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ABSTRACT

The universal and pervasive need for oil as an energy source has caused excessive exploitation, escorted
with tragic accidental spills and chronic contamination of the marine ecosystem. Biodegradation is an
eco-friendly and effective tool for the remediation of hazardous oil; however, the slower degradation
rate limits its exploitation for practical purposes. The selection of potential biodegraders is the key to
addressing this challenge. The objective of this thesis was to explore such crude oil-degrading bacteria
inherent to oil-contaminated sites and improve their biodegradation efficacy by optimizing the culture
conditions and nutrient requirements. The entire thesis has been divided into four main sections.

The first section includes exploring the biosurfactant production ability of a newly isolated bacterial
strain Agrobacterium fabrum SLAJ 731 and enhancing oil biodegradation ability by optimizing
bacterial growth conditions using the One factor at a time approach. The synergistic effect of
biosurfactant production on the bacterial crude oil biodegradation efficiency was studied. Further
unveiling the effect of biosurfactants as a stimulant in crude oil bioremediation was explored in the
second part of the thesis. An isolated oil-degrading strain, Bacillus subtilis RSL 2, was preliminarily
optimized for the maximum oil degradation and biosurfactant production using the Response surface
methodology technique. The produced biosurfactant was investigated for its effect on oil biodegradation
in two modes (a) prior addition to media followed by microbial inoculation (sequential mode) and (b)
simultaneous addition with inoculum. The findings revealed that biosurfactants improved oil
mobilization, making it more bioavailable, enhancing oil biodegradation and biosurfactant production.
Bioremediation of crude oil contaminated sites is not limited to a single bacterial species and requires
a synergistic and coordinated communication among various inherent bacterial species. Thus, a
microbial consortium was designed using A. fabrum SLAJ 731, B. subtilis RSL2, and an exogenous oil-
degrader Pseudomonas aeruginosa MTCCP7815 in the third section of the thesis. The biodegradation
kinetics of single aliphatic (Hexadecane), aromatic (Phenanthrene) and the binary mixture as co-
contaminants by axenic cultures of Agrobacterium fabrum SLAJ 731, Bacillus subtilis RSL2 and
Pseudomonas aeruginosa P7815 and their consortium was explored. An integrated kinetic model
combining first-order exponential decay and the Monod equation well fitted to the biodegradation

iv
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results. The maximum degradations of both substrates were observed for the microcosm compared to
axenic cultures, indicating the selected strains' synergistic effects.

To further strengthen the crude oil biodegradation efficiency of the studied microbes, immobilization
techniques using suitable non-toxic, economical, and eco-friendly carriers are summarized in the
thesis's final section. The microbial carriers were hydrophobically tuned to improve the oil adsorption
and thus bioavailability towards microbes and simultaneously reduce the biotoxicity of a high
concentration of crude oil. The surface hydrophobicity of the biosorbent was improved by forming
hydrocarbon-based self-assembled monolayers for enhancing the surface-oil interactions (adsorption).
Henceforth, an integrated biodegradation strategy and a faster removal method like adsorption were
addressed to overcome the slower bacterial biodegradation rate. The integrated process proposed a
kinetic model, which agreed to simultaneous biosorption and biodegradation. The integrated approach
was found to synergistically improve the overall remediation of crude oil, which was also correlated
with microbial degradative enzymes activity and biosurfactant production. Hence, hydrophobic bio
sorbents immobilized potential oil-degrading and biosurfactant producing consortium shall be used to

bioremediation of oil-contaminated sites in the foreseeable future.
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Chapter 1

Introduction

Crude oil is an extensively exploited fossil fuel resource employed throughout the globe for various
purposes. Its characteristic high energy content is due to highly complex and chemically active
constituents, mainly comprising a long chain of hydrocarbons. However, such composition threatens
the environment during accidental transportation or exploration spillage. Petroleum hydrocarbons pose
the highest risk among various top priority contaminants due to poor biodegradability and severe
toxicity. They impose severe fatality to the biotic system in the vicinity, arousing the need for rapid and
intensive remediation measures (Koutinas et al., 2019). Such spilled oil constituents in the ecosystem
become detrimental due to their potentially hazardous composition. In recent decades, such spillage and
exposure of hazardous oil to the environment have become frequent and massive.

Various poly-aromatic and aliphatic hydrocarbons contribute to a large part of existing recalcitrant
contaminants (Sharma et al., 2019). They possess limited solubility and dissolution rate, which is the
primary reason for their persistency in the ecosystem. Various remedies that come into action during
oil spillage include the use of skimmers and boomers, which are primarily involved in adsorbing and
thus restricting the spread of oil. Incineration is another technique involved in the control of oil spillage.
However, these physical tools only transform the pollutant from one form to another. Among the
chemical remediation techniques, dispersants such as SDS and SDBS are involved in emulsifying the
oil films formed into small droplets for penetration of oxygen, light, and improved bioavailability to
microbes. However, their long-term usage showed biotoxicity to various marine lifeforms. Hence, these
remedies are optimal at the time of occurrence yet cannot be used for long because of secondary
pollutant generation. Acknowledging their role at the time of action is essential; however, there is a
need to look for alternatives. In this regard, various researchers have diverted towards using biological
tools for remediation purposes.

Due to their regular exposure, various microbes actively participate as bio-remediating agents, hence
acclimatizing to such persistent and recalcitrant compounds. Microbes such as fungi, yeast, and algae

have shown good biodegradability towards various precarious compounds; however, bacteria are the
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most active primary bio-remediating agent (Speight, 2018; Ummalyma et al., 2018). These bacteria are
rich in catalytic and degrading enzymes responsible for contaminant removal. Apart from
biodegradation ability, another class of microbes is known for producing biosurfactants, an effective
tool for improving the bioavailability of hazardous wastes. Biosurfactants are involved in emulsifying
oil into smaller droplets which are further utilized as a C source for their growth and metabolism. Hence,
every contaminated site is crammed with microbes with diverse operations, working synchronously to
achieve maximum biodegradation. Even though bioremediation is considered a sustainable and eco-
friendly approach, the slow degradation rate and harsh environmental conditions limit the actual
applications of this method (Sharma et al., 2019; Sharma et al., 2019).

The lacuna lies in the susceptibility of microbes to the higher concentration of these contaminants, thus
restricting their efficiency at the spill site. The issue of substrate toxicity is addressed by adapting the
fed-batch mode of operation (Poontawee and Limtong, 2020; Villegas-Méndez et al., 2021). Further,
the slower biodegradation rate remains a challenge for researchers for efficient remediation. On the
other hand, surface adsorption is a quick process and finishes within a few hours (Gadore and
Ahmaruzzaman, 2021; Kumar et al., 2020; Liang et al., 2018; Salah et al., 2014). Hence, the coupling
of the slower biodegradation and faster adsorption is expected to improve the overall oil remediation.
Different biosorbents like sawdust, husk, biochar and corn cobs have been explored to remove
contaminants. Improved microbial community growth and metabolic activities have been reported by
various researchers in the case of surface-assisted biodegradation (Dashti et al., 2019).

Additionally, the surface modification of biosorbents is reported to enhance the adsorption capacity by
tuning the interfacial interaction (Abdelwahab et al., 2021; Sharma and Pandey, 2021). Overall,
microbial bioremediation faces two major drawbacks: susceptibility towards a higher oil concentration
and its limited affinity. Hence, we aimed to empower the microbiological remediation by employing
strategies such as; (1) tuning the surface hydrophobicity of adsorbents to improve interfacial interaction

and (2) integrated adsorbent and biosurfactant treatments with microbiological remediation.
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1.1. Objectives

To bridge the lacunas as evaluated in Chapter 2 and to provide deeper insight into the bacterial oil

biodegradation activity, the four thesis objectives are as follows:

1. Exploring the crude oil biodegradation and biosurfactant production abilities of isolated
Agrobacterium fabrum SLAJ731

2. Biosurfactant mediated crude oil biodegradation by isolated Bacillus subtilis RSL 2

3. Design of microbial consortium and exploring their hydrocarbon biodegradation ability

4. An integrated strategy of hydrophobic surface-induced biosorption and microbial biodegradation for

the enhanced crude oil remediation

1.2. Thesis Outline

The thesis has been organized into seven chapters based on the four above objectives. A chapter-wise

thesis outline is as follows:

1.2.1. Chapter 2

This chapter reviews the existing works of literature discussing the need to look into crude oil as a
hazard to the ecosystem when spilled. The various remediation techniques and the need for
bioremediation as the most sustainable tool for controlling this hazard have been majorly conferred.
Screening of hydrocarbon utilizing and biosurfactant producing bacteria and optimizing their culture

conditions to achieve the maximum oil biodegradation efficiency has been highlighted.

1.2.2. Chapter 3

This chapter describes the screening of previously isolated A. fabrum bacteria from an oil-contaminated
site for biosurfactant-producing abilities. Optimization of bacterial culture requirements to improve its
growth and biosurfactant production abilities have been elaborated using the One factor at a time
technique. Further, the biosurfactant was characterized, and its effect to induce bacterial catabolic

enzyme activity and oil biodegradation efficiency were analysed.
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1.2.3. Chapter 4

This chapter focuses on another previously isolated B. subtilis strain from oil-contaminated sites.
Optimization of bacterial growth conditions to improve its biosurfactant production abilities using
Response surface methodology was performed. The biosurfactant was characterized, and its effect on
wettability, antibacterial and microbial cell surface hydrophobicity were analyzed. Further, its role as a

stimulant on bacterial crude oil biodegradation abilities was highlighted.

1.2.4. Chapter5

This chapter explored the biodegradation ability of indigenous oil-degrading strains A. fabrum and B.
subtilis and an exogenous P. aeruginosa bacterial strain for their aliphatic, aromatic hydrocarbon and
their mixture when grown as axenic cultures and consortium. The Kinetics of biodegradation and decay

rates were estimated to imitate their behaviour as a consortium at oil-contaminated sites.

1.2.5. Chapter 6

This chapter endorses physiochemical coupled biological tools as an integrated strategy to overcome
their discrete drawbacks and maximize their effectiveness as a whole system. A biosorption coupled
bacterial biodegradation model was opted to minimize the biotoxicity, poor bioavailability and affinity
of crude oil at high concentration. A biosorbent was chosen, and its hydrophobicity was tuned using
octyl self-assembled monolayers. The biosorbent dosage was preliminarily optimized using RSM
statistical tool and later inoculated with bacteria to explore their effectiveness in overall oil
biodegradation. Later, a kinetic model was deduced to evaluate the overall biosorption coupled
biodegradation model. Further, using this integrated strategy, a fed-batch mode was opted to increase

the bacterial oil biodegradation ability.

