0.000"
Linear coefficients

Medium pH (X;) 0.541 23.110 0.000
Temperature (X;) 3.750 159.994 0.000°
Agitation speed (X3) 2.000 85.330 0.000"
% Inoculum (Xy) 2.525 107.730 0.000"
Square coefficients

Medium pH (X;) x Medium pH (X;) -8.267 -385.031 0.000"
Temperature (X,) x Temperature (X,) -6.142 -286.067 0.000"
Agitation speed (X3) x Agitation speed (X5) -1.517 -70.675 0.000°
% Inoculum (X,) x % Inoculum (X,) -5.642 -262.781 0.000"
Interaction coefficients

Medium pH (X;) x Temperature (X5) 0.125 4.354 0.000"
Medium pH (X;) x Agitation speed (X3) -1.125 -39.190 0.000"
Medium pH (X;) % % Inoculum (Xy) 0.962 33.530 0.000
Temperature (X,) x Agitation speed (Xz) 0.062 2177 0.045

Temperature (X,) x % Inoculum (X,) -0.850 -29.611 0.000"
Agitation speed (Xs3) x % Inoculum (X,) 0.600 20.902 0.000"

* Significant p values, p < 0.05; R’= 0.999; Predicted R* = 0.999; Adjusted R? = 0.999

(B) ANOVA for quadratic model

Source DF SS MS F-value p-value
Regression 14 3932.75 280.91 21306.11  0.000
Linear 4 59356 148.39 1125480 0.000
Square 4 3286.49 821.62 62317.22  0.000
Interaction 6 52.70 8.78 666.25  0.000
Residual (error) 16 0.21 0.01

Lack of fit 10 0.18 0.02 3.09 0.090
Pure Error 6 0.03 0.01

Total 30 3932.96

DF — Degree of freedom; SS — Sum of squares; MS — Mean square

The global optimum values of variables (process parameters) corresponding to
maximum response variable (pyrene degradation) were obtained as: medium pH =
6.0, temperature = 33°C, agitation speed = 164 rpm and % inoculum = 8.07 vol%. At
optimum conditions, the maximum pyrene degradation predicted by the quadratic
model was 54.60%. The desirability function plot showing optimum levels of process

parameters is shown in Fig. 2.3.
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Figure 2.3. Desirability function plot for optimum levels of process parameters in
pyrene degradation.

Validation experiment: Validation of the statistical results obtained from
optimization of physical operating parameters was done by performing pyrene
degradation experiments using C. tropicalis. The experiments were performed using
the results of CCD analyses as described in the preceding sections. For 75 mg L™
initial pyrene concentration, a residual concentration of 35 + 1 mg L™ was obtained
after 14 days, which corresponded to ~ 53% degradation. This result matched closely
with the predictions of statistical experimental design. Table 2.6 presents a
comparison of all the parameters of phenanthrene and pyrene degradation optimised
through statistical process. Almost similar values were found for both the PAHs and
this clearly indicates that a system designed for one PAH should work for the other as
well.

Table 2.6. Comparison of the values of optimized parameters for phenanthrene and
pyrene degradation.

Physical parameter Phenanthrene  Pyrene

Medium pH 6.2 6.0

Temperature (°C) 33.4 33

Agitation speed (rpm) 190 164

% Inoculum (vol%) 9.26 8.07
88
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2.3.3 Results of kinetic analysis
2.3.3.1 Kinetic analysis of growth and phenanthrene degradation
The profiles of u (specific growth rate) and g (specific degradation rate) for

different initial concentrations of phenanthrene (So) are shown in Fig. 2.4.
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Figure 2.4. Experimental and predicted specific growth rate («) and phenanthrene
degradation rate (q) obtained from different models (A) Haldane model, (B) Aiba
model, (C) Edward model, (D) Yano model.

These profiles were fitted to various substrate inhibition models using nonlinear
regression method (MATLAB R2018b). The kinetic parameters in various models
obtained after fitting the profiles are listed in Table 2.7. The Haldane model had the
best fit for both profiles of p and q with the highest R? and the lowest RMSE. The

kinetic parameters for Haldane model for biomass growth were: pmax = 0.6 day *, K =

89
TH-2404_146152011



CHAPTER 2

2754 mg L, K; = 428.4 mg L . The corresponding parameters for degradation
profile were: gmax = 0.18 day ™, K! =46.89 mg L™, K/ =117.5 mg L™*. The profiles
of both p and q in Fig. 2.4 show maxima at So = 100 mg L. Reduction in p and g
after Sp = 100 mg L is an indication of substrate inhibition at relatively higher
concentrations of phenanthrene. Moreover, relatively faster reduction in g with initial
substrate concentration after S, = 100 mg L indicates greater influence of substrate
inhibition on phenanthrene degradation pathway than biomass growth pathway. This

is also reflected in terms of ~ 4x higher value of K; (inhibition constant for biomass
growth) than K. (inhibition constant for substrate degradation).

2.3.3.2 Kinetic analysis of growth and pyrene degradation

The profiles of u (specific growth rate) and g (specific degradation rate) for
different initial concentrations of pyrene (Sp) are shown in Fig. 2.5. These profiles
were fitted to various substrate inhibition models using nonlinear regression method
(MATLAB R2018b). The kinetic parameters in various models obtained after fitting
the profiles are listed in Table 2.8. The Haldane model had the best fit for both
profiles of p and q with the highest R? and the lowest RMSE. The kinetic parameters
for Haldane model for biomass growth were: pmax = 0.9 day ™, Ks = 43.70 mg L™, K;
= 153.0 mg L. The corresponding parameters for degradation profile were: Qmax =
0.14 day ™, K! =52.68 mg L*, K/ =98.0 mg L". The profiles of both p and q in
Fig. 2.5 show maxima at So = 75 mg L. Reduction in pt and q after So = 75 mg L is
an indication of substrate inhibition at relatively higher concentrations of
phenanthrene. Moreover, relatively faster reduction in g with initial substrate
concentration after S; = 75 mg L™ indicates greater influence of substrate inhibition

on pyrene degradation pathway than biomass growth pathway. This is also reflected
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in terms of higher value of K; (inhibition constant for biomass growth) than K/

(inhibition constant for substrate degradation).
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Figure 2.5. Experimental and predicted specific growth rate (x) and pyrene
degradation rate (q) obtained from different models (A) Haldane model, (B) Aiba
model, (C) Edward model, (D) Yano model.

2.4 CONCLUSION

This chapter reveals several important results regarding the optimum
functioning of phenanthrene and pyrene degradation process by C. tropicalis cells.
Physical operating parameters for degradation of phenanthrene and pyrene were
optimized through central composite statistical design of experiments. The values of
the optimised parameters were similar for both the PAHs. Under optimum conditions,

~ 66% of phenanthrene (100 mg L™) and ~ 53% of pyrene (75 mg L™) was degraded
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in 14 days. The tolerance test revealed marked decrease in yeast cell growth after 100
and 75 mg L™ of phenanthrene and pyrene, respectively. In the kinetic analysis,
profiles of specific growth rate (i) and specific degradation rate (q) versus initial
substrate concentration fit best to Haldane substrate inhibition model. Both p and q
showed maxima for initial concentration of 100 mg L* for phenanthrene and 75 mg
L for pyrene and strong substrate inhibition was displayed beyond these

concentrations.
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Table 2.7. Predicted kinetic parameters of phenanthrene degradation by C. tropicalis acquired from different models.

Mathematical model

Parameters for u

Parameters for q

Ty 4 K, K RZ  RMSE (.. K K, K R? RMSE
Haldane S |
u= e — 0.60 2754 4284 — 098 00082 0.8 46.89 1175 —  0.98 0.0039
K, +S+(S?/K)|
S=S,
ﬂZﬁEXP(—S/Ki) 049 21.00 1045.0 _ 083 00275 0.6 52.00 2935 — 0.0 0.0089
s $=S,
Edward 1S
u= S+Ks+(Sz/Ki)(1+S/KS)S_S 055 31.47 6458.0 - 073 00349 016 71.00 659.3 —  0.83 0.0107
Yano S
H=s+Ks+(SZ/Ki)(1+3/K)H 071 50.00 449.0 7860 074 00342 022 7448 98.04 1817.0 0.95 0.0068

Notations are as follows: S = phenanthrene concentration (mg L ™), p = specific biomass (or cell) growth rate (day™), pUmax = maximum specific biomass (or
cell) growth rate (day™), q = specific degradation rate (day ™), gmax = Maximum specific degradation rate (day ™). K, Ki, K = half saturation coefficient,
inhibition coefficient, constant respectively, applied to growth rate (mg L), K¢, Ki', K' = half saturation coefficient, inhibition coefficient, constant

respectively, applied to specific degradation rate (mg L ™).
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Table 2.8. Predicted kinetic parameters of pyrene degradation by C. tropicalis acquired from different models.

Parameters for u Parameters for ¢
Mathematical model
Moo K, K, K R? RMSE Q. K, K, K R? RMSE
Haldane S
H= Y 090 43.70 153.0 - 095 0.0232 0.14 5268 98.0 - 0.97 0.0036
KS+S+(S /Ki)
S=S,
Aiba U S
,uzﬁexp(—S/Ki) 0.73 29.98 384.0 — 0.86 0.0355 0.12 3500 2480 - 0.83 0.0072
s S=S,
Edward i S
#:5+Ks+(32/Ki)(1+S/Ks)H 0.57 18.00 5565.0 — 0.72 0.0550 0.11 46.00 905.0 - 0.82 0.0073
Yano 1S
ﬂ:S+Ks+(SZ/Ki)(1+S/K)S_S 0.74 3111 256.0 14580 091 0.0362 0.12 39.04 1520 1172.0 0.94 0.0047

Notations are as follows: S = pyrene concentration (mg L™), p = specific biomass (or cell) growth rate (day "), Hmax = Maximum specific biomass (or cell)
growth rate (day ™), q = specific degradation rate (day ™), gmax = maximum specific degradation rate (day ). K, Ki, K = half saturation coefficient, inhibition
coefficient, constant respectively, applied to growth rate (mg L™), K,', Ki', K' = half saturation coefficient, inhibition coefficient, constant respectively, applied
to specific degradation rate (mg L™).
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CHAPTER 3

Ultrasound-assisted biodegradation
of phenanthrene and pyrene by

Candida tropicalis and kinetic study

3.1 INTRODUCTION

As mentioned in the previous chapters, polycyclic aromatic hydrocarbons
(PAHSs) frequently pollute the ecosystem. A huge level of attention has been drawn
for decades because of their prolonged existence, recalcitrance and potential
mutagenic and carcinogenic properties (Aranda, 2016). Among various techniques for
PAH remediation, the interest towards microbial degradation is increasing among
environmentalists due to its eco—friendly nature, high efficiency and economic

operation (Schmidt et al.,, 2010). Both fungi and bacteria have major roles in
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biodegradation process of pollutants (Deeba et al., 2018; Ping et al., 2017). Fungi
possess certain advantages over other microbes regarding biodegradation owing to
their tolerance towards contaminants, penetration capability in soil through mycelia
and fast colonization in solid substrates (Harms et al., 2011). Bioremediation can also
be coupled with other techniques of process intensification. One of the contemporary
techniques, for enhancing Kinetics/yields of biochemical processes is ultrasound
irradiation or sonication. Researchers have combined ultrasound with different
biochemical processes to achieve augmentation of both kinetics and yield of the
process (Batghare et al., 2020; May-Lozano et al., 2020; Sheydaei et al., 2019;
Bhasarkar et al., 2015). Previous authors have also coupled sonication with inorganic
catalysts for boosting the Kkinetics of degradation of organic pollutants
(Khorasanizadeh et al., 2019; Monsef et al., 2018). Sonication of moderate intensity is
known to augment the kinetics of the bioprocesses. Physical and chemical effects of
sonication are responsible for intensification of the process. The phenomenon of
cavitation (growth, nucleation, and the transient collapse of bubble) is responsible for
the physical/chemical effects of sonication. The major physical effect produced by
sonication is intense microturbulence in the system, and the chemical effect is
formation of highly reactive radicals through thermal dissociation of gas and vapour
molecules in the cavitation bubble.

In this study, we have attempted to investigate ultrasound-assisted
biodegradation of PAHs (phenanthrene and pyrene) from a mechanistic viewpoint.
The model system of present study comprises of PAHs and Candida tropicalis MTCC
184. This study starts with experimentations on optimization of sonication duty cycle
followed by application of ultrasound in the log phase of yeast growth cycle. The
kinetics involved in the biodegradation process in both test (ultrasound-treated) and
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control was also analysed and parameters affecting the biomass growth and
degradation were determined. Finally, the effect of sonication on cell viability and
morphology was also assessed. Concurrent analysis of these studies has revealed
interesting mechanistic aspects of ultrasound-induced enhancement of phenanthrene

and pyrene biodegradation by C. tropicalis cells.

3.2 MATERIALS AND METHODS

3.2.1 Materials

The culture of Candida tropicalis MTCC 184 was obtained from the Institute
of Microbial Technology (IMTECH), Chandigarh, India. Phenanthrene and pyrene
(sublimed grade, > 99.5%) was bought from Sigma—Aldrich (India). All the organic
solvents (HPLC grade) were from Merck, India. Bushnell Haas (BH) medium and
other chemicals (analytical grade) were procured from Himedia (Mumbai, India).
3.2.2 Growth and maintenance of Candida tropicalis

Freeze dried C. tropicalis cells were revived in agar plates of yeast extract
peptone dextrose (YEPD) medium. The yeast was grown at 30°C, pH 7 and 150 rpm.
The revived cells were stored at —4°C, and stocks in glycerol (20% v/v) were also
made and kept at —80°C. BH medium with a composition of (g L™): K,HPO, (1.0);
KH,PO, (1.0); NH4NO3 (1.0); FeCls (0.05); MgSO,4-7H,0 (0.2) and CaCl,-2H,0
(0.02) was used. Every experiment was carried out in BH medium supplemented with
phenanthrene/pyrene as lone carbon source for the yeast strain.
3.2.3 Batch biodegradation experiments

As explained in the preceding section, C. tropicalis cells were initially grown
in YEPD medium in order to perform biodegradation experiments. Sequentially, the

cells were centrifuged and thoroughly washed. Then the yeast cells were inoculated
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into the autoclaved (121°C, 20 min) BH medium. Since both the PAHSs exhibits low
water solubility, they were first dissolved completely in acetone and then introduced
into the medium. Un—inoculated controls flasks comprising of only BH medium and
pyrene were also kept to confirm any abiotic loss, i.e., to rule out the impact of any
natural dissipation of PAH. The experiments were conducted for a period of 14 days
and the operating parameters were taken as per the results of statistical analysis
(discussed in Chapter 2). Dissolved oxygen (DO) of the degradation medium was
monitored using Thermo Scientific DO meter (Eutech DO-700). The dissolved O,
concentration in the culture continued to be close to saturation level (8 £ 0.25 ppm)
throughout the 14—day batch biodegradation experiments.

3.2.4 Biomass and residual PAH estimation

Samples of reaction mixture were collected every 24 h (or 1 day) during the 14—
day experiment for biomass estimation. The cell density in the sample (or growth
profile) was examined at 600 nm. For assessment of biomass concentrations, samples
were centrifuged and the resultant pellet was cleaned with water followed by drying at
105°C for 24 h. The moisture—free pellet was weighed to analyse biomass growth.
The batch experiments were performed in triplicates to assess the reproducibility of
results.

Samples collected from the degradation medium (at intervals of 24 h) were
analysed for residual PAH concentration. The collected samples were extracted in n—
hexane and then mixed thoroughly followed by centrifugation (10 min, 10,000 rpm).
As a result, the residual PAH present in the samples gets transferred to the organic
layer. This layer was separated and analysed using high performance liquid
chromatography (HPLC, Agilent Technologies, 1220 Infinity LC) with C18 reverse—
phase column (3 mm x 150 mm and particle size: 3.5 zm). The mobile phase used
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was Acetonitrile: Milli-Q water mixture (70:30). 20 pL sample volume was injected
and the mobile phase flow rate was kept at 0.8 mL min™*. A UV detector (254 nm)
was used for identification of both the PAHS.

3.2.,5 Ultrasound-assisted biodegradation of PAH (test experiments)

Ultrasound-assisted biodegradation of phenanthrene was conducted in an
ultrasonic bath (PCi Analytics, India, dimensions — 30 cm x 15 cm x 10 cm, volume —
3.5 L, rated power 100 W, frequency 33 kHz). Before experiments, ultrasonic bath
was calibrated with calorimetric technique to determine the ultrasound pressure
amplitude and the actual power input. The pressure amplitude of ultrasonic waves in
the medium corresponding to calorimetrically measured acoustic intensity of 0.66 W
cm 2 was 1.4 bar (or 140 kPa). The water temperature in ultrasound bath was kept at
32° + 2°C. Moreover, location of the Erlenmeyer flask in the bath was maintained
same in every experiment to prevent artifacts due to spatial variation of ultrasound
intensity (Moholkar et al., 2000).

In biodegradation test experiments, all physical parameters (except mechanical
shaking) were at their optimum values, as obtained in validation experiments from
Chapter 2. Mechanical shaking in control experiments was replaced with a
combination of mechanical shaking and sonication at 10% duty cycle (1 min ON and
9 min OFF in every 10 min of process). The important process parameter (duty cycle)
was optimized by flow cytometry analysis explained in the following section. It must
be noted that in the OFF period of the duty cycle, mechanical agitation was applied to
the reaction mixture. Sonication was applied to the broth during log phase of yeast
cells (total four days from day 4 to day 8) for 12 h/day @ 10% duty cycle. For the
remaining 12 h/day of log phase, the reaction mixture was subjected to mechanical

shaking. Thus, the total period of sonication in each day was 0.1 x 12 h x 60 min =72
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min. The duration of all biodegradation experiments was 14 days. The experimental
protocol of control (mechanical shaking) and test (mechanical shaking + sonication @

10% duty cycle) experiments is explained in Fig. 3.1.

I Mechanical agitation@ I
| 190/164 rpm |
Control Flask i i i |
oth day ath day 8th day 14t day
Mechanical Mechanical Mechanical
agitation @ e| < agitation @ *>|% agitation @ —>
190/164 rpm 190/164 rpm 190/164 rpm
Test Flask i i II i
<— Sonication —> A
0th day 4th day @ 10% duty 8™ day 14t day
cycle for
12 h/day

Figure 3.1. Schematic of the experimental protocol for control (mechanical agitation)
and test (sonication at 10% duty cycle) experiments.

3.2.6 Optimization of sonication duty cycle

Constant exposure to sonication can result in adverse effects like disruption or
damage to microbial cells because of the shock waves created by the cavitation
bubbles. This adverse effect can be avoided by applying sonication in pulsed mode
(intermittently), characterized by the parameter duty cycle (fractional durations of
ultrasound and silent mode per unit time of treatment) (Dikshit et al., 2018).

For optimization of this parameter, three duty cycles (10, 20 and 30%) of
sonication were given to the yeast strain to study the cell viability. The yeast cells
were grown in YEPD medium and then exposed to ultrasound at different duty cycles
for 12 h/day for 48 h. A control experiment (without sonication) was also performed
and compared with the test experiments. After incubation, the cells were centrifuged

and separated followed by dilution with phosphate buffer saline (PBS). The viability
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and morphological variations on the yeast strain from both control and test samples
were analyzed by Flow cytometry using a multi-parametric BD FACS Calibur
(Becton Dickson, Calibur™ Flow Cytometer, USA). Microbial cells after completion
of experiment were examined with 488 nm laser and 530 nm emission filter using
propidium iodide (PI). The changes in cell morphology during sonication were
assessed on the basis of SSC (Side Scatter) and FSC (Forward Scatter). Side—scattered
light (SSC) is proportional to cell complexity or granularity, and forward-scattered
light (FSC) is proportional to cell size or surface area.

3.2.7 FE-SEM analysis and chemical oxygen demand (COD) measurement

The C. tropicalis cells in both control and test experiments were analysed with
FE-SEM (Field Emission Scanning Electron Microscope, Make: Zeiss, Model: Sigma
300) micrographs to spot any visible differences in morphological and phenotypic
characters. Initially, the cells were centrifuged for 10 min at 5,000 rpm, and the
resultant pellet was washed thrice with phosphate buffer saline (PBS, pH 7). Further,
the pellet was fixed with 2.5% formaldehyde for 1 h and again washed thrice with
PBS, followed by a dehydration step using ethanol at different concentration range
(10, 30, 50. 70, 90, 100% ethanol) for 30 min. At last, the samples were drop cast on
the FE-SEM grid and allowed to dry at 37°C. The grids were coated with gold
powder and observed under FE-SEM at magnification of 2.00 KX.

The extent of PAH biodegradation was also assessed in terms of reduction in
chemical oxygen demand (COD). It is an indicative measurement of soluble and
particulate organic material in waste water. Samples from control and test
experiments were centrifuged for 5 min at 10,000 rpm, and the aqueous supernatant

was taken for COD analysis. COD of the samples was quantified using HACH COD
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reagents and measured in DR900 calorimeter (Hach, USA). The percentage reduction
of COD was calculated from initial COD and final COD values.
3.2.8  Kinetics of PAHs biodegradation (control and test experiments)

As mentioned in the previous chapter, significant substrate inhibition effects
occur during the growth of C. tropicalis on PAHs (Basak et al., 2014). Substrate
(PAH) utilization rate can be written as:

ds

E__qx =—(/Yy5) X (1)

Notations are as follows: S = PAH concentration (mg L), u = specific biomass (or
cell) growth rate (day ), t = incubation time (day), X = dry cell weight (mg L™),
Y,s = growth yield coefficient (g g'), g = specific degradation rate (day ™). Yield
factor for biomass, Y, (g dry biomass/g PAH) can be calculated as follows:

dx/dt _ dx _ (X=X,)

- - 2
Podsjdt dS (S-S,) @

Profile of biomass involving growth and decay is written as:

dX

— = uX —bX 3
s ®3)

where b = biomass decay coefficient (day™). For the integration of equations 1 and 3,
we have used the value of specific growth rate () corresponding to initial substrate
concentration (S = Sp). Among the different kinetic models that account for substrate
inhibition, Haldane model was found to fit best as shown in Chapter 2. The basic

kinetic model for substrate inhibition is Haldane model:

S|
'u_KS+S+(SZ/Ki)‘ “

S=S,
where, S = phenanthrene concentration (mg L), u = specific biomass growth rate

(day™), zimax = maximum specific biomass growth rate (day ), Ks = half saturation
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coefficient (mg L), K; = inhibition coefficient (mg L™).

The kinetic parameters of b (decay coefficient) and Yy (biomass yield
coefficient) in Egs. 1 and 3 were obtained by fitting experimental profiles of biomass
and substrate to Egs. 1 and 3 using Genetic Algorithm in MATLAB (R2018b). These
equations were simultaneously solved using Runge—Kutta 4™ order method (as initial
value problem) to obtain the simulated profiles of substrate and biomass. The
simulated profiles were compared against the experimental profiles (mean values of
biomass and substrate concentrations in the triplicate experimental runs). The sum of
RMSE (root mean square error) between the two profiles was minimized by adjusting
the numerical values of kinetic parameters in the model within specified bounds
(Tizazu et al., 2018). For this purpose, experiments (both control and test) were
conducted at optimum conditions obtained from statistical experiments. The initial
substrate concentration (corresponding to maximum ¢ and p) for these experiments
was obtained from analysis of substrate inhibition kinetics as described in the

previous chapter.

3.3 RESULTS AND DISCUSSION

3.3.1  Optimization of sonication duty cycle

The findings of flow cytometry analysis for identification of any significant
alterations stimulated in C. tropicalis cells by sonication treatment at duty cycles of
10, 20 and 30% are shown in Fig. 3.2. The results were compared with the control
experiment. Live and dead cells have been categorised from their distinctive staining
property with PI stain. When the FSC and SSC of the cells in control and 10% duty
cycle experiments were compared, no significant alteration was observed. Acquisition
dot plots between FL3 and FSC shown in Figs. 3.2 (B and E) indicate the live cell
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percentage existing in control and 10% duty cycle samples. Both samples displayed
live cell percentage in the same range, which indicated a constancy in cellular
structure and morphology even after 10% duty cycle treatment. The histograms given
in Figs. 3.2 (C and F) displayed similar dead cell percentage in control (1.40%) and
10% duty cycle (2.13%) experiments. The flow cytometry analysis results of samples
exposed to 20 and 30% duty cycles sonication are exhibited in Fig. 3.2. The dot plots
displayed substantial alterations, as compared to the control experiment. A small
percentage (35.50%) of live cells was indicated after 20% duty cycle treatment. For
30% duty cycle treatment, the live cell percentage was negligible (1.17%). This
clearly indicates that exposure to 20 and 30% duty cycle sonication results in major
alterations in the cellular morphology, and induces adverse effects in cell viability and
activity. The histograms Pl + cells revealed a high percentage of dead cells for both
the duty cycles as displayed in Figs. 3.2 (I and L). Therefore, among the different duty
cycles, 10% did not stimulate any change in the morphology of the yeast cells.

Therefore, the optimal duty cycle for the intensification (test) experiment was fixed at

10%.
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Figure 3.2. Flow cytometric analysis for detection of morphological changes in C.
tropicalis cells (A, D, G, J): Acquisition dot plots (FSC vs. SSC) for control, 10, 20
and 30% duty cycle experiments, respectively. (B, E, H, K): Acquisition dot plots
(FSC vs. FL3) showing percentage of live cells present for control, 10, 20 and 30%
duty cycle experiments, respectively. (C, F, I, L): Histogram plots (FL3 vs. count)
showing dead C. tropicalis cells in control, 10, 20 and 30% duty cycle experiments,
respectively.

3.3.2 PAH degradation experiment: control and test

For both control and test experiments, the initial concentration of
phenanthrene and pyrene was fixed at 100 and 75 mg L™, respectively. This was
based on the results obtained from the tolerance test of C. tropicalis cells which was
performed in the previous chapter. The results of phenanthrene degradation under
control (mechanical shaking), and test (combination of sonication @ 10% duty cycle
and mechanical shaking) conditions are shown in Figs. 3.3 (A and B). For 100 mg L™
initial phenanthrene concentration, a residual concentration of 34 + 2 mg L™ was
obtained after 14 days in the control experiments, which corresponded to ~ 66%
degradation. In test experiments, a residual concentration of 16 + 2 mg L™ was
obtained, which corresponded to ~ 84% degradation. Pyrene degradation under
control and test conditions are shown in Figs. 3.4 (A and B). For 75 mg L™ initial
pyrene concentration, a residual concentration of 35 + 2 mg L™ was obtained after 14

days in the control experiments, which corresponded to ~ 53% degradation. In test
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experiments, a residual concentration of 22 + 2 mg L* was obtained, which

corresponded to ~ 70% degradation.
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Figure 3.3. (A) Experimental profiles of phenanthrene degradation in control
experiment. (B) Experimental profiles of phenanthrene degradation in test experiment
(mechanical agitation with sonication at 10% duty cycle). Abiotic control (e) profiles
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Figure 3.4. (A) Experimental profiles of pyrene degradation in control experiment.
(B) Experimental profiles of pyrene degradation in test experiment (mechanical
agitation with sonication at 10% duty cycle). Abiotic control (e) profiles are also

shown.