1.2.6. Chapter?
This chapter summarizes the overall contributions of present research work and provides possible future

implications of results in the direction of bioremediation techniques
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Chapter 2

Review of literature

This chapter reviews the hazards of crude oil constituents and addresses various remediation techniques
explored in the existing literature to control spilled crude oil-based petroleum hydrocarbons
contamination. The advantage of bioremediation of crude oil over various physiochemical techniques
and the significance of biodegradation and biosurfactant production abilities of inherent bacterial
species are emphasized. Optimization of various factors regulating bacterial oil biodegradation and
biosurfactant production ability are discussed. The design of microconsortium using potential oil-
degraders and biosurfactant producers and their integration with physiochemical techniques to achieve
improved remediation efficiency has been highlighted.

2.1. Crude oil origin and characteristics

Geological processing of organic materials buried deep beneath the sediments of oceans and lakes for
thousands of years leads to crude oil formation. The lesser density of crude oil causes its upward
migration leading it to get trapped within impermeable rocks acting as a crude oil reservoir (Hunt,
1990). The chemical composition of crude oil varies based on the chemical nature of the organic matter
and the sediment or reservoir physiological conditions (heat, pressure, age). Table 2.1 shows the
average crude oil composition based on its elemental and compound constituents. The major
constituents of crude oil are categorized as saturated hydrocarbons, aromatic hydrocarbons, asphaltenes,
and resins (Harayama et al., 1999).

The percentage contribution of these major constituents decides the physical nature of the crude oil,
thus differentiating them as light, medium, and heavy crude oil. Light crude oil is abundant in saturated
hydrocarbons, making them the least viscous and dense whereas, medium and heavy crude oil
comprises a higher proportion of asphaltenes and resins, making them highly viscous and denser. The
density of crude oil varies from 0.7-0.8 g/cm?3 for light crude oil, 0.8-0.9 g/cm?® for medium crude oil,

and 0.9-0.95 g/cm? for heavy crude oil (National Academies of Sciences, 2016). American Petroleum
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Institute (API) has developed an API gravity parameter to determine oil density. It is calculated using

equation 2.1 expressed as,

141.5
Specific gravity of oil

API = ( )-1315 (2.1)

Table 2.1. Average elemental and compound composition of crude oil in relative percentages

(Demirbas et al., 2015; National Academies of Sciences, 2016)

Elemental compositions Compounds composition
Overall (%) Crude oil types Ali([();z;\tic Aro(f;)e;tics R(eoi(i);ls Aspfg(;l);enes
C 79.5-87.1 Light 92 8 1 0
H 11.5-14.8 Medium 78 15 6 1
S 0.1-35 Heavy 38 29 20 13
Nand O 0.1-0.5 Diluted Bitumen 25 22 33 20

The crude oil is categorized as light, medium, heavy and bitumen when API values are > 31.1 ©,>22.3
°,>10 °and < 10 °, respectively (Demirbas et al., 2015; Paliukaite et al., 2014). Also, light crude oil
exhibits lower viscosity ~ 1 to 5 mPa.s due to lesser components of asphaltenes and resins, whereas
medium crude oil and heavy crude oil viscosity range from 10-100 mPa.s 500-500,000 mPa.s,
respectively. Figure 2.1 depicts the variation in the proportion of various components of crude oil

(National Academies of Sciences, 2016).
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Figure 2.1. Typical classification of crude oil based on variation in the percentage of its constituents
Adapted from Ref. (National Academies of Sciences, 2016) with permission from The National

Academic Press

2.2. Sources of crude oil contamination and its hazard

Oil is a hydrocarbon-rich naturally occurring resource that becomes a hazard to nature when it gets
spilled due to accidental discharges due to collisions of tankers, pipeline breakdown, or leakages during
drilling and transportation. The exposure of oil spills to the environment leads to the ‘weathering’
phenomenon (Davis and Gibbs, 1975). Weathering involves various physical and chemical changes to
the crude oil due to environmental factors (Figure 2.2). These changes include different physical
processes involving oil spreading onto the water surface, followed by oil dispersions into small oil
particles, emulsion formation, adhesion of oil to matter which later leads to oil sedimentation.

Like water, soil also often comes in contact with crude oil due to natural oil seeping or deliberate/
accidental bursting or leaking of pipelines, leading to oil adhesion to soil particles. These physical
processes do not affect the chemical structure of the oil. Few of the physiochemical processes such as
evaporation and dissolution also led to change in the physical state of oil, yet not affecting its chemical

nature (Payne et al., 1991).
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Figure 2.2. Various weathering processes act on the spilled crude oil due to pipeline leakage. Adapted

from Ref. (National Academies of Sciences, 2016) with permission from The National Academic Press

On the contrary, photooxidation and biodegradation are major weathering phenomenon that causes the

oxidation of oil, thus affecting its chemical composition. It includes reactions involving the formation

or cleavage of covalent bonds of hydrocarbons (Bacosa et al., 2015). Among the various components
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of crude oil, photooxidation under solar irradiation results in oxygenation of aromatic hydrocarbons
more rapidly than others, generating various carboxylic and alcoholic derivatives, which are more
persistent, thus increasing the toxicity by many folds. In an ex-situ study, photooxidation of crude oil
resulted in oxidation of 37 % aromatic hydrocarbons and 14 % aliphatic hydrocarbon, concluding
recalcitrant nature of asphaltenes and resins as no significant photooxidation was reported for them
(D’Auria et al., 2009).

On the other hand, biodegradation of crude oil involves microbes mediated catalysis of oil either
aerobically or anaerobically. Aerobic biodegradation is more prominent and faster than anaerobic
biodegradation. However, the process takes from months to years to biodegrade crude oil components
(Das and Dash, 2014). Unlike photooxidation, microbial biodegradation acts on individual components
based on the microbial catalytic specificity. Few microbes act faster on aliphatic components, whereas
others are more active towards cyclic or aromatic hydrocarbons, making the entire process very diverse,
which has been further discussed in the next section of the chapter.

The surge for removing these spilled oils from the exposed ecosystem has been comprehensively
documented in many reports describing the toxicity of crude oil to humans and other associated flora
and fauna (Aguilera et al., 2010; Ahmed and Fakhruddin, 2018; Khan et al., 2018). According to a
study, a minimum of 12 km? of oil film per ton of oil spilled is formed, which is large enough to prevent
the oxygen exchange within the spilled region, destroying the inheriting ecosystem irreversibly (Wang
et al., 2019). Studies revealed that crude oil toxicity affects each step of the trophic level commencing
from cells to the ultimate ecosystem (Colvin et al., 2020). For example, the cells exposed to
hydrocarbons exhibit early apoptosis, phagocytosis, and membrane instability (Hannam et al., 2010).
Impaired metabolism of organs and increased mortality rate are also evidenced as ill effects of crude
oil toxicity (Laurel et al., 2019). The toxicity also affects the population level, such as slow and impaired
larval development and poor viability of offspring (Bender et al., 2021). Further, the ecosystem also
exhibits a shift in community behavior due to long-term exposure to crude oil (Murphy et al., 2021). In
a study, the ill-effects of crude oil exposure on Pimephales promelas and Catostomus commersonii eggs

and embryos as increased mortality and delayed reproductive growth were reported (Kavanagh et al.,
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2013). The toxicity is chronic due to the presence of various carcinogenic and mutagenic components

of crude oil

2.3. Current tools for the control of crude oil contamination

The various measures to diminish the crude oil hazards are physical, chemical, and biological methods.
Among the physical techniques, ‘controlled burning’ is the most common, where the spilled oil is burnt;
however, the technique only works well when the oil film is thick, and the surface water is calm, limiting
the mixing of oil and water. Also, the process led to the release of burnt residues which are still harmful
to the affected area (Mullin et al., 2003). A comparative study on toxic effects of in-situ burnt oil
residues to the initial unweathered oil reported no significant reduction in the toxicity suggesting the
in-situ burning does not reduce the concentration of toxic components of oil that are already segregated
within the water body before burning (Johann et al., 2021).

Another physical technique uses mechanical barriers (booms) to prevent oil spread, followed by
hydrophobic adsorbents such as polypropylene skimmers to prevent oil migration (Bhardwaj and
Bhaskarwar, 2018). Nevertheless, the non-biodegradable nature of the adsorbents portends the
generation of secondary pollutants. Various researches are ongoing in the design of superhydrophobic
adsorbents focusing on their high adsorption capacity, reusability and non-toxicity to the ecosystem.
Pinto et al. stated the applicability of polyurethane foam with pore size < 500 um for the oil adsorption
capacity of 30 g/g, extending for 300 g/g using repetitive use; however, the foam was non-biodegradable
(Pinto et al., 2016). Habibi et al. also explored polyacrylic-coated polyurethane/carbon black/h-boron
nitride@Fes0. sponge for the oil adsorption ability of up to 66,400 times of its weight; however, the
sponge cannot be further used after 20 cycles (Habibi and Pourjavadi, 2022). For this, biomass-derived
aerogels, foams and sponges have gained various research communities due to their environmental
friendliness and economic feasibility. Table 2.2 summarizes various natural biosorbents explored for

oil adsorption in the recent decade.
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Table 2.2. List of various reported oil biosorbents and their maximum oil adsorption capacity

. Co Om -
S.No. Biosorbents Adsorbate Reusability Ref.
(@L)  (mgig) d

1 Chitosan-based Crude oil 30 2300 NA (Sokker et
polyacrylamide hydrogel in water al., 2011)

2 Sodium hydroxide and Engine oil 3.10 80.25 NA (Pachathu et
cetyl pyridium chloride in seawater al., 2016)
modified bagasse

3 Sodium hydroxide and Engine oil 17.38 19258 NA (Pachathu et
cetyl pyridium chloride in al., 2016)
modified bagasse wastewater

4 Acetylated bagasse Crude oil 47 9100 NA (Behnood et

al., 2016)

5 3- Engine oil 10 750 NA (Guilharduci
aminopropyltriethoxysilane washing etal., 2017)
modified bagasse wastewater

6 Polyacrylonitrile  coated Diesel oil 20 8400 6 (Abdelwahab
bagasse in artificial etal., 2017)

seawater

7 Macroalga Enteromorpha Crude oil 10 2308 NA (Boleydei et
intestinalis biomass in seawater al., 2018)

8 Fruit shell residue from Crude oil 0.52 75.1 NA (Liu et al.,
Xanthoceras sorbifolia in water 2018)

9 Modified G. applanatum Rapeseed NA 1800- 4 (Balzamo et
mushroom oil 3100 al., 2019),

10 Chitosan biosorbent Crude oil 009 9 NA (Vidal et al.,

in saline 2019)
wastewater

Aside from restricting the oil migration using oil sorbents, physical measures are often ineffective when
the spilled area is huge to contain, or the oil is too viscous, causing clogging of sorbents used (Flaherty
and Jordan, 1989). In this case, chemical treatment is applied to disintegrate and reduce oil viscosity.
Application of dispersants such as Corexit 9500 and 9527 and Superdispersant-25 (SD-25) have been
reported to accelerate the biodegradation of oil as they aid the natural breakdown of oil making into

tiny droplets (10-100 micron-sized), thus improving their bioavailability for microbial catabolism
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(Techtmann et al., 2017; Zahed et al., 2011). However, lately, various researchers have discouraged
using these chemical dispersants, increasing the water's overall polyaromatic hydrocarbons (PAHSs)
content (Martinovi¢, Kolarevic¢ et al. 2015). Ramachandran et al. reported 6- to 1100-fold higher PAH
fractions due to dispersants (Ramachandran et al., 2004). Hook et al. also reported similarly increased
concentrations of PAHSs: Acenaphthylene, Acenaphthene, Fluorene and Phenanthrene by 1.8, 2.4,2.4,
and 4.4 folds in the presence of 1:100 oil: dispersant (Slickgone NS) as loading concentration (Hook
and Osborn, 2012). Many aquatic toxicology studies reported adverse effects of oil dispersants on
marine life, such as reduced feeding rate of Crassostrea virginia (Jasperse et al., 2018) bioaccumulation
in Bivalves (Durier etal., 2021; Scarlett et al., 2005). At a loading concentration of 10:1 oil: dispersant
ratio, the inhibitory concentration (1C1o) value 0.07 g/L, which was 4.5 g/L in the absence of dispersants
(Hook and Osborn, 2012). The most exploited aquatic dispersant used for oil spill control is Corexit,
which has reported lethal concentration (LCso) value in the range of 14-20 ppm for various invertebrates
(Wise and Wise, 2011). Thus, the current physical and chemical measures need to be carefully planned
before further practicing. Table 2.3 lists the major merits and demerits of the various crude oil

remediation strategies.
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Table 2.3. Various crude oil remediation techniques with their merits and demerits (Dave and Ghaly, 2011)

S. Type of ) )
Tools Merits Demerits
No treatment
1 Physical Booms ¢ Highly efficient as the adsorbed oil is converted e Only effective in calm weather conditions

treatment ~ Skimmers
Adsorbents

2 Chemical  Dispersants

treatments  Solidifiers

TH-2720_166106008

from liquid phase to semi-solid phase in a short
time

Reduces hazard by inhibiting the spreading of
oil

Adsorbed oil can be easily recovered and
reprocessed prior to reuse

Adsorption capacity is ~ 70 to 100 times of
adsorbent weight, and adsorbents can be reused
for several cycles

No change in the chemical characteristics of oil

Rapid in the mode of action treating 90 % of oil
Less costly than physical tools

Not dependant on weather conditions

Dilutes thick oil slick into small oil particles,
increasing the surface area of oil for microbial

degradation

13

o Effectiveness reduces during strong winds and currents

¢ Adsorption depends on the thickness of oil spread

¢ Adsorbents are often prone to clogging due to floating water debris

¢ Naturally occurring organic adsorbents are less selective and sink
after sometimes, thus making it difficult to recover for repetitive
cycles

¢ Natural inorganic sorbents are associated with health risks if
inhaled, such as vermiculite and clay

e Synthetic sorbents are expensive to manufacture and non-

biodegradable after their usage

e Oil cannot be recovered after treatment

¢ Dispersant effectiveness depends on the chemical characteristics of
sea and oil

¢ Dispersants are a potential hazard to the ecosystem

e The chemical agents cannot be reused



3 Thermal

4 Biological

treatment

In-situ

burning

Bacteria
Fungi
Algae

Plants

Rapid in action and highly efficient

Requires no specialized equipment

Restores the ecosystem completely

Environment friendly and economic

Effective in calm weather conditions and freshly spilled oil

May create secondary fires

Ash residues sink and contaminate underground water

Biodegradation efficiency varies greatly on the bioavailability of

oil and nutrients

e Spilled sites are always nutrient derived, and the addition of
nutrients externally sometimes leads to eutrophication

o Asphaltic residues remain unaffected by biodegradation

¢ High initial oil concentration inhibits the biodegradation process
and extends the lag phase by 2-4 weeks

e Limited biodegradability and relatively longer treatment time

required
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2.4. Bioremediation of crude oil: a sustainable approach

Crude oil bioremediation uses biological agents to degrade, remove or detoxify contaminants from the
oil-contaminated site (soil/water/air). It involves using microbes, plants, metabolic enzymes, or their
products to detoxify toxic contaminants (Wolf et al., 2020). Bioremediation has tremendous advantages
over conventional physical and chemical methods. No harmful secondary waste generation and
renewable resource utilization make the entire process cost-effective and eco-friendly. During the
Exxon-Valdez spillage in the Gulf of Alaska (Alaska, U.S.), it was reported that the overall expenditure
in shoreline cleaning using bioremediation was lesser than the single-day expense of physiochemical
tools deployed for the action (Speight, 2018). Hence, bioremediation has come up as a suitable solution
to the widespread environmental contamination.

Microbes contribute to the highest of existing biodegradation in the biosphere. Microbes are equipped
with machinery to utilize these hazardous contaminants as substrates for their routine metabolism.
Various bacteria such as Pseudomonas sp., Bacillus sp., Acinetobacter sp., Rhizobium sp. have been
found highly functional in the bioremediation of crude oil. Few bacteria such as Rhodococcus sp.,
Pseudomonas sp., Alcanivorax sp., Geobacillus sp. and Aeribacillus sp. are involved in biodegradation
of alkane fractions of oil more effectively (Niescher et al., 2006; Park and Park, 2018; Shao and Wang,
2013). Whereas few bacteria such as Brevibacterium sp., Pseudomonas sp., Halomonas sp.,
Aeribacillus sp., are more capable of biodegrading aromatic fractions of the oil (Carolin et al., 2021;
Grimm and Harwood, 1999; Monzén et al., 2018; Singh and Tiwary, 2017; Tao et al., 2020). In addition,
few bacteria of class Pseudomonas spp., Bacillus spp., Stenotrophomonas spp., Enterobacter spp., and
Microbacterium spp, are capable of metabolizing resins and asphaltenes fractions of oil (Gao et al.,
2017; Shahebrahimi et al., 2019; Tavassoli et al., 2012). Similarly, various fungi such as Rhizopus sp.,
Aspergillus sp., Penicillium sp. and Fusarium sp., have come up as promising candidates for this
purpose (Chang et al., 2020; Rajendran et al., 2020; Ruiz-Lara et al., 2020; Zegzouti et al., 2020). Apart
from these microbes, a few plants, namely, Eichhornia sp., Amaranthus sp., and Phragmites sp., have
also been extremely helpful in remediating the contaminated hydrocarbon ecosystem. The
bioremediation study with plant A. retroflexus revealed that root inhabiting fungal strains were more

capable of bioremediating petroleum-contaminated soil due to the release of certain root exudates that
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improved the fungal biodegradation ability (Mohsenzadeh and Rad, 2015). Similarly, a reduction in
petroleum hydrocarbon concentration by 74.7 and 82.3 % was obtained in soil planted with P. australis
and E. crassipes, respectively, due to improved rhizobacterial microbial load as plantation acted as

biostimulant (Ubogu et al., 2019).

2.4.1. Mechanism of crude oil biodegradation

Biodegradation majorly involves the breakdown of oil mediated by a set of oxidation-reduction,
peroxidation, methylation and complexation reactions (Ojuederie and Babalola, 2017; Siracusa, 2019).
The main principle intended in this chemical reaction is the catabolism of oil components into smaller
carbon units to decrease their toxicity and increase their affinity and permeability to be used as substrate.
However, this information is highly generic and varies from species to species. Since most of the
microbes involved in bioremediation are inherent to the contamination site and cannot be cultured using
existing research tools, the exact process involved is not yet clearly understood. Various lab-scale
studies have been performed for the isolation of such inherent microbes from the oil-contaminated site,
identifying their behavior and metabolic activity to control the contamination (Chang et al., 2020; Datta
et al., 2018; Ibrahim et al., 2020; Ohadi et al., 2017; Schlusselhuber et al., 2018; Thavasi et al., 2011;
Vigneshwaran et al., 2018).

Oil biodegradation can be broadly classified as aerobic and anaerobic, depending on a terminal electron
acceptor (Figure 2.3). During aerobic biodegradation of hydrocarbons, microbes utilize oxygen as an
electron acceptor. The hydrocarbons are oxidized to their alcoholic derivatives with mono/di-oxygenase
or hydroxylase enzymes. This oxidation could be terminal, sub-terminal or both. It is followed by the
formation of aldehyde/ketone bodies that later are transformed into carboxylic acid isoforms before

entering into the fatty acid metabolism via B-oxidation yielding acetyl CoA (equation 2.2).

Alkane hydroxylase Alcohol dehydrogenase Aldehyde dehydrogenase
R—-CH,0H RCHO RCOOH
acyl CoA synthetase P oxidation
RCO — SCoA—— acetyl CoA (2.2)
16
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The most explored enzyme in the aerobic biodegradation of aliphatic hydrocarbons is alkane
hydroxylase (Alk B). This non-heme membrane-bound enzyme uses oxygen as a terminal electron
acceptor to oxidize alkane using rubredoxin as an electron transfer system. It was discovered in
hydrocarbon-degrading bacterial plasmid Pseudomonas putida GPol (Sierra-Garcia and de Oliveira,
2013). The plasmid genome study revealed the presence of OCT plasmid, comprising two operons: (1)
alkBFGHJKL and (2) alkST (Shao and Wang, 2013). The first operon codes all the necessary enzymes
responsible for alkane hydroxylation, such as the membrane-bound Alk B enzyme and its co-factor
Rubredoxin (Alk G). The second operon codes for the enzyme (Rubredoxin reductase, i.e., AIKT and
AIKS) responsible for regulating the activity of operon-1 associated enzymes (Marchant et al., 2006). A
similar plasmid system has been reported to be active in various other alkane degrading microbes and
hence has been opted as a suitable genetic marker for the hydrocarbon utilizing microbes. However,
researchers have also identified other analogous genes coding for enzymes such as alkane
monooxygenase for long-chain substrates (ladA) and Flavin binding monooxygenase (almA), mostly
found in extremophiles (Park and Park, 2018). Similarly, methane monooxygenase (MMO) responsible
for oxidation of C1-4 carbon chains, and cytochrome P450 is responsible for catalyzing C5-16 carbon

chains.
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Figure 2.3. Schematic representation of hydrocarbon catabolism under aerobic conditions (Sierra-

Garcia and de Oliveira, 2013)

Similarly, Pseudomonas putida G7 has been characterized for the presence of genes responsible for
aromatic hydrocarbon degradation. The microbe contains a NAH7 plasmid coding for two operons: (1)
nal operon coding for upper half pathway (Naphthalene — Salicylate), and (2) sal operon coding for
lower half pathway (Salicylate — Pyruvate)(Miyazawa et al., 2020; Peng et al., 2008), as shown in
Figure 2.4. Another PAH catabolizing operon has also been explored in a few genera, such as
Ralstonia sp. U2, Comamonas testeroni strain GZ42 and P.stutzeri AN10, comprising nag operon for
the first half of the pathway and nahGTHINLOMKUJY operon for the second half of the pathway (Peng

et al., 2008).