3.3.3 FE-SEM analysis and chemical oxygen demand (COD) removal

The FE-SEM micrographs of C. tropicalis cells are shown in Fig. 3.5. Figs.

TH-2404_146152011
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3.5 (A and B) represent the micrographs of phenanthrene degradation in control and
test experiment, respectively. Figs. 3.5 (C and D) represent the micrographs of pyrene
degradation in control and test experiment, respectively. A comparison of these
micrographs does not show any significant difference in morphology and topography
of the cells. The micrographs for test experiment also do not show any visible cell
damage, rupture, or debris, indicating that the cells remained intact during exposure to
sonication. Thus, the results of FE-SEM analysis were in concurrence with the results

of flow cytometry.
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Figure 3.5. FE-SEM micrographs: Control (A) and Test (B) samples from
phenanthrene degradation. Control (C) and Test (D) samples from pyrene
degradation.
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Figure 3.6. Percentage removal of COD after biodegradation experiment. (A) Control

and (B) Test for phenanthrene. (C) Control and (B) Test for pyrene.

The COD reduction in both control and test samples was continuously
monitored. For phenanthrene, it was observed that 60% COD removal was achieved
in control experiments, while 69% COD removal was achieved in test experiments.
Relatively higher reduction in COD is attributed to enhancement of phenanthrene
biodegradation by sonication. For pyrene, final COD removal in control and
ultrasound-treated samples was 52 and 58%, respectively. On comparing the
reduction in COD with PAH removal in both experiments shows a marked
discrepancy. The removal of both the PAH (phenanthrene and pyrene) enhanced by ~
30% with application of sonication, while the rise in COD removal was quite
marginal, ~ 10%. This essentially reveals the exact role of sonication in the
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biodegradation process. Ultrasound aids in the creation of water—soluble products
from the reactions between pyrene and *OH radicals. Thus, ultrasound only leads to
transformation of pyrene to simpler metabolites and not complete degradation of
pyrene. Moreover, only 3 — 5 % of COD was degraded in the abiotic samples. The
figures of COD analysis are shown in Fig. 3.6.
3.3.4 Kinetic of PAHSs biodegradation (control and test experiments)

The experimental time profiles of concentrations (substrate and biomass) were
fitted using numerical solutions coupled with Genetic algorithm. Fig. 3.7 (A and B)
depicts the experimental and stimulated time profiles of biomass and substrate
concentration in control and test experiments of phenanthrene degradation. While,
Fig. 3.8 (A and B) depicts the experimental and stimulated time profiles of biomass
and substrate concentration in control and test experiments of pyrene degradation.
The regressions coefficients R? for all profiles are > 0.9, indicating good match
between simulations and experimental profiles. The final results of both phenanthrene
and pyrene degradation are tabulated in Table 3.1 and 3.2, which depicts the kinetic
parameters (b and Yx;s). The phenanthrene degradation shows ~ 25% rise under test
conditions. The biomass yield coefficient (Yx;s) also shows 25% rise in test
experiments, while the decay coefficient (b) reduces ~ 21%. The pyrene degradation
shows ~ 30% rise under test conditions. The biomass yield coefficient (Yyxss) also

shows 25% rise in test experiments, while the decay coefficient (b) reduces ~ 10%.

Table 3.1. Kinetic parameters for biomass and substrate concentration profiles.
Initial phenanthrene b Yy

concentration (Mg L") (day™) (g
100 (Control) 0.087 0004
100 (Test) 0.069  0.005
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Figure 3.7. Experimental and stimulated time profiles of biomass concentration (Cy)
and substrate concentration (Cs) in control (mechanical shaking) [A] and test
(sonication at 10% duty cycle) experiments [B].
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Figure 3.8. Experimental and stimulated time profiles of biomass concentration (Cy)
and substrate concentration (Cs) in control (mechanical shaking) [A] and test
(sonication at 10% duty cycle) experiments [B].

Table 3.2. Kinetic parameters for biomass and substrate concentration profiles.

Initial pyrene b (.
concentration (mgL™")  (day™) (9g™)
75 (Control) 0.073 0.004
75 (Test) 0.067 0.005

Enhanced phenanthrene and pyrene degradation with higher yeast cell growth
in test experiments can be attributed to several beneficial effects of sonication on
reaction system as follows:

(1) intense microturbulence generated by sonication enhances the cell membrane
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permeability, which facilitates quicker cellular transport of nutrients, substrate, and
other metabolites (Huang et al., 2017; Chemat and Khan, 2011).

(2) microturbulence also causes deagglomeration of cell clusters, which helps better
access to nutrients and substrate in broth (Avhad and Rathod, 2015).

(3) microturbulence also causes dilution of toxic substances produced during substrate

utilization, which helps in reducing cell death and enhancing cell growth.

3.4 CONCLUSION

This work demonstrated a potential ultrasonic bioremediation process for
degradation of phenanthrene and pyrene by the yeast, C. tropicalis. A mechanistic
analysis of sonication—induced enhancement of PAH removal using the yeast strain
has revealed several interesting facets of the bioremediation process. A marked rise of
~ 25% in phenanthrene removal and ~ 30% in pyrene removal was seen with the
application of sonication (10% duty cycle) as compared to the conventional
biodegradation process. Kinetic analysis revealed that the biomass yield coefficient
increased while the decay coefficient of the cells reduced in presence of sonication.
However, COD removal rate with sonication was only marginally higher (~ 10%).
Thus, sonication was effective in transforming pyrene to simpler intermediates. The
FE-SEM micrographs did not reveal any noteworthy alteration in the cellular
morphology and topography, thereby signifying that the yeast remained undamaged
after the ultrasound treatment. We believe that the results of this study could form
useful inputs for further research in ultrasound-assisted biodegradation of PAHSs

using yeast strains.
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CHAPTER 4

Identification of metabolic pathway
and intermediates in phenanthrene

and pyrene biodegradation

4.1 INTRODUCTION

Pollution caused by polycyclic aromatic compounds (PAHS) is a daunting
threat to ecosystems and environment. PAHs like naphthalene, phenanthrene,
anthracene, pyrene, etc. are components of petroleum ubiquitous in the environment.
These PAHs pose risk to public health because of their carcinogenic, mutagenic and
teratogenic characteristics (Gou et al., 2020; Huang and Batterman, 2014).
Bioremediation of different PAHs has emerged as a potential alternative to

conventional oxidative removal processes. Several ligninolytic or non-ligninolytic
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fungi have been employed for bioremediation (Anita et al., 2019; Yanto et al., 2019;
Hidayat and Yanto, 2018; Yanto and Tachibana, 2014). However, for bioremediation
of wastewater, non—ligninolytic fungi have proved to be comparatively more suitable,
as the ligninolytic fungi have habitat limitation of growth (Marco—Urrea et al., 2015).
Most common non-ligninolytic fungi (yeast) species which known as hydrocarbons
degraders belong to genera of Candida, Debaryomyces, Leucosporidium,
Lodderomyces, Pichia, Rhodosporidium, Rhodotorula, Sporidiobolus,
Sporobolomyces, Stephanoascus, Trichosporon and Yarrowia (Hashem et al., 2018;
Hadibarata et al., 2017; Okerentugba et al., 2016; Gargouri et al., 2015; Kumari and
Abraham, 2011; Csutak et al., 2010). The microbial degradation route of PAHs by
non-ligninolytic fungi normally comprises of three phases, viz. (a) activation of
aromatic ring, (b) dearomatization, (c) transformation of ring fission products into
tricarboxylic acid (TCA) cycle metabolites. A normal pathway of metabolic cleavage
of PAH comprises of dihydroxylation of benzene ring into catechol derivative and
then ring fission via ortho (intradiol) or meta (extradiol) oxidation route. Catechol
undergoes oxidation by cleavage enzyme catechol 1,2— dioxygenase (C1,2-D) to
form cis, cis—muconic acid through ortho- route. Alternatively, catechol may also be
oxidised by cleavage enzyme catechol 2,3-dioxygenase (C2,3-D) through meta—
route resulting in formation of 2-hydroxymuconic semialdehyde (HMSA) (Deeba et
al., 2018).

The aim of this chapter was to get an in—depth insight into the biomechanism
involved in degradation of phenanthrene and pyrene by Candida tropicalis. The
experiments were performed with a 3—fold approach, viz. (1) Identification of the
enzymes  triggering the  degradation  process, (2) Identification of
metabolites/intermediates formed during the degradation process and (3) Elucidation
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of the pathway followed during degradation. The predominant metabolic pathway
followed during PAH degradation has been identified for both mechanical shaking
(control) and sonication (test) experiments through enzymatic analysis. Moreover, the
expression of overall cellular proteins formed during the process was also examined
using SDS-PAGE analysis. The attempt of metabolic pathway identification though

intermediate metabolites was done by GC—MS spectroscopy.

4.2 MATERIALS AND METHODS

4.2.1 Materials

Candida tropicalis MTCC 184 was obtained from the Institute of Microbial
Technology (IMTECH), Chandigarh, India. Phenanthrene, pyrene and all the
chemicals used for enzymatic analysis (sublimed grade, > 99.5%) were bought from
Sigma-Aldrich (India). The organic solvents (HPLC grade) were from Merck, India.
Bushnell Haas (BH) medium and other chemicals (analytical grade) were procured
from Himedia (Mumbal, India).
4.2.2 Batch biodegradation experiments

As explained in the preceding chapters, C. tropicalis cells were initially grown
in YEPD medium in order to perform biodegradation experiments. Sequentially, the
cells were centrifuged and thoroughly washed. Then the yeast cells were inoculated
into the autoclaved (121°C, 20 min) BH medium. Since both PAHs (phenanthrene
and pyrene) exhibits low water solubility, they were first dissolved completely in
acetone and then introduced into the medium. The degradation experiments were
performed at optimised physical operating conditions with phenanthrene/pyrene as
sole carbon source. Test experiments at 10% duty cycle sonication were also
performed as described in the previous chapter. Both control and test experiments
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were conducted for a period of 14 days.
4.2.3 Protein extraction and expression (SDS-PAGE analysis)

The expression and size of crude proteins present in the samples were
established by running SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis). Samples of broth (control and test experiments) were collected and
C. tropicalis cells were separated by centrifugation at 10,000 rpm for 5 min. The
resulting cell pellets were suspended in lysis buffer (5% SDS, 8 M urea, 0.1 mM
EDTA, 40 mM Tris—HCI pH 7.5) (Datta et al., 2016). Further, the cells were ruptured
using a sonicator probe (Sonics & Materials VCX 500) @ 50% duty cycle (30 s on
and 30 s off) to extract intracellular proteins. The samples were further centrifuged for
30 min at 10,000 rpm and at 4°C and supernatant were separated. To confirm the
expression of proteins, SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) analysis was done. 40 pL of the sample was mixed with SDS loading
buffer and reducing agent, and then resolved on a 12% SDS—polyacrylamide gel
(PAGE). The SDS gel was stained with coomassie brilliant blue dye and was
observed in Gel Doc (Bio—RAD, USA) with Image Lab 5.2.1 software. The protein
bands were examined according to their respective molecular weights. The total
protein content present in samples was estimated by Lowry method with bovine
serum albumin (BSA) as standard (Lowry et al., 1951).