18
TH-2720_166106008



Naphthalene

Upper “nah
pathway " ~ AB.CD.EF
Salicylate
Catechol e o
4 L nahH
i' - = — —— 2-hydroxy-muconic semialdehyde 1
onel | G- nah 1 I
! (meta) T
|| pathway | 2-hydroxy-muconic acid _ |
I J <4 & . nahJ 1
I nah N 4-oxalo-crotonate |
I | - ~ nahK |
| | 2-oxopent-4-enoate |
I | <4 - . nahL > |
| HCOOH « > 4-hydroxy-2-keto-valerate :
, Acetaldehyde I
: 9 mho y
Lo e e e e = Acetyl-CoA

Figure 2.4. General naphthalene degradation pathway and genes coding NAH7 plasmid (Grimm and

Harwood, 1999)

However, in the absence of oxygen, a few micro-organisms opt for an anaerobic pathway of
hydrocarbon degradation (Figure 2.5). This anaerobic pathway occurs through (a) fumarate addition;
(b) hydroxylation under anoxic conditions; (c) carboxylation; (d) reverse methanogenesis; or (e)
hydration (Laczi et al., 2020). Few major enzymes involved in this process are listed as; alkyl succinate
synthase (Ass) (Simister et al., 2016), methyl-CoM reductase (Mcr) (Scheller et al., 2010), ethylbenzene
dehydrogenase benzylsuccinate synthase (Bss) (Rabus et al., 2019), and naphthyl-2-methyl succinate

synthase (Nms) (Selesi et al., 2010).
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Oliveira, 2013)

The natural degradation of crude oil contaminants by the inherent microbes without human intervention
is called natural attenuation (Agnello et al., 2016). Natural attenuation is a continuous process
contributing to ecosystem biodegradation. However, the process is slow and less effective due to the
stress and toxic effect of hydrocarbons on the biodegradation ability of microbes. On the other hand,
bioremediation is a manual engineered intervention to the natural endlessly occurring biodegradation
phenomenon. Bioremediation intends to improve this naturally existing process overall to enhance the
rate by many folds. This improvement is achieved by training the combating biological agents with

adequate nutrition and stimulating their metabolic machinery for higher activity and yield. In order to
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improve this naturally existing process, researchers have utilized techniques such as (1) isolation and
screening of potential inherent microbial consortium, (2) bio stimulation referring to the
supplementation of optimized nutrients for improved biomass growth and biodegradation, (3)
bioaugmentation where the contaminant site is supplemented with exogenous hydrocarbon-degrading

microbes in order to complement the existing inherent microbial consortia.

2.4.2. Isolation of oil degraders and exploration of their biodegradation ability

The most economical solution is to exploit inherent microbes inhabiting the oil-contaminated sites to
restore the natural ecosystem and biodegradation of contaminants. Studies revealed that the inherent
bacteria been acclimatized to the toxicity of the hazardous compound play a major role in the
biodegradation due to their inherently gained resistance (Council, 1993; Paliwal et al., 2012). Thus,
research targeted the isolation and identification of these microbes and understanding their potential
role in biodegradation. In this regard, ample research has enlightened the different inherent microbes
and their potentiality in biodegradation. More than 80 genera of bacteria have been isolated from oil-
contaminated sites and reported for their potential petroleum biodegradation ability (Ejaz et al., 2021).
The isolation and screening of oil-degrading bacteria occur in two major steps: (1) Enrichment culture
system and (2) Sub culturing to solid agar.

The enrichment culture system focuses on favoring the population of a certain group of bacteria over
the total microbial titer of the sample. The process provides favorable physiological conditions
stimulating the growth of targeted bacteria by providing particular nutrients. The technique aims to
enhance the population of the desired set of bacteria that previously had limited counts to a detectable
level to isolate them in further steps (Madhuri et al., 2019). Most of the enrichment media are minimum
salt media (MSM), such as Bushnell Haas broth which lacks any carbon source, thus keeping the room
for choosing a specific C source for targeted population growth. Various isolation studies for petroleum
biodegrading microbes were performed using MSM media with crude oil as the sole C source for
enriching only oil-degrading bacterial population (Datta et al., 2018; Datta et al., 2020; Ejaz et al.,
2021). They are enumerated after enrichment of the desired bacterial population using serial dilution
and solid agar plating techniques. Briefly, the overnight enriched bacterial culture is serially diluted by
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five to seven folds and plated on solid agar plates containing only crude oil as a C source. The growth
of bacteria is observed visibly after 24 to 48 hr of incubation based on their hydrocarbon utilization
ability. Based on the source of isolation, such as soil, oil spill, petroleum industry effluent, the isolation
and optimization studies of crude oil degraders have been summarized in Table 2.4.

However, these studies are limited to the culture-dependent microbes, which only contribute to a small
percentage of inherent microbiota at the contaminated site. Many scientific findings have emphasized
the need to unveil the uncultivable microbes, as they play a major role in in-situ biodegradation (Shekhar
et al., 2020). Various meta-genomics, transcriptomics and proteomics-based unconventional
approaches have been explored to understand this sheer miscellany of the microbial community. Few
such potential degrading yet difficult microbial culture communities include Firmicutes,

Actinobacteria, Proteobacteria, and Bacteroidetes (Pal et al., 2019; Sar et al., 2019).
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Table 2.4. Case studies summarizing the isolation of oil-degrading microbes from various sources, their isolation techniques and oil biodegradation efficacy

S.No

Optimization condition

Biodegradation

Source of isolation  Isolation procedure used Bacteria isolated  for crude oil o Ref
biodegradation efficiency
1. Seawater samples Enriched in MSM supplemented with 0.5  Bacillus tropicus,  Different concentrations of = POME FD dosage of (Sayed

from Teluk-Batik % (v/v) Tapis Light Crude Petroleum Oil  Bacillus palm oil mill effluent 0.25 % with 1 % TLCO etal.,

beach, Malaysia (TLCO) and incubated at 24°C, 197 rpm licheniformisand  discharge (POME FD) (0.1, was obtained as optimum  2021)
for 7 days Bacillus subtilis 0.25, 0.5, and 1 %, v/v) concentration for
3 serial enrichments were performed were added to MSM media  achieving 95.23 % of oil
using 15 mL inoculum in fresh MSM, supplemented with TLCO biodegradation efficiency
followed by isolation of TLCO degraders (0.5and 1.0 %, v/v) within 40 days
on solid nutrient agar plates

2. Textile effluent 50 ppm of 4-Aminobiphenyl (4-ABP) was Brevibacterium sp.  Biodegradation of 4-ABP 50 ppm of 4-ABP at pH7, (Femina
supplemented to 100 mL of Nutrient GA245 supplemented in MSM and 30°C showed Carolin
broth, and 1mL textile effluent was used media was optimized by maximum biodegradation et al.,
as inoculum. The culture was incubated at varying factors: pH (3,5,7  of 76 %, which was 2021)
37 °C, 120 rpm for 7 days and 5 repetitive and 9), temperature (30, 50, further improved to 82.
subculturing were performed followed by 70 and 90 °C) and 2% upon addition of
spread plating after serial dilution (10~ * to concentration of 4-ABP (50 biosurfactant (2.5 g/L)
107 4). ppm, 100ppm, 150 ppm
and 200 ppm)
23
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3. PAH-contaminated
river sediment
samples from Anhui

Province, East

China

4. Petroleum oily
sludge (POS) from
an oil refinery plant

Shazand, Iran

Sediments samples were mixed in sterile  Diaphorobacter
nitroreducens

MKO027365.1

water in a 1:9 w/v ratio and mixed in an
orbital shaker for 5 h at 30°C, 150 rpm.
Enrichment was performed using 1 %
(v/v) of culture in sterile MSM with 50
ppm PHE and incubated at 30 °C, 150
rpm for 7 days. Sub-culturing was
performed for 5 repetitive cycles with
gradual 50 ppm PHE addition in each
cycle. After the 5" cycle, the bacteria
culture was serially diluted to 107 folds
and later spread on the MSM agar
medium coated with the PHE solution and
incubated at 37 °C for 3 days to obtain

single colonies.

The sample was incubated in sterile Acinetobacter
radioresistens
KA2 and

Enterobacter

mineral Bushnell-Haas medium (MBHM)
with 5 % (w/v) POS supplementation at
30 °C for 7 days. Subculturing was done
using 5 % (v/v) inoculum in fresh MBHM  hormaechei KA3
followed by streaking on Nutrient agar for

colonies isolation.

Culture medium pH (4, 5,
6,7,8,9, and 10),

temperature (20, 25, 30, 35,

and 40°C); initial PHE
concentrations (100, 200,
300, and 400 ppm) were
varied in MSM to obtain
the maximum PHE

biodegradation.

Different concentrations of
kerosene oil (1, 2, 3, 4 and
5 %, v/v) and pH (5, 6, 7, 8,

and 9) were added to the

MBHM inoculated with the

selected bacterial

consortium incubated for 7

days at 30 °C.