4.2.4 ldentification of metabolic pathway through analysis of enzyme activity

The PAHs degradation pathway by C. tropicalis (either ortho— or meta—
cleavage route) under test and control conditions was identified. The principal
enzymes involved in the pathway, viz. catechol 1,2-dioxygenase (C1,2-D) and
catechol 2,3—dioxygenase (C2,3-D), are responsible for catechol ring fission through
ortho or meta route. The predominant degradation pathway can be identified by
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conducting an assay of catechol dioxygenase enzyme activity.
Activities of the two enzymes in the metabolic pathway, C1,2-D, and C2,3-D, were
assessed by growing C. tropicalis in BH medium with phenanthrene as sole carbon
source. 7" and 14™ day samples of control and test experiments were used for enzyme
activity assay. Catechol dioxygenase activity in the extract was determined according
to the standard procedure (Mahiudddin and Fakhruddin, 2012).
4.2.5 Analysis of catechol 1,2—dioxygenase activity

The catechol 1,2-dioxygenase activity is a signature of the ortho—cleavage
reaction of catechol leading to cis,cis—-muconic acid formation. This activity can be
quantified using spectrophotometric measurements. The reaction mixture for
assessment of C1,2-D activity was added in a quartz cuvette with following
composition (total 3 mL): 0.1 mL 2-mercaptoethanol (100 mM), 0.7 mL distilled
water, 2 mL Tris—HCI buffer (50 mM, pH 8), 0.1 mL cell-free sample. After thorough
mixing, 0.1 mL catechol (0.1 mM) was added. The absorbance of this solution at 260
nm was monitored for 5 min. The rise in absorbance of solution was an indicator of
cis—cis muconic acid production (Shetty and Shetty, 2016).
4.2.6 Analysis of catechol 2,3—dioxygenase activity

The presence of catechol 2,3—dioxygenase activity signifies the meta—cleavage
reaction of catechol with the formation of 2-hydroxymuconic semialdehyde (HMSA).
The reaction mixture for assessment of the activity consisted of 0.2 mL cell-free
sample, 2 mL Tris—HCI buffer (pH 7.5), and 0.6 mL distilled water. Catechol (100
mM) was added after thorough mixing, and then absorbance was monitored at 375 nm
for 5 min. A rise in absorbance essentially signifies formation of HMSA (Shetty and

Shetty, 2016).
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4.2.7 Calculation of enzyme activity

The enzymatic activity of one unit (U) can be defined as the quantity of
enzyme converting one pumol of the substrate into the product in one minute under
specific reaction conditions and can be estimated as:

Activity (U mL?) = AE -V, -1000 1)
T AtV -L-E,

where, 4E = change in absorbance, Vi = final volume, V; = cell-free extract volume,
At = time of reaction (5 min), E,, = molar extinction coefficient of the formed product
and L = path length (1 cm for standard cuvette). Specific activities of the samples
were expressed as units per milligram of protein.
4.2.8 Extraction and identification of metabolites

To identify the intermediate metabolites of PAH degradation, cultures were
sampled and the organic fraction (comprising of intermediate metabolites and residual
PAH) was extracted. The samples were acidified by adding 2—3 drops of HCI and
then extraction was done twice by using ethyl acetate in equal volumes. The solvent
was then removed using a rotary evaporator and the extracted residue was dissolved
in methanol and filtered through membrane filter (0.2 micron). Finally, the extracts
were analyzed using a gas chromatograph coupled with mass spectrometer (GC-MS).
The GC-MS consisted of a gas chromatograph (Clarus 680, Perkin Elmer, USA)
equipped with capillary column Elite-5MS (dimensions: 60 m x 0.25 mm x 0.25 pym
with stationary phase: 95% dimethylpolysiloxane and 5% diphenyl) and a mass
spectrometer (Clarus 600C, Perkin Elmer, USA). Mass spectra of the samples were
acquired in Electron Impact positive (EI+) mode at 70 eV. Mass range (i.e. m/z range)
of 50-600 amu was considered. Interpretation and identification of the peaks in the

GC spectra was done by library search using the database software of National
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Institute Standard and Technology (NIST) 2008, and the compounds corresponding to

peaks were identified with name, molecular weight, empirical formula etc.

4.3 RESULTS AND DISCUSSION

4.3.1 SDS-PAGE analysis of protein expressions

The intracellular proteins present in the samples of control and test
experiments were extracted and resolved on a 12% SDS—polyacrylamide gel (PAGE)
by electrophoresis and stained with coomassie brilliant blue. The protein ladder
marker used in the experiment was protein molecular weight marker (Low) (97.2 kDa
to 14.3 kDa) (Company: Takara, Code no:3450) (Verma et al., 2019). Figs. 4.1 (A and
B) shows the gel image of SDS-PAGE analysis of protein expression in control and
test degradation experiments of both phenanthrene and pyrene, respectively.
Comparing the protein bands in lane 1 (test) and lane 2 (control) reveals much higher
expression of the proteins in test experiments. This is clear evidence of enhanced
metabolism that results in faster degradation.

Bands of different sizes were visible in the lanes of both control and test
samples. Among various proteins that facilitate PAHs degradation, catechol 2,3—
dioxygenase (C2,3-D), possessing a size of 35.0 kDa (Takeo et al., 2007), is a key
enzyme in the meta—route of degradation. SDS-PAGE analysis of both test and
control samples revealed that it contained a protein band (Fig. 4.1), whose size was in
good agreement with that of C2,3-D (35.0 kDa). Moreover, the protein bands were
more expressed in test samples (lane 1), indicating higher production of this protein

under the influence of sonication (Huang et al., 2017).
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Figure 4.1. Lane M shows the protein molecular weight marker (Low) (97.2 kDa to
14.3 kDa), Lane 1 and Lane 2 shows the bands of test (sonicated) and control samples
respectively indicating the sizes of proteins. (A) Phenanthrene and (B) Pyrene.

(A)

4.3.2 ldentification of metabolic pathway through analysis of enzyme activity
Biodegradation of PAHSs is known to occur via catechol degradation pathway.
Catechol is a common intermediate in polycyclic aromatic biodegradation (Salam et
al., 2017; Shetty and Shetty, 2016). It is further degraded through ortho— or meta—
cleavage route. As noted earlier, the ortho—cleavage route leads to cis,cis—-muconic
acid, whereas the meta route results in HMSA formation. Contributions of both meta
and ortho pathways can be discerned by quantification of the characteristic enzymes,
C2,3-D for meta pathway, and C1,2-D for ortho pathway (Mahiuddin and
Fakhruddin, 2012; Banerjee and Ghoshal, 2010). To identify the impact of sonication
on catechol ring cleavage route, enzymatic assay for C1,2-D and C2,3-D was carried
out on 7" and 14" day of degradation in both control and test experiments for both
phenanthrene and pyrene. There was no rise in absorbance at 260 nm during C1,2-D
assay in control and test experiments, i.e. no C1,2-D activity and no cis,cis—-muconic
acid production. During C2,3-D assay for 7" and 14™ day of degradation, rise in
absorbance at 375 nm was observed in both control and test experiments signifying

126
TH-2404_146152011



IDENTIFICATION OF METABOLIC PATHWAY AND INTERMEDIATES

strong activity of C2,3-D enzyme. Absorbance profiles of C2,3-D enzyme in control
and test experiments are shown in Fig. 4.2. The absorbance values for test
experiments were higher than control for both days, which indicates greater enzyme

production and faster metabolism in test experiments.
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Figure 4.2. Change of absorbance with respect to time during catechol 2,3—
dioxygenase assay. (A and B) indicates increase in absorbance of control and test
experiments of phenanthrene degradation in 7 and 14™ day respectively, and (C and
D) indicates increase in absorbance of control and test experiments of pyrene
degradation in 7" and 14" day respectively.

4.3.3 Catechol 2, 3—dioxygenase enzyme activity
The activities (U mL™) and the specific activities (mol min™ mg™) of the

C2,3-D enzyme are given in Table 4.1 and 4.2. The activities were determined for

127
TH-2404_146152011



CHAPTER 4

both phenanthrene and pyrene. 2—hydroxymuconic semialdehyde (HMSA) possessed

molar extinction coefficient of 36,000 M* cm™ (Arai et al., 2000).

Table 4.1. Catechol 2,3-dioxygenase activity of the control and test (Phenanthrene)

Activity Protein concentration  Specific activity

Sample (UmL™Y)  (mgmL?) (mol mintmg™)
Control (7" day)  0.00475  28.90 x10* 1.64x10°
Control (14" day) 0.00612  47.51x10* 1.28 x10°
Test (7" day) 0.00520  30.76 x 10°* 1.69 x 10°
Test (14" day) 0.00693  51.83x10* 1.34x10°

Table 4.2. Catechol 2,3—dioxygenase activity of the control and test (Pyrene)

Activity  Protein concentration  Specific activity

Sample (UmL™Y) (mgmL?) (mol min*mg?)
Control (7" day)  0.00408 24.20 x10* 1.68x10°
Control (14™ day) 0.00533  40.25 x 10°* 1.32x10°
Test (7" day) 0.00483 28.03x10* 1.72 x10°°
Test (14" day) 0.00600 44.00x 10" 1.36x10°

From both the tables, it was clear that the C2,3-D activity in samples of test
experiments was higher than the corresponding samples of control experiments. This
essentially points to relatively lesser inhibition and inactivation of the cellular
enzymes in test experiments. A plausible cause underlying this effect could be
enhanced cellular transport induced by microturbulence generated during sonication.
Another possible cause leading to higher activity of enzymes in test experiments, as
demonstrated in previous literature (Agarwal et al., 2016) is alterations in secondary
structure of enzyme produced due to sonication. These alterations include reduction in
the rigid o—helix content leading to unfolding of proteins that exposes inner
hydrophobic group and substrate—binding sites. These changes in secondary structure

leads to faster metabolism. The metabolic pathway of degradation is not influenced by
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sonication, as both the PAHs are degraded through meta— cleavage pathway in both
control and test experiments.
4.3.4 ldentification of intermediate metabolites of biodegradation

The metabolites formed during the degradation of phenanthrene and pyrene
were analyzed using GC-MS on 6" 10™ and 12" day of degradation, which
corresponded to the mid and end of log phase as per the growth curve of C. tropicalis.
As no independent carbon source — other than phenanthrene and pyrene — was
provided in the experiments, there is no possibility of interference from independent
metabolites produced by C. tropicalis cells. Representative GC—MS spectra of some
metabolites formed during biodegradation of phenanthrene and pyrene are provided in
Appendix I. These metabolites are also provided in tables attached in the Appendix I.
Similar types of metabolites were also found during PAHs biodegradation in
(Kamyabi et al., 2018; Guntupalli et al., 2016). It can be referred that the metabolites
for both substrates mainly comprised of mixture of alkanes, aldehydes, aromatic
compounds, fatty/ carboxylic acids and epoxy derivatives of PAHSs. In addition, other
compounds such as sulfates, alcohol derivatives and diol/triol derivatives were also
detected. The presence of epoxy derivative metabolites in the medium, viz.
oxiraneundecanoic acid, 3—pentyl—, methyl ester, cis—, elucidates the initiation of
PAHs oxidation to epoxide (arene oxide) mediated by the intracellular enzyme
cytochrome P450 monooxygenase of C. tropicalis. These epoxides undergo
rearrangement (non—enzymatically) resulting in formation of phenol detected in
pyrene degradation. This is followed by conversion of phenols to conjugates of
sulfates. For phenanthrene as substrate, the sulfates detected were as follows:
4'—-Methylphenyl-1c—sulfonyl-3—d—galactoside and dodecane, 1,1'-thiobis. For

pyrene as substrate, the sulfates detected in GC-MS analysis were:
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thiazole—5—carboxylic acid, 2—tert—butylthio—4—methyl. Moreover, a diol derivative,
viz. 1-naphthalene propanol, a—ethyl decahydro—5 was also detected during pyrene
degradation.

In an alternate metabolic pathway, the intracellular enzymes dioxygenase and
dehydrogenase can covert PAHs to cis—dihydrodiol and diols to catechol,
respectively. Phenols can also be oxidized to catechol by mono—oxygenase. Catechol
can subsequently undergo ortho— or meta— ring cleavage to produce succinate,
acetaldehyde and pyruvate. Menthyl salicylate was detected as a metabolite in
phenanthrene degradation. Salicyclic acid in different forms has reported as an
important metabolite in previous literature (Feng et al., 2012; Prabhu and Phale,
2003). The presence of 1,2—benzenedicarboxylic acid (phthalic acid) as the metabolite
for both phenanthrene and pyrene as substrate proves that both PAHs followed the
phthalate pathway of degradation (Wu et al., 2019; Hou et al., 2018). PAHs are
eventually converted into products like simple hydrocarbon alkanes that form from
complete cleavage of aromatic ring. The accumulation of alkanes (hexadecane,
decane, dodecane and tetradecane) in the culture medium is a clear indication of
PAHs breakdown into simple hydrocarbons. These products undergo further
oxidation to produce alcohols and fatty acids. Fatty acids such as n—hexadecanoic
acid, eicosanoic acid, octadecanoic acid, and alcohols such as oleyl alcohol,
octadecadien—1-ol, have been detected as metabolites. These metabolites can undergo
complete mineralization by entering into TCA cycle. It may be noted that for both
phenanthrene and pyrene degradation, a key intermediate of TCA cycle, viz. oxalic
acid, has been detected.

4.3.5 Proposed degradation pathway elucidation

From the metabolites identified by GC—MS analysis (as discussed in previous
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section), it can be inferred that multiple pathways (Hidayat and Yanto, 2018; Hou et
al.,, 2018; Swaathy et al., 2014) were involved in phenanthrene and pyrene
degradation by C. tropicalis. One possible pathway is the conversion of PAHs to
epoxides by intracellular microbial monoxygenase enzymes followed by either
formation of trans—dihydrodiols catalyzed by epoxide hydrolase, or non—enzymatic
rearrangements leading to formation of conjugation products, like sulfates,
glucuronides, xylosides and glucosides. Another possible pathway is the oxidation of
PAHSs by dioxygenases to produce cis—dihydrodiols. These enzymes facilitate further
oxidative degradation of cis—dihydrodiols through two possible pathways: phthalate
route or salicylate route. The initial step of both pathways is double hydroxylation of
the PAHSs ring (Cerniglia and Sutherland, 2001; Cerniglia, 1997).

Fig. 4.3 depicts the proposed degradation pathway on the basis of metabolites
identified in GC-MS analysis. Both substrates of present study, viz. phenanthrene and
pyrene, may be degraded in multiple ways as described below:

Pathway 1: In this pathway 1, the primary step is attack of intracellular cytochrome
P450 monooxygenase enzyme on substrate PAH (either phenanthrene or pyrene) to
form arene oxide followed the formation of trans—dihydrodiols catalyzed by epoxide
hydrolase. The presence of phenol indicates non—enzymatic conversion of arene oxide
(epoxides) to sulfates conjugates. Sulfate conjugates were detected as intermediate
metabolites in degradation of both PAHSs.