100 % biodegradation
was obtained at
optimized conditions of
PHE concentration of
100 ppm at 30°C and pH
7.0 after 72 h of

incubation

Kerosene oil was
biodegraded by 66.35 %
at neutral pH by the

selected consortium

(Wang
etal.,
2020)

(Kooliva
nd et al.,
2020)

TH-2720_166106008

24



5. Petroleum 5 % (w/v) PHRS was enriched in sterile Sphingomonas olei  Different concentrations of ~ 70.86 % crude oil was (Kooliva
hydrocarbons-rich Bushnell-Haas (BH) media and incubated KA1 and crude oil (1, 2, 3, 4,and 5 biodegraded using 2 % nd et al.,
sludge (PHRS) at 30 °C for 7 days. 5 % (v/v) inoculum Acinetobacter %, vIv) supplemented in initial oil concentration in  2019)

was sub-cultured in fresh BH radioresistens BH media at different pH 4, BH medium (pH 7) by a
supplemented with 1 % crude oil (v/v) for KA2 5,6, 7,8,and 9 were mixed consortium in 7
3 consecutive cycles. Afterward, serial incubated at 120 rpm for 7 days of incubation
dilution and plating was performed on days

Mueller Hinton agar to isolate single

colonies

6. Lubricant The bacterial strain was isolated using the  R. aetherivorans Different concentration of 100 % phenol (Nogina
contaminated soil serial dilution method followed by the UCM Ac-603 phenol (200-2000 ppm) biodegradation occurred  etal.,
and contaminated spread plate technigue using agar was supplemented in MSM  when an initial phenol 2020)
soil from the containing 200 ppm of phenol incubated media and incubated at concentration of 1750
locomotive depot, at 28°C for 5 days. various incubation period ppm was added to the
Ukraine based on bacterial phenol MSM within 4 days

assimilation rate.
25
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7. Soil contaminated
with oil or salt or
aromatics,

Kazakhstan

8. Fuel oil-polluted
coastal marine
sediments of

Penang Island

MSM with C substrate as tetradecane,
pristane, cyclohexanone, biphenyl, and 4-
tert-amylphenol at pH 6.3 were incubated
at 30°C, and 130 rpm for the enrichment
and subsequently serial dilution and
spread plating on nutrient agar were

incubated for 6 days for bacterial isolation

Samples at a concentration of 1 % (w/v)
were enriched in ONR7a, and Bushnell
Hass mineral salts (BHMS) media
containing 1% (v/v) engine oil as the sole
carbon source and incubated at 30°C for
10 days after that 4 consecutive
subculturing using fresh media and 5 %
(v/v) inoculum were performed followed
by streaking to obtain single colonies on
BHMS agar and ONR7a agar.

Curtobacterium sp.
SBUG 2094,
Rhodococcus sp.
SBUG 2075,
Rhodococcus sp.
SBUG 2031

Chryseobacterium
sp. AJO and
Escherichia

sp. UIWRF0110

0.25 % (v/v) of individual
substrates were
supplemented to MSM
medium and incubated at
30°C

and 130 rpm

10 % (v/v) of bacterial
inoculum was added to 10
mL of fresh engine oil and
incubated at 150 rpm and
37°C for 7 days.

100 % biodegradation of
tetradecane substrate was
obtained for
Curtobacterium sp. and
Rhodococcus sp. SBUG
2075, and almost 96 %
degradation of pristane
was reported for
Rhodococcus sp. SBUG
2031 within 5 days of

incubation

Escherichia sp.
UIWRF0110 efficiently
biodegraded up to 90 %
of oil while
Chryseobacterium sp.
AJO showed 84 %
biodegradation efficiency
within 7 days of
incubation at 150 rpm
and 37°C.

(Mikola
sch et
al.,
2019)

(Abbas
etal.,
2018)
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9. Oil-polluted coastal Fresh MSM containing 0.5 % (w/v) crude  Lysinibacillus sp. A mixed bacterial 5 % (v/v) inoculum (Tian et
sediment, Bohai oil were inoculated with 10 % (v/v) of HDB-1; Bacillus consortium at a 5 % (v/v) prepared using mixed al.,
Bay, China well homogenized 10 g contaminated soil ~ flexus HDB-2; concentration was bacterial consortium 2018)

sample and incubated for 7 days at 170 Pseudomonas inoculated to 1.5 % (w/v) exhibited crude oil (1.5
rpm and 30°C. Subsequently, 3 sets of mendocina HDB-  crude oil containing %) biodegradation ability
subculturing were done with a gradual 3; Pseudomonas medium and incubated at of 80.64 % within 14
increase in substrate concentration by 0.5  alcaligenes HDB-  30°C and 180 rpm for 14 days of incubation

% in fresh MSM containing 10 % 4; Bacillus days.

previously enriched culture. For isolation  thuringiensis

of single colonies, serial dilution-based HDB-5; and P.

spread plating was done on MSM agar alcaligenes HDB-6

plates and incubated at 30 °C for 48 h.

10. Crude oil 1 % (v/v) of fully homogenized soil Pseudomonas 1 % (v/v) bacterial Bacteria exhibited the (Cevik
contaminated soil in  sample (20 %, w/v) was inoculated into putida inoculum was added to DEP biodegradation etal.,
Turkey fresh MSM media supplemented with 100 MSM media supplemented  efficiency of 85.5% in5 2019)

ppm of diethyl phthalate (DEP) and with yeast extract (0.5 %, days of incubation at pH
incubated for 5 days at 150 rpm and 30°C. wi/v) and 100 ppm DEP, 7.0 and 30°C.
3 subsequent subculturing was performed incubated at 150 rpm and
with a gradual increase in DEP 30°C for 5 days
concentration followed by serial dilution
and spread plating on MSM agar plates
containing 100 ppm DEP for 5 days,
maintained at 30°C.
27
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11. Polyaromatic
hydrocarbon
contaminated
farmland soil,
Shanghai, China

Enrichment of bacteria was performed
using an equal volume of soil slurry and
minimal media containing 100 ppm PAHs
and incubated for 4 weeks at 28°C under
shaking. The serially diluted culture was
further repetitively spread plated on agar
plates containing phenanthrene or pyrene
as a C source, incubated for 2-3 weeks at

28°C static to isolate single colonies.

Mycobacterium
gilvum SM 35,
Bosea thiooxidans
DSM 9653,
Arthrobacter
pokkalii P3B162,
Paenibacillus
cookii LMG

18419,

Sphingobium
barthaii KK22,
Bacillus
megaterium
WH13, Bacillus
cereus BDU5 and
Rhodococcus
corynebacterioides

Bl

The bacterial hydrocarbon
biodegradation study was
performed by incubating
overnight enriched bacterial
culture in fresh MM liquid
culture containing
individual or mixture PAHs
as the sole carbon source
(10 mM for benzo
[a]pyrene and

20 mM for the other PAHS)
incubated under shaking at
160 rpm, 28°C for 4 weeks.

PAH removal efficiencies
of 82, 92, 69 and 64 %
for Bosea thiooxidans,
Mycobacterium gilvum,
Arthrobacter pokkalii and
Paenibacillus cookii,
respectively, were

obtained

(Zeng et
al.,
2019)
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12. Oil exploration

sediments from a

deep-water channel

13. Oil contaminated

beach sediments,

Beijing

Hydrocarbon degraders were enriched in
30 mL ONR7 medium with 1 %(w/v)
crude oil or 10 g/L mixture of
hydrocarbons as C source, inoculated with
1 g sediment sample. Two successive
sub-culturing was done using 1 % (v/v)
inoculum from the previous culture in the
same media every 3 weeks, followed by
spread plating on ONR7 agar medium to

obtain single bacterial colonies.

Enrichment of sediment isolates was
prepared in marine broth 2216 followed
by subculturing in MSM media using 2 %
(v/v) inoculum for the isolation of

hydrocarbon degraders

Halomonas,
Pseudomonas and
Pseudoalteromona

s and Rhodococcus

Bacillus algicola,
Rhodococcus soli,
Isoptericola
chiayiensis, and
Pseudoalteromona

s agarivorans

10% (v/v) of inoculum was
added to ONR7 medium
containing 2 % model oil as
a C source and incubated at
20°C for 2 weeks.

Bacteria were inoculated to
MSM media supplemented
with 1 % (v/v) crude oil as
C source, incubated at
28°C for 14 days at 180

rpm

~30 % of crude oil was
biodegraded by a

consortium isolated from

the sediment

Isolates effectively
biodegraded >85 % of
crude oil within 14 days

of incubation

(Gontika
ki etal.,
2018)

(Liu et
al.,
2018)
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14. An aged stockpile
of soil from gas
work site
contaminated of
PAHSs, Australia

15. Activated sludge
from waste water
treatment plant,
Saudi Arabia

Enrichment was done in Bushnell Hass
(BH) mineral salts medium supplemented
with phenanthrene as the sole C source
incubated at 28°C for 6 days, followed by
spread plating on Bushnell Hass agar
plates, supplemented with 1% (w/v)

phenanthrene as substrate

Enrichment was carried out using
Bushnell Haas medium (BH)
supplemented with 1 % (v/v) olive CO, as
the sole carbon source comprising 1 %
(w/v) sludge suspension incubated for 7
days at 60 rpm. Successive subculturing
was performed in the same medium
composition every 7 days for 2 successive
months, followed by streak plating on
BH-CO and incubation at 37°C for 1-2
days.

Rhodococcus sp.,
Achromobacter
sp., Oerskovia
paurometabola,
Pantoea sp.,
Sejongia sp.,
Microbacterium
maritypicum and

Arthrobacter equi

Stenotrophomonas
rhizophila
DWCaoil-2B,
Sphingobacterium
sp. DWCoil-7G,
Pseudomonas
libanensis
DWCaoil-5E,
Pseudomonas poae
DWCoil-6F and P.
aeruginosa
DWCaoil-1A

2 % of hydrocarbon
(naphthalene (NAP),

phenanthrene (PHE) and

pyrene (PYR)) were

supplemented to bacterial

culture and incubated for 5

days

1 % (v/v) cooking oil was
supplemented to synthetic

waste water comprising

isolated bacterial

consortium in bioreactor

Bacteria showed

significant hydrocarbon
degradation activity, as
also confirmed by their

C120 activity analyses

~80 % decrease in the oil
and grease content of the
waste water was obtained
within 9 days of
incubation using the

consortium

(Haleyur
etal.,
2018)

(Nzila et
al.,
2017)
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2.5. Biosurfactant: an effective tool of bioremediation of crude oil

Bioremediation of crude oil is a complex process with many underlying pathways which work
simultaneously to achieve maximum biodegradation. One such pathway involves the production of
biosurfactants in order to break the hydrocarbons into smaller units for easy accessibility and
bioavailability to the microbes. The biosurfactants can be produced by degrading microbes at the
contamination site (in-situ), or biosurfactants can be produced separately (ex-situ) and applied at the
site along with microbes. This section discusses the properties of biosurfactants, factors affecting the
production of biosurfactants and optimization of biosurfactants production, particularly for ex-situ
bioremediation.

Biosurfactants are amphiphilic surface-active compounds released by microbes as biometabolites
comprising a polar head group with a non-polar fatty acid tail (Jahan et al., 2020). Such structural
characterization aids the formation of micelles, emulsification and foaming activity in a non-polar and
polar liquid mixture. These chemical molecules possess silent features such as decreasing the surface
tension of the oil-liquid interface, improving the solubility and hence bioavailability of non-polar
compounds such as hydrocarbons into water and soil environment (Patowary et al., 2018).
Biosurfactants can reduce the surface tension of the liquid, where the reduction increases with an
increase in the concentration of biosurfactants. However, this reduction in surface tension value halts
beyond a certain biosurfactant concentration, called as critical micellar concentration (CMC). There are
various techniques to determine the CMC value of biosurfactants, but the major exploit is the Du-nouy
ring and Wilhelmy Plate method using tensiometer instrumentation. CMC is the minimum
concentration of any biosurfactant responsible for causing the maximum reduction in the surface
tension. Above CMC value, the amphiphilic biomolecules of biosurfactant from a micellar structure
with hydrophobic heads form the core, and hydrophilic tails constitute the outer shell towards the
aqueous phase (Figure 2.6). The biosurfactant entraps the non-polar agents within the micellar

hydrophobic core, thus making it more bioavailable within the solvent.
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Figure 2.6. Schematic representation of reduction in the surface tension with an increase in

biosurfactant concentration and micelle formation at and above CMC value of biosurfactant

The CMC value determines the efficacy of the biosurfactant. When the biosurfactant concentration is <
CMC, the biomolecules act on the water and oil interface, reducing the surface tension and mobilizing
the oil. On the other hand, when the concentration is above CMC value, the biomolecules tend to
aggregate into the micellar structure, thus entrapping the oil within the core and increasing its
bioavailability or solubility within the aqueous phase. Biosurfactants are proven to have very low CMC
and high stability with no loss in activity in a broad range of pH, temperature, and salinity, thereby
restricting the reliance on non-biodegradable chemical surfactants. These biosurfactants are also rich
in antimicrobial and anti-viral activities (Akbari et al., 2020; CHOOKLIN and SAIMMAI, 2020). A
comparative change in the CMC value of various biosurfactants in their crude and purified form has

been listed in Table 2.5.
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Table 2.5. List of various types of microbial biosurfactant and their reported CMC values

Biosurfactant Microbial origin Quality CMC Ref
(mg/L)
Rhamnolipid P. aeruginosa IGB83 Pure 27 (Bodour and Miller-Maier,
1998)
P. aeruginosa (ATCC 9027)  Purified 30 (Renfro et al., 2014)
P. aeruginosa J4 Purified 50 (Whang et al., 2008)
P. aeruginosa KVD-HR42 Partial 100 (Deepika et al., 2016)
purified
P. aeruginosa Crude 127 (Cémaraetal., 2019)
B. kururiensis KP23T Purified 180-220 (Tavaresetal., 2013)
B. kururiensis LMM21 Purified 80-100
Bacillus Lz-2 Crude 240 (Li etal., 2015)
P. fluorescens Partial 290 (Abouseoud et al., 2010)
purified
Surfactin B. licheniformis JF-2 Purified 10 (Linetal., 1994)
B. licheniformis Purified 15 (Jenny et al., 1991)
B. subtilis MG495086 Crude 40 (Datta et al., 2018)
B. subtilis ATCC 21332 Purified 45 (Whang et al., 2008)
P. aeruginosa PG1 Purified 56 (Patowary et al., 2017),
B. subtilis MJO1 Partial 60 ((Veshareh et al., 2019)
purified
Brevibacillus sp. AVN13 Purified 80 (Vigneshwaran et al., 2021)
B. subtilis N3-1P Crude 180 (Zhu et al., 2020)
Trehalolipids M. luteus BN56 Purified 25 (Tuleva et al., 2009)
Rhodococcus sp., PML026 Purified 250 (White et al., 2013)
Flavolipid Flavobacterium sp. MTN11  Partially 300 (Bodour et al., 2004)
purified

Biosurfactants are classified as low molecular weight (glycolipids and phospholipids) and high

molecular weight (lipopeptides and complex polymeric compounds) based on their structural
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composition. Glycolipids can be further categorized as Rhamnolipid, Sophorolipids, Trehalose lipids
and Mannosylerythritol lipids (MEL). These biosurfactants are majorly produced by P. aeruginosa, P.
alcaligenes, P. desmolyticum, R. erythropolis, Arthrobacter, Mycobacterium, Nocardia, R. ruber, R.
opacus, and Micrococcus luteus (Christova et al., 2013; Gein et al., 2011; Jadhav et al., 2011;
Muthusamy et al., 2008; Niescher et al., 2006; Oliveira et al., 2009; Tuleva et al., 2009; Zaragoza et al.,
2013). These glycolipids have proven to improve the bioremediation of hydrocarbons by mobilization
and solubilization of otherwise persistent hydrocarbons. Similarly, Lipopeptides have also been
subdivided into Surfactins, Iturins, Amphisin, Fengycins, Viscosin, Subtilisin, Polymyxins, and
Putisolvin. Bacillus spp., Serratia spp., Acinetobacter spp., Agrobacterium spp. Streptomyces spp.,
Halomonas spp., Marinobacter spp., and Pseudomonas spp. are major producers of lipopeptide
biosurfactants (Chang et al., 2011; Coultte et al., 2017; Datta et al., 2018). Among various lipopeptides,

surfactin is highly potential in the emulsification of hydrocarbons.

Biosurfactant
Low-molecular High-molecular
weight weight
biosurfactant biosurfactant
Below Above
CMC CMC
Mobilization Solubilisation Emulsification

Figure 2.7. Biosurfactant classification based on their molecular weight and mode of action

Biosurfactants act on poorly bioavailable contaminants by either mobilizing them, solubilizing them or
emulsifying them based on their chemical composition (Figure 2.7). In a typical mobilization
phenomenon, biosurfactants present in concentration below their CMC reduce the capillary force
between oil and soil, reducing the interfacial tension between soil-oil improving its mobility for
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bacterial action (Lin et al., 2017; Ma et al., 2018). Gradually, when biosurfactant concentrations rise
above CMC, micellar structures are formed, entrapping the non-polar entity within the core, thus
solubilizing it. A similar observation was made by Li et al. while exploring the solubility of pyrene,
naphthalene and phenanthrene in the presence of rhamnolipid biosurfactant released by Bacillus Lz-2.
With an increase in the biosurfactant concentration above CMC, a linear increase in the solubility of
these compounds was reported (Li et al., 2015). High molecular weight biosurfactants are preferably
stable in forming a highly stable emulsion of non-polar and polar compounds, e.g., oil-in-water
emulsion. This characteristic feature is essential in refineries' oil washing and recovery operation. Datta
et al. has reported the applicability of surfactin biosurfactant produced by Bacillus spp. in MEOR
operation and oil washing, owing to its remarkable emulsification activity of > 65 % (Datta et al., 2018;
Datta et al., 2020). Apart from this, biosurfactants are also involved in modifying the cell surface
hydrophobicity of microbial cell membrane, enhancing its affinity to non-polar substrates (e.g.,
contaminants)(Kaczorek et al., 2018; Zhong et al., 2015). Thus, such biosurfactant properties have been
extensively utilized for remediation of hydrocarbon contaminated sites, such as soil washing and oil
recovery (Gupta, 2021; Ramesh and Sakthishobana, 2021).

There have been many debates on the behavior of biosurfactant production to be growth-associated or
non-growth-associated. Various studies support that biosurfactants production is a characteristic feature
of hydrocarbon-degrading microbes; however, some studies suggest that not all hydrocarbon-degrading
strains are biosurfactant producers (Patowary et al., 2017; Wu et al., 2019). Even after decades of
research in this field, the exact biosurfactant production pathway is unclear as the process varies from
microbial strain to strain. Few studies hypothesize the biosurfactant production process to be induced
during stress conditions; however, there is evidence where contradictory results have been reported
(Chakraborty et al., 2012; Santos et al., 2016). However, every literature supports the role of
biosurfactant in hydrocarbon degradation by microbial bioremediation (Abdulsalam et al., 2016)
(Akbari et al., 2020; Datta et al., 2018; Jimoh and Lin, 2020; Parthipan et al., 2017; Patowary et al.,
2017). Hence, it is a vital part of microbial bioremediation and environmental clean-up. Nevertheless,
the challenge lies in the limited availability of such proficient bioremediation tools at the site of action,
owing to its low microbial productivity. Recently, various researchers are emphasizing optimization for
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the maximum biosurfactant production in order to simultaneously achieve maximum degradation as
they are highly dependable processes (Datta et al., 2018; Ghazala et al., 2019; Haloi and Medhi, 2019;
Jimoh and Lin, 2019; Jimoh and Lin, 2020; Ohadi et al., 2017; Vigneshwaran et al., 2018).

Understanding the basic underlying principle behind the biosurfactant production pathway by the
biodegrading microbes is the key to designing a successful production model. Presuming the
biosurfactant to be a growth-associated product, optimizing the microbe growth is mandatory to achieve
higher productivity. The associated culture conditions and physiological parameters play a vital role in
effective culture growth. With the interest of looking into media composition and understanding the
role of each physiological parameter, we have described the major factors controlling biosurfactant
production. Based on these major factors, their associated optimization techniques are elaborated with

their associated merits and demerits.

2.5.1. Factors regulating microbial biosurfactant production

A high yield of biosurfactants is a must for competing with the commercial surfactant and being eligible
for industrial production. Maximizing biosurfactant production is controlled by two factors: (1)
improving the strain classed as strain engineering and (2) optimizing the culture conditions, classed as
process optimization. Various studies put forward that maximum biosurfactant production is at the
optimized microbial growth conditions, signifying the metabolite to be growth-associated (Devaraj et
al., 2019; Yaraguppi et al., 2020). Understanding the effect of each media component and its impact on
process conditions is crucial before designing an optimization model. In this regard, various researchers
have restricted the role of major parameters: Carbon source, Nitrogen source, their respective
concentration, culture pH, temperature, and other salt concentration as the deciding factors governing

the overall microbial production effectiveness.