Pathway 2: This pathway suggests the transformation of PAHSs to cis—dihyrodiols due
to hydroxylation of the ring via dioxygenase enzyme, which then follows either
phthalate or salicylate routes. The presence of 1,2—benzenedicarboxylic acid (phthalic
acid) as metabolites proves that both PAHs followed the phthalate pathway that

eventually ended up in TCA cycle. Moreover, the presence of menthyl salicylate
131
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(methyl ester of salicyclic acid) suggests that PAHs degradation may also occur via
salicylate route. In the previous section, catechol,2,3—dioxygenase enzyme was
detected in the cells of C. tropicalis MTCC 184, which support the inference that
PAHs could be degraded by salicylate route. This enzyme leads to the further
breakdown of catechol via meta—pathway to 2-hydroxy muconic semialdehyde

(2-HMSA) which enters the TCA cycle.
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Figure 4.3. Proposed degradation pathway of phenanthrene and pyrene by C.
tropicalis (Cerniglia and Sutherland, 2001; Cerniglia, 1997).

From practical point of view, involvement of multiple parallel metabolic
pathways in biodegradation of PAH leads to faster and effective degradation. In this
case, the degradation can proceed through alternate routes, even if one or more routes

are ceased or blocked due to inhibition.

4.4 CONCLUSION

In this chapter, we have attempted to elucidate the enzymes, intermediates and
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pathway followed in the degradation of phenanthrene and pyrene by C. tropicalis. It
was found that same route of degradation (meta— pathway) was followed in both test
and control experiments, thereby signifying that ultrasound did not alter the route of
degradation. The total protein expression analysis by SDS-PAGE revealed higher
expression in the test samples as compared to control samples. Enzyme activity in the
test samples was also higher as compared to the control samples. GC—MS analysis of
intermediate metabolites revealed two parallel pathways of degradation, first triggered
by intracellular cytochrome P450 monooxygenase enzyme, and second initiated by
dioxygenase enzymes. The former pathway vyielded sulfate conjugate and
dihydrodiols, while the latter resulted in acids and aldehydes that enters the TCA
cycle. We believe that these results could form useful inputs for further research
regarding the cellular proteins and metabolic pathway involved in PAH

biodegradation by yeast strains.
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CHAPTER 5

Investigations on co-biodegradation
of phenanthrene and pyrene by

Candida tropicalis and kinetic study

5.1 INTRODUCTION

An efficient technique for effective degradation and mineralization of PAHs in
both aquatic and terrestrial ecosystems is bioremediation using suitable microbial
species. This technique has gained attention of research community, as it is safe, cost
effective and eco-friendly (Xu et al., 2016; Ali and Tarek, 2009). Various microbial
strains (both fungi and bacteria) have been reported by previous authors for effective
degradation of different PAHSs, for example Mycobacterium sp. (Mahanty et al.,

2008), Pseudomonas sp. (Singh and Tiwary, 2017), Candida sp. (Hadibarata et al.,
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2017; Farag and Soliman, 2011) Burkholderia sp. (Chen et al.,, 2013) and
Enterobacter sp. (Umar et al., 2018). Most of the previous literature has employed
single substrate while studying biodegradation of PAHs. However, in practical
situations, several PAHSs existing in eco—systems are simultaneously consumed by
microbial species. Previous authors have employed either binary or multi-substrate
systems for bioremediation study of the PAHs (Wang et al., 2019; Jiang et al., 2018a;
Jiang et al., 2018b; Dutta et al., 2017; Ma et al., 2013). Moreover, there has also been
reports of biomass growth inhibition for initial substrate concentrations higher than a
particular limit due to substrate toxicity (Basak et al., 2014; Juang and Tsai, 2006).
This inhibition results in lowering of biomass growth rate, and also reduction in
biomass yield. In multi-substrate systems, in addition to self—inhibition,
cross—inhibition is also possible, where degradation rate of one substrate is hampered
by the other. Similar to self—inhibition, cross—inhibition also results in reduction of
both biomass growth rate and yield. Moreover, the formation of toxic intermediates
by nonspecific enzymes also augment inhibition effect. The interactions among the
substrates is rather complex, not just by virtue of their toxicity, but also competition
for common enzyme and co—factors in their individual metabolic routes. Previous
literature has reported both kinds of substrate interaction patterns, viz. competitive
inhibition and noncompetitive inhibition, in various multi—substrate degradation
system (mentioned in Chapter 1). Optimization of the physical conditions such as pH,
inoculum volume, temperature and agitation is essential for enhancement of
biodegradation rate.

The principal objective of this chapter is to study co—bioremediation of two
ubiquitous PAHSs in the environment, viz. phenanthrene (PH) and pyrene (PY). Both

of these PAHSs are on the priority list of pollutants declared by US Environmental
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Protection Agency (EPA). The microbial strain used in this study is yeast strain,
Candida tropicalis. In the present study, we report for the first time use of C.
tropicalis for co—biodegradation of two ubiquitous PAHS, viz. phenanthrene and
pyrene. Another novel feature of the methodology adopted in this work is to couple
experiments with a mathematical model (which accounts for both self— and
cross—inhibition), so as to quantify the cell growth and degradation parameters of
co—biodegradation of PH and PY. The kinetics of degradation has also been studied
with varying initial concentrations of the two substrates. This analysis has provided
insight into interactive effects among the two substrates in co—degradation of PH and

PY.

5.2 MATERIALS AND METHODS
5.2.1 Culture growth and cultivation condition

C. tropicalis MTCC 184 was procured from the Institute of Microbial
Technology (IMTECH), Chandigarh, India. Regular sub—culturing of the strain was
done using yeast extract peptone dextrose (YEPD) medium agar plates comprising:
yeast extract (3 g L), peptone (10 g L™), dextrose (20 g L™) and agar (15 g L) and
storage at 4°C. Glycerol (20% v/v) stocks of the strain were also prepared and stored
at —80°C. The yeast strain was grown at pH 7, 30°C, and 150 rpm agitation.
Bushnell-Hass (BH) minimal salt medium having composition of (g L™?): K,HPO,
(1.0); KH,PO, (1.0); NH4NOs; (1.0); FeCl;s (0.05); MgSO47H,0 (0.2) and
CaCl,-2H,0 (0.02) was used in the degradation experiments. The experiments were
conducted using BH medium supplemented with either PH or PY for single substrate

experiments and both PH and PY as dual substrate for dual substrate experiments.
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5.2.2 Chemicals

Phenanthrene and pyrene (sublimed grade, > 99.5%) were purchased from
Sigma-Aldrich (India). All organic solvents (HPLC grade) were from Merck, India.
Bushnell Haas (BH) medium and other chemicals (analytical grade) required in the
experiments were purchased from Himedia (Mumbai, India).
5.2.3 Inoculum development and experimentation

Acclimatization experiments were performed to familiarize the yeast strain to
PAH environment. Two PAHs: PH and PY were degraded using yeast strain C.
tropicalis MTCC 184 by taking a wide range of PH concentration upto 500 mg L™
and PY upto 250 mg L™. PAHSs exhibit negligible solubility in water, so first it is
dissolved in minimum acetone (2-3 mL) and then introduced in BH medium. Yeast
strain was acclimatized using glucose (2%) to facilitate proper growth of the yeast in
BH medium comprising of substrate (PH/PY). The yeast culture was acclimatized by
exposing it to PAHSs in a batch of Erlenmeyer flasks (250 mL) containing working
volume (100 mL). Glucose concentration was reduced slowly while the concentration
of PAHSs was increased in the medium for 60 days. The developed inoculum was used
in every biodegradation experiment pH 7 and incubator temperature of 30°C were
maintained throughout the entire experimentation process.

The experiments were carried out with either single substrate or dual (or mixed)
substrates. For all experiments, Erlenmeyer flasks (250 mL) containing working
volume (100 mL) was used. The physical (or operating) parameters of the system
were optimized (in Chapter 2) using statistical techniques. The time period of every
experiment was fixed as 14 days. Biodegradation experiments with single substrate
employed either PH or PY as only source of carbon and energy. In these experiments,

the substrate concentration was varied over a large range, viz. 25-500 mg L™ for PH
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and 25-250 mg L™ for PY. These concentrations were decided on the basis of
preliminary experiments of C. tropicalis growth on both PAHSs as single substrate.
These experiments were conducted to assess tolerance of C. tropicalis cells towards
both substrates as sole carbon source. The cell growth started declining after a typical
initial threshold concentration for both substrates, viz. PH = 250 mg L™ and PY = 125
mg L™ In view of this result, the upper limit of initial substrate concentration was
decided as 2x the threshold concentration, i.e. PH = 500 mg L™ and PY =250 mg L™.

In biodegradation experiments with dual substrates, different initial
concentration combinations of PH and PY used were as follows: PH = 100 mg L™ &
PY=100mgL* PH=50mgL* &PY =150 mg L™ and PH =150 mg L™* & PY =
50 mg L’ Thus, the total initial PAHs concentration in all biodegradation
experiments with dual substrate was 200 mg L™. The combination of initial
concentrations of PH and PY were selected on the basis of maximum cell growth in
single substrate experiments. In these experiments, maximum cell growth was
observed at initial concentrations of 100 and 75 mg L™ for PH and PY, respectively.
Thus, in dual substrate experiments, the total initial concentration of the two PAHs
was maintained at ~ 200 mg L™, i.e. close to sum total of individual PH and PY
concentrations corresponding to maximum growth. Higher total initial concentration
of the two PAHs may lead to complete inhibition of growth as observed in our
preliminary trials in dual substrate system.

Two important parameters that influence biodegradation are: (1) pH of the
solution, and (2) dissolved O, concentration in the solution. Formation of
intermediates during degradation (some of which are of acidic nature) leads to
lowering of solution pH. However, these intermediates are rather unstable and their

instantaneous concentration is expected to be too low to cause major variation in
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solution pH. Prior to main experiments, we conducted preliminary trials, in which we
found that final pH of solution (at the end of 14—day experiment) changed only
marginally from 6.2 to 5.8 — which is ~ 6% variation. In the preliminary trials, we
also checked intermittently the dissolved O, concentration of the solution. For
conditions of flask covered with cotton plug and shaking speed of > 150 rpm, the
dissolved O, concentration of the medium remained close to saturation level of ~ 8
ppm. This effect is possibly attributed to induction and dissolution of headspace air
into the solution due to surface agitation. Moreover, the microbial cells also adsorb
onto the surface of solution (which essentially is air—water interface) and access the
O, in headspace air.
5.2.4 Biomass estimation and PAHs concentration in samples

2 mL samples of liquid mixture in each experimental flask were taken every
24 h for quantification of biomass and residual substrate concentrations. Samples
extraction by using equal volumes of n—hexane followed by vortex agitation and then
centrifugation (10,000 rpm) for 10 min. This procedure essentially transferred the
residual PAHs (PH and PY) in the samples into the organic layer. Then the organic
portion containing n-hexane (with dissolved PAHs) was collected and analysed.
Three samples of the organic layer were analysed using high performance liquid
chromatography (HPLC, Agilent Technologies, 1220 Infinity LC) fitted with C18
reverse—phase column (3 mm x 150 mm and particle size of 3.5 gm). The mobile
phase (or eluent) used was acetonitrile: Milli—-Q water mixture (70:30 volume ratio).
Sample injection volume was 20 pL and flow rate of mobile phase was maintained.at
0.8 mL mint. PH and PY was identified using UV detector at 254 nm. The cell
density was monitored by turbidity at 600 nm. To determine the biomass
concentrations, samples were centrifuged (15 min) at 10,000 rpm and resulting pellet
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was washed with water. After washing, the pellet was placed in a filter paper and was
dried to a constant mass through heating for 24 h at 105°C. The dry biomass pellet
was then weighed for study of biomass growth. To assess reproducibility of results,
each batch experiment was conducted in three parallel flasks under identical
conditions and analysis was done using procedure outlined above. Average values of
biomass concentration and residual PAHs concentrations were used for construction

of time profiles of biomass growth and substrate consumption.

5.2.5 Kinetic model
5.2.5.1 Kinetic model of cell growth

The biokinetic model for cell growth and substrate (PAH) degradation used in
the present study is based on earlier works (Kumar et al., 2013; Bai et al., 2007; Wang
and Loh, 2001; Yoon et al., 1977). This model comprises of total 14 reactions in dual
substrate system (7 reactions for each substrate). These reactions essentially represent
substrate consumption, cell growth, self-inhibition and cross—inhibition in a dual
substrate system. The cross—inhibition reactions take into account the interactive
effects of the two substrates. This model also incorporates kinetic parameters for
single—substrate system, which have been determined using Haldane type kinetic
model (James and David, 1986). In view of results of preliminary trials (mentioned in
previous section), the pH and dissolved O, concentration of the solution are assumed
to be constant. The temperature of the solution is also assumed constant.

The reactions of the model are listed in Table 5.1. Reactions 1 to 7 correspond
to first substrate (represented as S;) as main substrate, while reactions 8 to 14
correspond to second substrate (represented as S;) as main substrate. In the analysis,
hereafter, we have designated phenanthrene (PH) as S; and pyrene (PY) as S..