2.5.1.1. pH

The pH factor is regarded as one of the major factors controlling microbial growth and thereby
biosurfactant production. Most of the biosurfactant production studies are conducted in the pH range of
4-10, where pH 7 is the most preferred choice as most microbial enzymes are effective at this pH.
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Hence, the best-known biosurfactant producers are neutrophiles (Datta et al., 2018; Jimoh and Lin,
2020; Suganthi et al., 2018). Microbes that prefer acidic, neutral and basic environments for their
growth are termed acidophiles (pH<7), neutrophiles (pH 7) and alkaliphiles (pH>7), respectively.
Culture pH immensely controls the production and bioavailability of biosurfactants in the culture media.
Durval et al. observed an acidic change in culture pH from 7.2 to 6.5, with increased release in
biosurfactant in the culture media after 48 h of incubation (Durval et al., 2019). On the contrary, Dikit
et al. observed an increase in pH from 7 to 7.5 with the increase in the biosurfactant production ability
of the bacterium Marinobacter hydrocarbonoclasticus ST1 (Dikit et al., 2019). In correspond to these
studies, it was concluded that the biosurfactant production was significantly higher in the pH range of
6-8 and was found to be drastically reduced outside this range (Jimoh and Lin, 2019).

However, the exception exists in the case of acidophiles and alkaliphiles, where the microbes are well
equipped with suitable aids for surviving in such extreme conditions (Datta et al., 2018). Furthermore,
Lingquing et al. suggested that pH aided microbial cell growth in P. aeruginosa during the early
incubation stage and played a critical role in biosurfactant production in the later stages of growth. It
was reported that bacteria tend to internalize the biosurfactant within the cell or on the surface in mild
basic or neutral pH, hence in the first 24 h, the pH was maintained at pH7-7.5, however, post 24 h,
rhamnolipid production initiated, and they changed the biosurfactant medium to 6-6.5 for extracellular
release of biosurfactant (Zhu et al., 2012). Hence, pH plays an influential role in biosurfactant

production and its release in the given cultural conditions.

2.5.1.2. Temperature

Temperature is another critical parameter that decides the fate of microbial growth and metabolism.
Based on the preference of microbial growth over their surrounding temperature, they are classified as
psychrophiles (capable of growth at low temperature < 20°C), mesophilic (suitable growth in the range
of 25-45°C), and thermophilic (prefers growth at extreme temperature range >45°C). Since
biosurfactant is a growth-associated metabolic product, the most preferred temperature for the
maximum biosurfactant production is highly driven by the fact that microbe growth should be the
highest in the range of temperature provided. Most of the biosurfactant producers (Pseudomonas sp.,
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Bacillus sp., Paenibacillus sp.) are mesophilic (Jie et al., 2019; Jimoh and Lin, 2020; Yaraguppi et al.,
2020).

However, a certain thermophilic bacterium such as Bacillus subtilis MG495086 was a highly efficient
biosurfactant producer in the thermophilic condition, i.e., 62.5°C temperature, reducing the surface
tension 29.85 mN/m endorsing their suitability in enhanced oil recovery applications (Datta et al.,
2018). Another Bacillus species, B. licheniformis, also exhibited excellent biosurfactant production and
emulsification activity, reducing the surface tension from 72 to 23.8 mN/m at a high temperature of
50°C (Daryasafar et al., 2016). Similarly, few of the prevailing biosurfactant producers in cold climate
includes species of genus Rhodococcus, Bacillus, and Pseudomonas (Cai et al., 2014; Malavenda et al.,
2015). Hence, temperature also is crucial for the growth of bacterium and thus their biosurfactant

production ability.

2.5.1.3. Carbon (C) source

Carbon act as the primary source of energy for microbial growth and metabolite production. Aside from
being vital for biomass growth, C acts as the building block for the synthesis of biosurfactants. Microbes
can produce biosurfactants by utilizing a broad range of substrates varying from simple sugars,
hydrocarbons and a few fatty acids in used/waste frying oil (Datta et al., 2018; Sharma et al., 2019).
Every biosurfactant structural synthesis requires polar substrates, which are involved in the synthesis
of polar head group, and non-polar substrates, such as hydrocarbon and oil, which are involved in
synthesizing lipidic non-polar tails (George and Jayachandran, 2013). Most bacteria utilize simple
sugars such as glucose and sucrose as C sources for maximum biosurfactant production due to their
easy metabolism. However, these C sources are not cost-effective for bulk production and are often
disregarded for scale-up studies. Hydrocarbons are a complex C source and often cause the production
of biosurfactants in the process of their catabolic assimilation. Hydrocarbon-rich waste crude oil and
fatty acid-rich used vegetable oils have gained immense attention for their inherent waste-to-wealth
concept (Chen et al., 2018; Jimoh and Lin, 2020; Lan et al., 2015; Sharma et al., 2019).

Various studies support the suitability of these slowly assimilating C sources for the production of
secondary metabolites such as biosurfactant (Cai et al., 2014; Dikit et al., 2019; Nur Asshifaetal., 2017;
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Omarova et al., 2019; Ramos et al., 1995; Xu et al., 2018). The carbon catabolite repression (CCR)
phenomenon improvises microbe's ability to prefer one C source over the other. CCR is a mechanism
where less preferred substrate assimilation is restricted due to inhibition of the genes required for its
expression in the presence of a more preferred substrate (Magnus et al., 2017). This phenomenon is
evident in the case of hydrocarbon-degrading microbes, where no biosurfactant production is observed
in the presence of polar substrates such as glucose. These polar substrates are more involved in
promoting growth in the bacteria and were found to interfere with biosurfactant production (Klekner
and Kosaric, 1993).

While looking for a suitable C source, another factor to keep in mind for the bulk production of the
metabolite is the availability and cost of the nutrient source. For instance, waste, spent crude oil, or
discharged sludge could be a suitable low-cost C source for the biosurfactant. Nevertheless, the
challenges such as toxicity and poor microbial assimilation rate diminish its use as the sole C source for
biosurfactant production. Hence, apart from type C sources, their concentration also plays a vital role
in their suitability for microbial utilization. Various studies suggest the inhibitory impact of excess of
the concentration of C source and propose the need to optimize the concentration of substrate prior to
use (Datta et al., 2018; Ohadi et al., 2017; Ravi, 2019; Vigneshwaran et al., 2018). Hence, a low-cost
C source with a fast assimilation rate and non-interfering is suitable for the biosurfactant production

pathway.

2.5.1.4. Nitrogen (N) source

Opting for a suitable N source is a significant factor for biosurfactant production as microbes use N
sources as their building units for biosurfactant synthesis (e.g., lipopeptides) similar to C sources.
Studies revealed that microbes could utilize organic and inorganic nitrogen sources for their metabolism
(Sharma et al., 2019). Major organic N source preferred by microbes for biosurfactant production
includes peptone, beef extract, and urea and yeast extract (Dikit et al., 2019 259). Microbes also show
a significant preference towards nitrates form of N over the ammonium ion. Due to the complexity
reduction of nitrate salts to their respective nitrites form, which gets further reduced to ammonia and
later integrates to the glutamine—glutamate pathway (Sharmaet al., 2019). Thus, in comparison to easily
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assimilated form of ammonium ion as N source, nitrates are preferred as it creates a nitrogen limiting
environment due to its slow assimilation rate, leading to improved biosynthesis of biosurfactant. Davis
and group also revealed the importance of ammonium ion as N source in the cell growth and nitrate
form of N source in biosurfactant production (Davis et al., 1999).

Additionally, few amino acids are also found to be enhancers in the biosurfactant production ability of
microbes. Apart from the source, nitrogen concentration plays an important part in biosurfactant
production. Lower availability of N source might lead to pre-cell death leading to accumulation of
biosurfactant production. On the other hand, excess of N in the media deviates the overall metabolic
flux towards cellular growth and division, causing an exponential growth of the cell and diminishing
biosurfactant production (Lan et al., 2015). Overall, the N source plays an important role in the

production, and its concentration also controls the fate of microbial biosurfactant biosynthesis.

2.5.1.5. C/N ratio

An optimum concentration of carbon to nitrogen in the media aids the overall biosurfactant production.
Most studies revealed that a high C to N ratio supports the high biosurfactant yield (Jimoh and Lin,
2019; Saimmai et al., 2013; Sharma et al., 2019). It is suggested that a high C/N ratio leads to restriction
in cell growth and promotes cell metabolism for metabolites production. Joy et al. also observed a
similar effect of C/N ratio on biosurfactant production by Achromobacter sp. (PS1) using
lignocellulosic biomass as C source and the mixture of sodium nitrate and beef extract as N source.
While modifying the C/N ratio from 6.2 to 12.5 range, it was reported that varying C/N ratio from 6.2-
8.3 range, there was an increase in rhamnolipid production with increase in C/N ratio, emphasizing the
importance of N limitation on the biosurfactant synthesis. However, when the ratio was further varied
in the range of 8.3-12.5, there was a decline in biosurfactant production (Joy et al., 2019). It was due to
poor assimilation of C source in the limitation of N source (Santos et al., 2016). It supports that the
concentration of N in the media should be lesser than the C, however too low N source also limits the
metabolism of C and thereby decreases the biosurfactant production. Summarily, the C/N ratio is a
highly sensitive parameter, which varies from strain to strain and the chemical type of C and N source
used.
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2.5.1.6. Other factors

Even though the factors mentioned earlier play a key role in biosurfactant production, studies also
suggest the importance of optimizing other non-essential reaction conditions based on further
application. Few such factors are discussed in the sections below.

Salinity plays a vital role in the structural stability of Halobacterium and various other marine bacteria
that require a salt concentration of 100-150 g/L for their survival (Oren, 2008). Despite the geographical
region, the average salinity of sea water is 3.5 % (35 g/L). Hence, exploration of such halotolerant
microbes is required for the oil-spill remediation and microbial enhanced oil remediation application
(Darvishi et al., 2011). Since most marine bacteria are well adapted to such salinity, studies have
revealed the synergistic effect of salinity on the biosurfactant-based emulsification activity (Vecino
Bello et al.,, 2012). However, beyond the optimized condition, the emulsification activity is
compromised with an increase in salt concentration; hence, the tolerance of bacteria to salinity levels
needs to be tested for better results. Deng et al. studied the effect of salt concentration on the
biosurfactant production ability of Achromobacter sp. A-8, reporting the decrement in emulsification
activity when the salt concentration is increased beyond 10 g/L (Deng et al., 2020). Likewise, a
moderately halophilic bacterial strain, Bacillus subtilis MG 495086, was found to exhibit maximum
growth at 6 g/L salinity, where further increase in salt concentration decreased the reduction in surface
tension (Datta et al., 2018). Though most of the fresh water and soil bacteria are not tolerant to high
salinity concentration, the crude biosurfactant extracted from these bacteria are well stable at extreme
pH, temperature and salinity and hold a potential role in the in-situ remediation and oil recovery studies
(Chen et al., 2018; Jie et al., 2019; Jimoh and Lin, 2020; Joy et al., 2019).