145
TH-2404_146152011



CHAPTER 5

Table 5.1. Reaction scheme for cell growth in a dual substrate system

No. Reaction (for substrate S;)  Nature No. Reaction (for substrate S;) Nature
L X 4S5 ke sx! Substrate 8.  X+S,«t15X" Substrate
& consumption i consumption
2. X'—k2 yox Biomass 9. X" K2 sox Biomass
growth growth
3 X'4+S,¢=X'S, Self- 10, X"+S,«E2>XS, Cross-
-3 inhibition inhibition
4 X'+S, % X'S, Cross- 11 X"+, <=5 XS, Self-
-4 inhibition inhibition
5. X'S, +8, <t+> X '312 Self- \ 12 X'S, +S, <—>';j: X'S? Cross- ,
5 inhibition inhibition
6. X'S,+S,«Ls5x's2 Cross 13 X'S,+S,<gesXxs;  Self-
-6 inhibition inhibition
T X' +8,<ki5X'ss, Crose 14 X848,k 5x8s, Cross
[ inhibition inhibition

Note: * = reaction leading to secondary complex formation; # = reaction leading to ternary complex
formation. Primary complexes = X', X”; Secondary complexes = XS;, XS, X’S;, X’S,. Ternary
complexes = XS, X582, XSS, X'S?, X'SZ, XSS,

The reactions listed in Table 5.1 can be divided into four categories: (1)
formation of primary complexes through substrate consumption (reactions 1 for S;
and 8 for S;), (2) biomass growth (reactions 2 for S; and reaction 9 for S,), (3)
self—inhibition by substrate (reactions 3 & 5 for S; and 11 & 13 for S), (4)
cross—inhibition between two substrates (reactions 4, 6, 7 for S; and reactions 10, 12,
14 for S,). Different intermediate species in the reaction scheme presented in Table
5.1. Reactions representing the metabolism of first substrate (viz. 1, 3-7), and second
substrate (viz. 8, 10-14) are assumed to be first order and reversible with respect to
both reactants and products. Reactions 2 and 9 representing biomass growth with first
and second substrate, respectively, are considered as irreversible. The complexes (or
the intermediates) formed during metabolism can have two possible fates, viz. they
may split back into the constituent species due to reversible reaction or they may
decompose into stable products. Whatever the fate of complexes may be, the lifespan

of these intermediates is very small due to their instability and high reactivity.

146
TH-2404_146152011



CO-BIODEGRADATION OF PHENANTHRENE AND PYRENE

Accurate measurement of their real-time profile is rather difficult. However, their
instantaneous concentration in the reaction mixture at any time during the degradation
process is expected to be very miniscule. In view of this, an assumption of
pseudo—steady state can be made, and any inhibitory effect induced by these species
on biodegradation process can be ignored. Pseudo—steady state essentially means that
the rate of formation of these species is equal to rate of disappearance, and thus, their
concentration in the reaction mixture stays constant. The hypothesis of pseudo—steady
state also helps in devising the mathematical model (comprising of ordinary
differential equations for the mass balances of biomass and substrate) for the kinetics
of biomass growth and substrate degradation.

The mass balances for the primary complexes, viz. X" and X", are written as:

d[d>t<’] =k, [X][8,]- KL [X ]k [X ]+ K [S][X ]k 5 [X 8, ]+Ku [X][S,]-K . [XS,]
1)
d[d)t(n] =k [ X][S,]- KL [ XK, [ X ]+ K [S [ X ] =K [ XS, ]+ KL [S, ][ X"]-K . [XS,]

)
Under assumption of pseudo—steady state for the secondary and ternary complexes for
both substrates these equations reduce as:

d[x']

—ar =KalXIs]-ka[X Tk, [X]=0 )
%:kil[x][sz]_kil[x”]_kiz[X”]zo (4)

The concentrations of the primary complexes are written in terms of [X], [S,] and

X Xsd (5)
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[X)= e [XIs:] ©)
The pseudo—steady state mass balances for other species and their steady state
concentrations have been given in the Appendix Il. The total cell mass concentration
Xz, in either native (free) or complexed form is:

Xp =[X]+[X]+[XS]+[XS,]+[ XS] |+ X7 [+[X5,S,]+[X"]+
[X'S,]+[ XS, ]+ XS |+ X'S; [+[X'S;S, ]

Substituting the pseudo—steady state concentrations of the primary, secondary and

()

ternary complexes (as derived in Appendix Il) gives:

XT=[X]+

IXlIs+ k—k XIS e e X s[5 )
Ks K [1[ s eleka Ko [][81[81 Kake Ka x5 T[s,]+

kkk+k kkk+k kkk+k

ﬁ[xnsz]{l e XNsdls ] IS +

ks kis Ky 2 Kok, K LY SR
XS X XS, [|S
e DRI s e e DX T o XS P )

k's k', k', k', k', k',
(8)
We now make following substitutions for the ratios of various kinetic constants:
Lo ke LKl Ko 1 Ko1K Lk
K51 (k71+k+2)’ Ksz k’ +ki2 ’ Kil kia ’ k:4’g' kie ’ m k—4 ,
1 ks 1 _K, 1_Kg 1 kg i_kiﬁ 1_k, 1_K,
n ke m k', n k. g kg g ki h k, h Kk,
Thus, the total biomass concentration is now expressed as:
2 3 2
s (8] [ss], (8T [s)s.] [sF[s.],
XT =[X] KSl KilKSl mKSl nKllK 1 ngSl hKi1K81 (9)

[S.] , [S:][8] JsST (8] (SIS

[S:] S
+
KSZ m'KSZ KiZKSZ ’m KSZ g’KiZKSZ h,m’KSZ

The cell growth in a single substrate system can be assumed to follow first order
kinetics as:
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d[X]/dt=[X], where p is specific cell growth rate. Analogously, the total
biomass growth rate in presence of mixed substrate is written as: d[ X ]/dt = s [X; ],

where g, is the resultant total specific growth rate in the dual substrate system.

Further, the biomass growth rate in a dual substrate system is also written as:

4[]

at :,le[xT]"‘:uxz[xT] (10)

where, u, and u, represent the contributions to total growth from individual

substrates S; and S, respectively, in the presence of the other. However, as per the

reaction scheme presented in Table 5.1.

(%]
dt

=k, [X']+k,[X"] (11)
Comparing Egs 10 and 11 yields following relations: z, =k, [ X']/[ X, ], and
Ly, =K, [X"]/[ X, ] Denoting k,, = s, o1 K, = 1,5, and f =K, /K, , and

substituting Eq. 9 for [ X ] in equations for x,, and x,, gives following:

/um,Sl[Sl] (12)
o5 ST SIS ST ST
SOUHTK, m nK, gm hK.

f[S ]+ f[sl][82]+ f[82]2 + f [81]2 [Sz]+ f [82]3 A f[Sl][Sz]2
2 m’ K., n'm’ gK,, h'm’

:uxl =

Hms2 [Sz] (13)

LD [s]s), [8 [s]s.], [sT[s.],
2 f K,f mf nK,f  gmf hK,, f

[S,]+ [Sl][,sz] + [SZ]Z + [81]2[82] n [82]3 + [31][52]2

K., n'm’ g'Ki, h'm’

:uxz =

The values of specific growth rate, Monod constant and inhibition constants for single

substrate, viz. s, ., Kg,, K, for the first substrate S;, and 4, ,, Ks,, K;

i2?

s17 521 K/, for

the second substrate S,, can be acquired independently from the individual cell growth
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kinetics with either PH or PY as only carbon and energy source (described and

discussed in next section). Substituting Egs. 12 and 13 in Eq. 10 gives:

[S:]

ﬂm,Sl[Sl]
K81+[81]+[SK13 +[Sl:r|TESZ]+[nSP1(:i|1+[Sl:£|:][r:Z] +[SII;|K|:”SZ]+]<
8IS, f[s) | fIs s, f[s., f[s]s.]
a] [ ke T ek, T
dt n :um,SZ[SZ]
« LIST 8T [sdIs] [T [ss.) [s.][S.]
2 f K, mf K f  gmf hK., f
o, B8] (ST [STIS:] (ST [SIS.]
2 m'’ K, nm  gK, hm

i2

(14)
[%]

The terms in the denominators are rearranged as follows (Wang et al., 1996):

Hns[S4]
[s.]
ax] {Km+{%]+Iﬂ1+J&JSJ+JuJSJ[SA}
@ Hns2[S:]

+

[%:]

i2

{K32+[82}+[EJ +4a2[sﬂ4-g2[sj[sg}

(15)

The significance of different terms in the denominator of eq. 15 is as follows: (1) I, ,

signifies S, degradation inhibition in presence of Sy; (2) I,, signifies S; degradation

inhibition in presence of Sq; (3) 1, signifies inhibition to degradation of S; by both

S1and Sy; (4) 1, signifies inhibition to degradation of S, by both S; and S. Thus, I,

l2, b1 and Iy, can be considered as interactive parameters of substrate inhibition in

dual substrate system. Inspecting Eqgs.14 and 15, these parameters in dual substrate

system are written as:

2
g 105, fIS)
’ Kz gk,
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C_L, ISFIS] IS], f | fS] fIS,] an
= m nKyS,] gm hK, m n'm h'm

|- 1. 081 [ST (18)
' f i1 r]Kilf

|b'2:i+M+M+i+M+M (19)

mf gmf hK,f m nm h'm
5.2.5.2 Kinetic model for PAH degradation

The substrate consumed by microorganism is utilized for three purposes: (1)
product formation, (2) biomass growth and (3) cell maintenance. On this basis, the

mass balance for the substrate is written as:

d[S]: ! d[x]+mc[x]+—— (20)
dt Yy, dt Yoo dt

Product formation may occur in either log phase (cell growth) or stationary phase.

Therefore, d [P]/dt =ad[X]/dt+B[X], Where « is the coefficient for growth

associated product formation while S represents the production formation in
stationary phase. Substitution of d[P]/dt in Eqg. 20, and combining common terms

yields the following relation:

d[SL( 1, .« ]d[x]+(mc+£j[x] (21)

dt Yais Yeis ) dt Yeis
dIS]_p91X] gy 22)
dt dt

Dividing Eq. 22 by [X] yields equation for specific degradation rate ¢ in terms of
specific cell growth rate (l):

d[s d[Xx
1 d[s]_. _ A Et]+B=Ay+B (23)

[X] dt T[]

where, qg is the specific substrate degradation rate. The above general equation can
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be adopted for the degradation of PH and PY in a dual substrate system by
substituting expressions for specific cell growth rate for every substrate (Eq. 12 for S;

and Eq. 13 for S,) in a dual substrate system:

d[S,]
o =——=A B/ 24
Os1 [XT]dt Ap,+B (24)
S2 [XT]dt X2 2

In Egs. 24 and 25, the specific growth rates for the two substrates, viz. g, and p,,

can be substituted from Eqgs. 12 and 13. It may be noted that the Monod constants
(Ks1, Ks2) and inhibition constants (K1, Kiz, K'i2) in Eq. 15 need to be determined with
single substrate experiments. These experiments and their Kkinetic analysis are
described in the next section.

Numerical solution scheme: Egs. 15, 24 and 25 constitute the complete kinetic model
for biodegradation of PH and PY in a dual substrate system. These three simultaneous
ordinary differential equations were solved (as initial value problem) using
Runge—Kutta 4™ order method in MATLAB R2019A°. The initial values of the three
variables [X+], [S1] and [S;] for numerical solution were as follows: t = 0, [S1] and [S;]
= initial concentrations in mg L™ (either 50, 100, 150 or 200 mg L™), Xy = 0.03 g L™
These ordinary differential equations contain 8 kinetic parameters, Viz. la1, lp1, la2, Iz,
A", Bi', A), By'. The values of these parameters were determined by comparing
simulated profiles of biomass and substrate with experimental values using Genetic
Algorithm. The numerical values of the kinetic constants were optimized within
specified bounds by calculating root mean square (RMS) error between experimental
data and the simulations. The objective function (Obj) for the optimization was

defined on the basis of minimization of sum total error for all variables (substrates
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and biomass):

Obj = min (Zerrorij where n is the number of experimental data points.
i=1

The error between experimental and simulation is defined as:
error = (Cexp _Cmodel )2 + (Cexp _Cmodel )2 + (Cexp _ Cmodel )2 V2
- X X+ S, S, S, S,

where C represents the concertation of the two substrates and the biomass.

The average fitness of Kinetic constants was used for each individual population
algorithm with a confidence interval of 95%. The experimental and simulation results
were also analysed using variance, and the means using student’s t—test at 5%
significance levels. This analysis is given in Appendix Il. Statistical analysis results of
t—test (assuming equal variances) and F—test (p < 0.05) suggested that the model

exhibits optimum stability.

5.3 RESULTS AND DISCUSSION

5.3.1 Biodegradation on single substrate system

As noted in experimental section, batch experiments of biodegradation were
carried out using cells of C. tropicalis MTCC 184 with either PH or PY as the sole
carbon source. Previous literature has reported inhibition of cell growth and
degradation Kkinetics by the PAHSs like PH and PY at relatively high concentrations
(Wang et al., 2019; Jiang et al., 2018a; Jiang et al., 2018b).

Representative cell concentrations profiles for initial substrate concentration
of 200 mg L™ for both substrates are shown in Fig. 5.1A, while Fig. 5.1B depicts the
profiles of substrate concentrations. These time profiles were fitted to first order

Kinetics to acquire specific biomass growth rate and specific degradation rate.
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Figure 5.1. Experimental and simulated time profiles of single substrate system.
Initial substrate concentration = 200 mg L™ (A) cell or biomass growth with single
substrate, (B) substrate degradation with single substrate.

5.3.1.1 Kinetic parameters of PH degradation
As noted in previous section, specific growth rate of cells can be acquired by
fitting first order kinetics to the time profile of biomass concentration. For the

degradation of PH, the specific biomass growth rate can be described using Haldane

substrate inhibition model as:
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Him 51 [Sl] ‘ (26)

Ihos =
YK [s]+[S T /K,

[31]=[51‘0]
Degradation of first substrate can be assumed to follow 1% order kinetics as:

d[S,]/dt=qs[X], where qg, is the specific substrate degradation rate. As the
degradation of the substrate is related to biomass growth, a simple relation between
0s; and g, ¢, can be written on basis of Eq. 23 as:

Osy = Aty s+ By (27)

The values of ¢, corresponding to different initial concentrations of S; can be
acquired by slope of the plot of dS,/dt vs. X. The plots of ., ¢, and qgg, versus initial

concentrations of S; (PH) are shown in Figs. 5.2A and 5.2B. Fitting of Egs. 26 and 27
to these plots using non-linear regression (using MATLAB R2019A®) vyields the

values of kinetic constants (in Egs. 26 and 27) as:

0.90[S
Hs1 = 5] - (R*=0.95) (28)
62.56+[S,]+[S,] /149.6
Qs, = 0.1743y, , +0.00166 (R* = 0.93) (29)

5.3.1.2 Kinetic parameters of PY degradation
The kinetic analysis of PY degradation was also done along similar lines as
PH. However, due to relatively lesser tolerance of microbial cells towards PY, the

Haldane model for specific biomass growth rate was modified by Bai et al. (2007) as:

Hns2 [Sz] (30)

K52+[SZ]+[IS<2:|2+[82]3

K’

12 Is,=5,

Hyso =

i2
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The specific degradation rate is written as:
Oso = Aty s, + B, (31)

The plots of 4, ¢, and qg, versus initial concentrations of S, (PY) are shown in Figs.

5.2C and 5.2D. Fitting of Egs. 30 and 31 to these plots using non—linear regression

yields the values of kinetic constants (in Egs. 30 and 31) as:

_ 34(S,] 2
Hys2 = [S ]2 [S ]3 (R®=0.90) (32)
298.2+[S, |+ 2+ =2
31.85 5124
Qs, =0.1314,, +0.002072 (R*=0.94) (33)

In order to assess the fitness of expressions of specific growth and degradation
rates for each substrate, simulated profiles of biomass concentration and substrate
concentrations were generated by substitution of Egs. 28 and 29 (for PH) and Eqgs. 32
and 33 (for PY) in 1% order kinetic expressions for biomass (dX/dt) and substrate
(dS/dt) noted in previous section. Numerical solution of these equations are also
plotted in Figs. 5.1A and 5.1B for PH and PY. The regression coefficients of the
simulated profiles against the experimental data are ~ 0.9 or higher, which clearly
confirms the best—fit between experiments and simulations. In both Egs. 29 and 33,
viz. the specific degradation rates for PH and PY, respectively, the numerical value of
A; is two orders of magnitude higher than B;. This indicates that degradation of both
substrates is a growth—associated process.

It could be perceived from Fig. 5.2 that the maximum specific growth and
degradation rates for both PH and PY occurred at relatively low initial concentrations,
and reduced rapidly with rise in concentrations. The maxima in specific growth rate
and specific degradation rate for PH was acquired at initial concentration of 100 mg
L, while that for PY was obtained at 75 mg L™. This essentially indicates stronger
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inhibition of cell growth by PY than PH. This behavior is also reflected from the final
substrate concentrations in Fig. 5.1B, viz. PH = 120 mg L™ and PY = 140 mg L™
Relatively higher PH consumption by microbial cells under otherwise similar

conditions also indicates lesser inhibition and toxicity of PH.
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Figure 5.2. Profiles of specific growth rate () and specific degradation rate (q) with
initial substrate concentration in single substrate system. (A and B): phenanthrene as
substrate, (C and D): pyrene as substrate. The kinetic parameters related to specific
growth and degradation have been determined using these profiles.

5.3.2 Biodegradation in dual substrate system
Fig. 5.3 shows the cell or biomass concentration profiles (experimental as well
as simulated) in dual substrate system with different combinations of initial

concentrations of PH and PY. Figs. 5.4 (A, B and C) depicts the experimental and
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simulated profiles of the two substrates for different combinations of initial

concentrations.
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Figure 5.3. Experimental and simulated degradation profiles in cell or biomass
growth in dual substrate systems.

The numerical values of the kinetic parameters obtained from simulations are
given in Table 5.2. It could be seen that the values of constants A;" and A" in specific
degradation rate for both substrates at least an order of magnitude higher than
constants B;' and B,' (Table 5.2B). These results clearly show that (similar to
individual substrate system) the degradation of both PH and PY is mostly a
growth—associated phenomena — even in dual substrate system. The Kinetic
parameters in specific growth rate, viz. la1, laz, b1, lp2 represent the nature of
substrate inhibition in a dual substrate system. As per the initial analysis reported by
Wang et al. (1996) and later extended Kumar et al. (2013), the relative values of the
above kinetic parameters indicate different type of inhibition behavior or pattern as
described in the footnote of Table 5.2A. By inspecting the relative values of the four
constants, we find that values of 1,; and I, , are at least an order of magnitude higher

than Iy 1 and Iy ».
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Moreover, absolute values of I, ; and Iy, are also quite small (< 0.2). Thus, the
nature of inhibition in the present system appears close to competitive
cross—inhibition. Table 5.2C presents comparative analysis of actual biomass yield in
a dual substrate system, and theoretical or hypothetical biomass yield for no
interaction among the metabolic pathways of the two substrates. The hypothetical
biomass yield has been obtained by multiplying the biomass yield coefficient (Yx/s)
for individual substrates (obtained from experiments with single substrate), and actual

consumption of the substrates in the dual substrate system.

Table 5.2. Kinetic parameters for degradation in dual substrate system

(A) Interaction parameters for inhibition (Eqg. 15)

| 1.082 | 2.014

a,l a,2
Iy, 0.0102 L 0.1773

Note: Patterns of inhibition indicated by parameters are as follows (1) Competitive cross—inhibition =
I, =1, =0; 1.,,1,, >0.(2) Uncompetitive cross—inhibition=1_, =~ 1,, =0; 1,,,1,, >0.(3)

Competitive partial inhibition = I, , ~ I, =0; either I, ~0,1,, >0o0rl,, ~0,1,,>0.(4)
Uncompetitive partial inhibition=1,, = I, , ~0; eitherI,, 0,1, ,>00rl,, 0,1, >0.

(B) Specific degradation (Egs. 24 and 25)

A 0.2368 A 0.102
B,' 0.01032 B,' 0.00464

(C) Influence of dual substrate on biomass yield

Initial substrate Y Y AX
concentrations (mg L™) (Ysss D (Yoss D (AX), (A%,
PH PY

50 150 0.0243 0.0115 1.186 0.676
100 100 0.0229 0.0191 1.795 0.717
150 50 0.0166 0.0347 2.085 0.817

It could be seen from results of Table 5.2C that for all combinations of initial
concentrations of PH and PY, the actual biomass yield is significantly smaller than

the hypothetical yield. The least actual biomass yield of 0.676 mg L™ is obtained for
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the combination PH = 50 mg L™ and PY = 150 mg L. This is clearly consequence of
higher toxicity and inhibition due to PY. The actual biomass yield increases with
phenanthrene fraction in substrate and the highest yield of 0.817 mg L™ is obtained
for combination PH = 150 mg L™ and PY = 50 mg L. However, it is rather
surprising that the discrepancy between hypothetical and actual yield shows inverse
variation. The actual biomass yield for the highest initial PY concentration of 150 mg
L in mixed substrate is 57% of the hypothetical yield (1.186 mg L), while for least
initial PY concentration of 50 mg L™, the actual biomass vield is just 39% of the
theoretical yield (2.085 mg L™).
5.3.3 Practical implications and limitations

Effective degradation of organic contaminants including PAHs occurring in
terrestrial and aquatic ecosystems poses a daunting challenge. The real-life scenario
could be significantly dissimilar than the binary system comprising two PAHSs
considered in this study. Practical ecosystems may be contaminated with large
number of PAHs along with other organic contaminants such as phenols and their
derivatives. Depending on their source, the concentrations of these pollutants may
also vary over several orders of magnitude. Moreover, the microbial cultures used for
onsite bioremediation of such ecosystems are usually mixed consortia comprising of
multiple species of bacteria, yeast, fungi etc. The biodegradation pattern in such
systems will be far more complicated than the system in this study. Depending on the
concentrations of pollutants, the concentration of the intermediate metabolites could
also be large, which can induce further interaction and inhibition. The kinetic model
used in this study has limitations in terms of simplifying assumptions. Nonetheless,
this study has attempted to provide a glimpse of facets and complications of

co—bioremediation of PAHs. To map the degradation patterns in practical systems,
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rigorous and extensive experimentation is required. Similarly, with mathematical
rigor, the kinetic model in this study can be extended to multi—substrate system. Such
extended mathematical model along with rigorous experiments can provide at least

qualitative insights into the bioremediation of practical eco—systems.

5.4 CONCLUSION

The present study has reported the mechanistic features of co—biodegradation
of two common PAHS, viz. phenanthrene and pyrene, using the yeast C. tropicalis.
The experimental results have been analysed using a kinetic model for cell growth
that takes into account self— and cross—inhibition of both substrates. In dual substrate
system, specific degradation rate of phenanthrene was significantly higher than
pyrene, which indicated relatively lower tolerance of C. tropicalis cells towards
pyrene. The values of interaction parameters of inhibition revealed strong competitive
cross—inhibition between two substrates, due to which biomass yield with dual
substrates was reduced significantly. Inhibition induced by pyrene on cell growth was
higher than phenanthrene. We believe that the mechanistic insights of co-
biodegradation of phenanthrene and pyrene reported in this study could form a useful
tool for discerning interaction patterns among PAHSs in bioremediation of practical (or

real life) ecosystems comprising multiple pollutants.

Nomenclature

Abbreviations

PH . phenanthrene (substrate 1 or S;)

PY . pyrene (substrate 2 or S,)

PAH . polycyclic aromatic hydrocarbon
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Notations
AL A, . constants for growth associated substrate consumption
for S; and S, (single substrate), dimensionless
By, B, . constants for non-growth  associated  substrate
consumption for S; and S, (single substrate), day™
AA . constants for growth associated substrate consumption
or S; and S, (dual substrate), dimensionless
for S; and S, (dual substrate), d I
B/, B, . constants for non-growth  associated  substrate
consumption for S; and S, (dual substrate), day™
[ S . interactive parameters of inhibition in presence of
o another substrate, dimensionless
[ P interactive parameters of inhibition in presence of both
o substrates, L mg™
k. . first order reactions rate constants of reactions 1-7 in

Table 5.1 (j = +1, -1, +2, +3, -3, +4, —4, +5, -5, +6, —6,
+7, —7; units: forward reactions, (mg L™")™*.day™; reverse
reactions, day™; k., , day™)

k! . first order reactions rate constants of reactions 8-14 in
Table 5.1 (j = +1, -1, +2, +3, -3, +4, -4, +5, -5, +6, —6,
+7, —7; units: forward reactions, (mg L™")™*.day™; reverse
reactions, day™; k', , day™)

+2 !

Kqp K, :  saturation constants for cell growth on S; and S,, g L™
K., K, : Is_ejf-inhibition constants for cell growth on S; and S,, mg
K., : second order self-inhibition constant for S,, (mg L™)?
m, : maintenance energy coefficient, day™
P :concentration of product, mg L™
Usy» Os : Zg;e/(_:lific degradation rates for S; and S, (single substrate),
0%y, 08, : (sjp;(;glific degradation rates for S; and S, (dual substrate),
[S1] : concentration of substrate 1, mg L™
[S2] : concentration of substrate 2, mg L™
t . time, day
[X] . biomass concentration, mg L™
[X'] : concentration of primary complex of S;, mg L™
[X"] : concentration of primary complex of S,, mg L™
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[X]

(AX),

(AX),

[X5,],[XS,]
[X'S,1.IXS,]

[XS 1IXS;1IXSS,]

[X ,Slz]’ [X ,822]1 [X ,Slsz]

Greek symbols
Mt

Hin 51y Hims2
Hyis Hyo

Hys10 My s2

TH-2404_146152011

total biomass concentration, mg L™

experimental biomass yield (dual substrate), mg
theoretical biomass yield (dual substrate)
concentrations of secondary complexes of S;, mg L™
concentrations of secondary complexes of S,, mg L™
concentrations of ternary complexes of S;, mg L™
concentrations of ternary complexes of S,, mg L™

cell (or biomass) yield coefficient on substrate, mg mg™

product yield coefficient on substrate, mg mg™

overall (or total) growth rate (dual substrate), day™

max. specific growth rate for S; and S, (single substrate),
day™
specific growth rate for S, and S, (dual substrate), day™

specific growth rate for S; and S, (single substrate), day™
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CHAPTER 6

Overview and Suggestions for
Future Work

6.1 OVERVIEW

Present thesis has addressed some important fundamental issues related to
environmental pollution. Environmentalists all around the globe have been
endeavouring to reduce pollution through bioremediation process. An attempt has
been made in this thesis to provide a good literature for the upcoming research on
PAHSs biodegradation by non—ligninolytic fungal species. Researchers have conducted
various studies on degradation of PAHs such as phenanthrene, anthracene, pyrene,
etc., using bacterial and fungal species. But PAHs biodegradation by yeasts like
Candida sp. has been less explored. Moreover, fungal or yeast biodegradation studies

have always been conducted with the aid of additional carbon or nutritional source.
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Therefore, in this study we have investigated the biodegradation potential of Candida
tropicalis strain on two PAHs (phenanthrene and pyrene) as sole carbon source. The
metabolites/intermediates formed during the degradation process were also identified
through GC/MS analysis to frame the pathway of degradation. A peculiar feature of
this thesis is that the biodegradation capacity of the Candida tropicalis cells was also
studied by applying ultrasound with an aim to enhance the degradation rate.

Researchers have already reported beneficial action of ultrasound for increasing

product yield or faster kinetics. Moreover, there has always been a hollow space when

it comes to study on the underlying kinetics in biodegradation process. An effort has
also been made in this thesis to fulfil the research gap with basic approach of coupling
experimental results to simulations. Investigation of mechanistic features in

simultaneous degradation of phenanthrene and pyrene was also performed. A

summary of various chapters in the thesis is given below:

o Chapter 1 presents general introduction of the theme of the thesis. A brief
description is given about the environmental pollution, biodegradation
technique followed by mention of PAHs degradation using different community
of microbial species. Literature review focussing on biodegradation of multi-
PAHSs system has also been presented.

o Chapter 2 addresses the primary and essential objective of the biodegradation
process, i.e., statistical optimization of the physical operating parameters,
followed by the kinetic analysis of growth and degradation of both pollutants
(phenanthrene and pyrene). At optimum conditions, for 100 mg L™ initial
phenanthrene concentration, a residual concentration of 34 + 2 mg L™ was

obtained after 14 days, which corresponded to ~ 66% degradation.
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For 75 mg L initial pyrene concentration, a residual concentration of 35 + 1
mg L was obtained, which corresponds to ~ 53% pyrene degradation. Kinetic
analysis of biodegradation parameters revealed that Haldane model had the best
fit for the profiles of growth and degradation. Reduction in specific growth and
degradation rates after a certain initial concentration is an indication of substrate
inhibition at relatively higher concentrations of PAHS.

. Chapter 3 presents the attempt of enhancement of biodegradation of
phenanthrene and pyrene by the yeast strain, Candida tropicalis through the
application of ultrasound. Enhancement in the biodegradation was observed
when sonication (at 10% duty cycle) was applied at optimized physical
operating parameters. Intense microturbulence generated by sonication
enhances the cell membrane permeability, which facilitates quicker cellular
transport of nutrients, substrate, and other metabolites, deagglomeration of cell
clusters, which helps better access to nutrients and substrate in broth, dilution of
toxic substances produced during substrate utilization, which helps in reducing
cell death and enhancing cell growth. Kinetic parameters of biomass and
substrate concentration profiles were positively influenced by the application of
ultrasound. Also, investigations on morphological changes and viability of yeast
cells (using flow cytometry and FESEM) for ultrasound treated cells revealed
that internal complexity and morphology of yeast cells remains unaltered and no
cell death occurred during ultrasound exposure.

o Chapter 4 presents the attempt to elucidate the pathway of degradation, enzymes
triggering the degradation process and the metabolites/intermediates formed
during the degradation process, thereby, aiming to get an in—depth insight into

the biomechanism involved in degradation of phenanthrene and pyrene by C.
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tropicalis. The enhancement effect of sonication on phenanthrene and pyrene
biodegradation is mainly of physical nature. The metabolic pathway of
degradation is not influenced by sonication, as both the PAHs are degraded
through meta—cleavage pathway in control and ultrasound-treated experiments.
GC-MS analysis of intermediate metabolites revealed two parallel pathways,
first triggered by intracellular cytochrome P450 monooxygenase enzyme, and
second initiated by dioxygenase enzymes. The former pathway yielded sulfate
conjugate and dihydrodiols, while the latter resulted in acids and aldehydes that
enters the TCA cycle.

o Chapter 5 presents the attempt to investigate mechanistic features of
simultaneous degradation of phenanthrene and pyrene by the yeast Candida
tropicalis. Batch experiments comprising various combinations of initial
phenanthrene and pyrene concentrations have been analyzed vis—a-vis Kinetic
model for cell growth that takes into account self— and cross—inhibition of both
substrates. The values of interaction parameters of inhibition revealed strong
competitive cross—inhibition between two substrates, due to which biomass
yield with dual substrates was reduced significantly. Specific degradation rate
of phenanthrene was significantly higher than pyrene, which indicated relatively
lower tolerance of the yeast cells towards pyrene. Inhibition induced by pyrene
on cell growth was higher than phenanthrene. This study could form a
beneficial tool for discerning interaction patterns in PAHs bioremediation of

practical ecosystems comprising multiple PAHSs.

6.2 SUGGESTIONS FOR FUTURE WORK

Present thesis has addressed some important fundamental issues related to
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bioremediation of PAHs. The results presented in this thesis can provide basic
mechanistic guidelines for degradation studies by yeasts involving PAHs as sole
carbon source. Moreover, the methodologies adopted in this thesis can form general
framework for further studies in similar systems. The work reported in this thesis can
be carried forward and some suggestions in this regard are as follows:

1. Present study has been performed using two PAHSs viz., phenanthrene and
pyrene. The study may be extended by inclusion of other PAHs such as flourene,
anthracene, benzo(a)pyrene, etc. in multi-substrate systems.

2. The complete mineralization assay should be conducted to get clear picture of
effect of biodegradation in reducing BOD values.

3. The role of ultrasound can be studied in depth by considering various
parameters such as varying the frequency and power input of ultrasound in the
system. Multi transducer systems can also be introduced in these processes unlike the
single transducer system used in the present study.

4. The present thesis has tried to reveal exact mechanism of ultrasound-induced
enhancement of biodegradation of PAHs. Greater effort is needed in this area by
mapping of the genes and their overexpression using more rigorous molecular biology
techniques.

5. Study of biosurfactant production by Candida tropicalis as the yeast strain is
known to produce surfactant and identification of its role in biodegradation process.
Immobilization study can also be performed on various cost effective environmental
waste biomass and its comparison with free yeast strain in terms of degradation
potential.

6. As Candida tropicalis is an oleaginous yeast, identification of lipids produced
during degradation can be performed to check prospects for biodiesel production.
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APPENDIX FOR CHAPTER 4

Table Al. Intermediate metabolites of phenanthrene degradation as detected by

GC-MS
Dectected Retention
Type of Name Dectected molecular time
metabolite formula weight (g mol™) (min)
Alkali aromatic  Benzeneacetic acid CsHgO, 136 14.78
acid
n-Hexadecanoic acid C16H30, 256 23.87
Eicosanoic acid CoH400, 312 23.72
Tetradecanoic acid C14H250, 228 20.85
Heneicosanoic acid, methyl CxH40, 340 22.73
Fatty acid ester
derivatives 8-Octadecenoic acid, methyl C19H360, 296 25.22
ester
cis-5-Dodecenoic acid C12H»0, 198 26.54
Oleic acid Ci1gH340, 282 30.51
Aromatic Menthyl salicylate C17H2404 276 23.56
organic 1,2-Benzenedicarboxylic acid, Co6H420, 418 33.62
compounds decyl octyl ester
Alkane Hexadecane, 1-(ethenyloxy) C15H360 268 13.62
derivati Tetradecane, 1-chloro- C14H2ClI 232 13.61
erivative
4'-Methylphenyl-1c-sulfonyl- C13H105S 318 14.82
p-d-galactoside
Sultgies Dodecane, 1,1'-thiobis CosHs0S 370 29.84
Aldehyde Benzaldehyde, 3-benzyloxy-2- Ci5H1305F 260 13.21
fluoro-4-methoxy-
Epoxy Oxiraneundecanoic acid, 3- C19H3604 312 25.17
derivatives pentyl-, methyl ester, cis
TCA cycle Oxalic acid, allyl octadecyl C23H40, 382 26.49
intermediate ester
Aliphatic Hexanedioic acid, bis(2- C,,H4,04 370 29.17
organic ethylhexyl) ester
compound
Diol/Triol E,E,Z-1,3,12-Nonadecatriene- CigH3.0, 294 25.32
derivatives 5,14-diol
Alcohol Z,E-3,13-Octadecadien-1-ol CygH340 266 25.38
derivatives Oleyl alcohol CigH3s0 268 27.01
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Table A2. Intermediate metabolites of pyrene degradation as detected by GC-MS

Type of Name Dectected Dectected Retention
metabolite formula molecular time
weight (g mol™) (min)
Aromatic Phenol, 2,4-bis (1,1 CuH,,0 206 17.55
organic dimethylethyl)
compounds
TCA cycle Oxalic acid, allyl octadecyl Ca3H404 384 21.06
intermediate propyl ester
Epoxy Oxiraneundecanoic acid, 3- C19H3603 312 22.77
derivatives pentyl-, methyl ester, cis
Alkane Decane, 4-cyclohexyl- CisHao 224 23.86
derivatives Dodecane, 6-cyclohexyl- CigHse 252 26.19
6-Octadecenoic acid-, C19H3605 296 25.17
methyl ester
Hexanoic acid CeH120; 116 8.58
. Octadecanoic acid, Cu5H40, 374 16.38
S::'i%a?i:\l/gs phenylmethyl ester
Heneicosanoic acid, methyl CaoH02 340 22.73
ester
Butanoic acid, 3-methyl CsH100, 102 8.63
Sulfates Thiazole-5-carboxylic acid, CgH130,NS, 231 12.94
2-tert-butylthio-4-methyl
Aromatic 1,2-Benzenedicarboxylic C15H240, 304 23.92
organic acid, butyl cyclohexyl ester
compounds
Alkali Benzeneacetic acid, 2- C,1H3.0, 318 16.18
aromatic acid  tridecyl ester
Diol/Triol 1-naphthalenepropanol, a- Ca0H360: 308 26.43
derivatives ethyldecahydro-5
Alcohol 13-Tetradece-11-yn-1-ol C14H240 208 25.35
derivatives Oleyl alcohol CigH360 268 25.32
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Figure Al. GC-MS spectra of phenanthrene degradation obtained on 6™ day (A), 10"
day (B) and 12" day (C) of degradation.
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Figure A2. GC-MS spectra of pyrene degradation obtained on 6" day (A), 10" day

(B) and 12" day (C) of degradation.
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Figure A3. GC-MS analysis of samples. (A), (B), (C) & (D) are metabolites of
phenanthrene degradation. (E), (F), (G) and (H) are metabolites of pyrene
degradation.
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APPENDIX FOR CHAPTER 5

Mass balances for the intermediate species in the cell metabolism

On the basis of reaction scheme for first substrate (reactions 1 to 7) reported in

Table 5.1 of Chapter 5, the pseudo steady state mass balances for the secondary and

ternary complexes are written as:

XS] e e -
—d[;(tSZ]:k+4[xl][82]_k—4[xsz]:0 (A-2)
d[xs7] 7

= =ks[XS][s] k5[ x57]=0 6
d[xS7] a

=k [X8][8,] -k [ X57] =0 (A
: [delsz‘] k. [XSi][S:] K, [X5,5;[=0 (A5)

Using the pseudo steady state concentration of primary complex for first
substrate, [X']=k,,[X][S;]/(k,+k,,), the pseudo steady state concentrations of the

secondary and ternary complexes are obtained as:

k k k 2

[X8]= K2 [0 )ls] =2 [x][s] (A6
k K K

[X5,] =2 [X'][5,] - £ o (X [s1s.) (A7)
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Kk K. k k 3
XS2 |==2[X5/][S,]= == +L X|[S A.8
I: l:l k_5[ 1][ l] k_5 k_3 k_l+k+2[ ][ 1] ( )
k k.. K k 2
XSZ |=—=.[X5S,|[S,|=—=& = —2 _[X][S,]|[S A.9
I: 2:| k_e[ 2][ 2] k_5 k_4 k_1+k+2[ ][ l][ 2] ( )
k k., k k 2
XS,S,|=—=[X5][S,|=—*~ = L IX|[S, ]S A.10
[ 1 2] kq[ 1][ 2] k77 k73 k71+k+2[ ][ 1] [ 2] ( )

On the basis of reaction scheme for second substrate (reactions 8 to 14) reported in
Table 5.1, the pseudo steady state mass balances for the secondary and ternary

complexes are written as:

d [;(t'sl] K [X[S, ] K [ XS] =0 (A1D)
d[ﬁt'sz]:k;4[x"][sz]_k;4[x'sz]:o (A12)
dI:X'SlZ]_ ' " ' 2]

" =kis[X'S,][S,]-K's| XS =0 (A.13)
d[XSZ] oy il

o =K [X S, [S,]-K'[ XS5 |=0 (A.14)
W:k;[x"&][sz]—ky[X'8182]=0 (A.15)

Using the pseudo steady state concentration of primary complex for second substrate,

[X"]=K,[X][S,]/(K,+k],), the pseudo steady state concentrations of the

+

secondary and ternary complexes are obtained as:

Kl
K,

(XS] =[x, ][s.] (A16)

XS, |=
S <y Ky 4K
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[XS]= X8 = o (XL (A1)
(X5 J= XSS 2 e D Is. T (19
XS] x sl XIS T A9
X585, X S[8:]=t (X T 18] (r20)

Table Al. Statistical analysis for dual substrate degradation

Experimental set Pollutants t-stat p-value Confidence level (95%)
concentration Lower 95%  Upper 95%

Set1l 50 PH 6.1531 0.000845  -12.2469 18.5421

(dual substrate) 150 PY 3.9373 0.007649  -33.4263 91.4824
Set 2 100 PH 4.6397 0.003542  -5.87564 62.0901

(dual substrate) 100 PY 2.8813 0.002801  -22.7051 77.0954
Set 3 150 PH 3.8859 0.008115  -67.1783 78.2356

(dual substrate) 50 PY 46103 0.003652  -3.06933 26.9852
Set4

(single substrate) 200 PH 55889 0.001395  -147.3717 43.8924

Set 5

. 200 PY 3.0424 0.002273 -148.8374 139.0943
(single substrate)
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