Optimized inoculum size also plays a vital role in the overall production of biosurfactants. Studies
revealed that with an increase in inoculum size, there is an increase in the overall biosurfactant
production. However, further increases in microbial concentration can lead to depletion in dissolved
oxygen beyond certain optimum concentrations. It occurs due to the overgrowth of microbes, resulting
in increased cellular respiration, negatively affecting biomass growth and metabolite production
(Suganthi et al., 2018). Jimoh et al. stated a similar decrease in the biosurfactant production ability of
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Paenibacillus sp. D9 when the inoculum size was increased above 1.5 % (v/v) (Jimoh and Lin, 2019).
Sharma et al. also supported the importance of using a small inoculum size of 2 % (v/v) for higher
biosurfactant production, when the incubation time was as low as 48 h, stating it exerted lesser pressure
on cellular metabolism and the overall cost of production remains effective (Sharma et al., 2018).
Overall, the inoculum size should be appropriate so it does not cause either substrate feedback inhibition
(i.e., higher substrate availability than a requirement) or substrate limitation during incubation due to
excessive growth.

Agitation speed ensures the proper availability of oxygen and substrate throughout the culture volume
to prevent dead zones. It plays an important part in the case of an immiscible or poorly miscible substrate
such as oils and sludge samples as a C source. Since these substrates limit the overall dissolved oxygen
transfer rate, optimized agitation is required to make oxygen available for the microbes present in the
culture. Usually, fast dividing aerobic cultures require a higher agitation rate than facultative and
anaerobic cultures. Studies revealed that a high agitation rate favored biosurfactant production
(Bertrand et al., 2018; Brumano et al., 2017; Fonseca et al., 2007). However, where low agitation limits
microbial growth due to poor availability of dissolved oxygen, high agitation leads to cell membrane
disruption due to high shear force. As observed by Asshifa et al., the oxygen transfer rate in a diesel
enriched culture medium was highest at 500 rpm agitation rate compared to 400 and 600rpm, leading
to the highest biosurfactant production by P. aeruginosa USM-AR?2. It was stated that volumetric mass
transfer coefficient ‘kia’ was found to increase from 48.21 (at 400 rpm) to 70.38 h~*(at 500 rpm).
However, it decreased 65.31 h™ at 600rpm, leading to a decrease in biomass and biosurfactant
production. It was due to restriction in an increase in area ‘a’, suggesting the limitation in the role of
agitation rate in overall oxygen transfer (Nur Asshifa et al., 2017). At a high agitation rate >500 rpm,
some Bacillus sp. were found to form endospores, resulting in decreased surfactin productivity (Ha et
al., 2018). Another issue with biosurfactant production is the foam formation with increased agitation,
limiting the overall biosurfactant productivity (Shaligram and Singhal, 2010). Hence, it is important to
analyze the best-suited agitation rate for maximum microbial growth and biosurfactant production.
Incubation time plays a crucial role in cases of secondary metabolite production. Since the release of
biosurfactants varies from the early exponential phase to the stationary phase, it is always important to
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understand the relation between the bacterial growth profile and its biosurfactant release profile. Since
biosurfactant metabolite production is growth associated in a few species and non-growth associated in
some, it is not easy to predict its time of extracellular release. Thus, the incubation period plays an
important role in biosurfactant production because during the late stationary phase, microbes internalize
the biosurfactant within the cell, leading to a drop in the biosurfactant production and hence the overall
productivity (Durval et al., 2019). Abdulsalam et al. reported a similar trend of increasing biosurfactant
production until 144 h, which decreased after 168 h (Abdulsalam et al., 2016).

Similarly, a decrease in biosurfactant concentration (up to 0.5g/L) was observed after 72 h of incubation
by B. subtilis MG495086, stating that bacterial cells tend to consume the biosurfactant as a secondary
carbon source during the late stationary phase (Datta et al., 2018). Such loss of metabolite productivity
makes the entire production system forfeited. Hence, it is essential to extract the released metabolite
from the culture medium at an optimized time interval, i.e., before cells enter the late stationary phase.
Although many studies have reported the essential factors that play a crucial role in maximizing
biosurfactant production, it is also clear that these factors vary from strain to strain. Any suitable
combination of these parameters cannot be concluded as best suitable. Hence, the need for an
optimization model particular for each strain makes the entire production of biosurfactant time and cost-

effective.

2.5.2. Optimization designs for maximizing biosurfactant production

Optimization is a scientific approach to regulate each culture parameter so that their integration provides
the best output response. Various researchers have critically investigated the importance of media
composition and culture reaction conditions in bulk microbial biosurfactant production. The most
conventional culture condition optimization technique employed was “one factor at a time approach”
(OFAT). However, this technique involves numerous experiments diluting its overall accuracy and
making the entire model time-consuming and expensive. Later, various optimization models were
developed with computational tools in mathematical and statistical analysis. These models are more
accurate, robust and efficient in predicting response and hence are gaining more attention by present
research communities. Optimization design aims to understand the impact of each experimental variable
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on the final output response (Bertrand et al., 2018). Figure 2.8 depicts the hierarchy of development of
optimization model designing, where the pioneer optimization model is One-factor-at-a-time (OFAT).
Later, with a consistent emphasis on the role of an interdisciplinary approach, various mathematical and
statistical models have been designed for successful optimization. In the section below, a detailed
understanding of the most widely employed model designs targeted for maximum biosurfactant
production has been discussed, along with an attempt to understand the basics of each model with

insights into their pros and cons.

Optimization technique
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factor at a time

mathematical modelling

(OFAT)
[ I
| [ ]
' ‘ Preliminary ‘
Removal ‘ Supptl'ementa Replacement screening of Optimization of sngnlﬁc.ant
ion significant parameters concentration
) ) parameters
T hi Plackett Response A::i“ﬁré:;‘ 1 | Genetic
aguchl Burman surface algorithm
model A network
\ design (PBD) methodology (ANN) (GA)

Central
composite
design (CCD)

Box-Behnken
design (BBD)

Figure 2.8. The schematic representation of the hierarchy of development of optimization techniques

(Adapted with permission from (Singh et al., 2016))

2.5.2.1. One- factor-at-a-time (OFAT)

OFAT is the most classical optimization technique researchers practice for primary factors, owing to
its ease of operation. In the OFAT technique, only one factor is varied in each experimental trial keeping
the other factors constant. Since only one variable is explored simultaneously, sequentially optimizing
each factor is needed. For example, pH is initially optimized in most cases, followed by temperature;
further, the C source and N source are optimized based on the optimized pH and temperature. Various

studies support using the OFAT model to optimize biosurfactant production (Parthipan et al., 2017;
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Sharma et al., 2019). The OFAT technique is further performed in three sequential steps: (1) Removal,
(2) Supplementation, and (3) Replacement technique (Singh et al., 2016). The fundamental removal
technique is to analyze the effect of each parameter when it is absent from the culture medium. This
technique is mostly used to design the composition of the culture medium. Initially, the interest
component is removed from the system, and the control model analyzes the change. The essential
components are segregated for further optimization (Singh et al., 2008).

In the supplementation technique, the importance of any component (e.g., carbon or nitrogen source) is
analyzed when it is supplemented to the minimal salt medium. To date, this technique is widely utilized
in optimizing the suitable C and N source during the media designing experiments. For example, in the
basic biosurfactant optimization technique, researchers have confined the major nutrient
supplementation beneficial for the biosurfactant production as C and N. Hence, all the techniques
optimize these nutrients separately compared to other macronutrient types. Finally, upon selecting and
shortlisting the major factors playing an important role in governing the overall product outcome, these
factors are varied in a defined range, as in case of pH and temperature, or replaced with low-cost
nutrients in case of C and N source optimization studies, hence termed ‘replacement.’

OFAT technigue has been used as a preliminary optimization technique to sort major controlling
parameters (Hema et al., 2019; Joy et al., 2019). The overall experimental trials to be performed are

expressed in equation 2.3,

Total number of trials = [Number of factors to be studied x (Number of levels - 1) + 1] (2.3

Overall, such expression causes an increase in the number of experimental trials making the process
time-consuming, laborious and non-economic. Discouragingly, this technique lacks the study of the
interaction between two independent parameters and does not minimize the noise caused due to random
experimental errors, making the outcomes comparably compromised. Other drawbacks associated with
OFAT include the Domino effect, which concludes that error in one experimental parameter can cause

inconclusive optimized results.
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In this regard, various researchers proposed a statistical approach in the late 1960s as a suitable solution
to lacunas of the classical OFAT model. Design of experiment (DOE) is a statistical technique exploring
a set of variables and gaining information about their cumulative effect on the response. This technique
was more acceptable as it could consider various controllable and noise factors. An advanced
mathematical and statistical model could gain more insights into the possible relation between
independent parameters in limited experimental trials. When a DOE technique utilizes all the factors
and their possible combinations, it is termed ‘full factorial designing’; on the other hand, using only a
few factors and choosing only significant combinations is termed ‘partial factorial designing.” Due to
the interventions of mathematical model fittings, the suggested solution is more precise and accurate
than OFAT. In 1991, Silveria et al. supported the accuracy of the DOE optimization model as it resulted

in 1.3 times improved response output than the conventional OFAT model (Silveira et al., 1991).

2.5.2.2. Plackett burmann design (PBD)

PBD model involves 2-level factorial designing where each variable is varied at two levels (+1,-1). In
a typical PBD design, only the essential parameters are considered, ignoring the non-essential ones.
There are two categories of variables- real and dummy. The real variable is varied to its highest and
lowest levels, whereas dummy variables are kept constant throughout the process design. The overall
statistical variance of dummy variables is used to estimate the experimental error. The total number of
experimental trials in a typical PBD with “n” essential variables is obtained as “n+1”. The contribution

of each variable is given by equation 2.4,

X YXH_Z YXL

EXZZX N

(2.4)
Ex, Yxn, Yxi, and N represent the effect of variable X, the yield of variable X at a high level, the yield
of variable X at a low level, and the total number of trials performed, respectively. Sunkar et al. utilized
the PBD technique to design the culture media for Bacillus cereus HM998898 using Gingley oil asa C

source. Assuming no interaction within variables, 7 media components (KNOs, Oil, K;HPO4, KH2POy4,
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MgS04-5H,0, FeS04-7H,0 and NaCl) were optimized using an 8-run PBD design. The significance of
each factor was obtained using equation 2.4, where the average difference between the high and low
levels was considered. In the order of their importance from Pareto plot analysis, 3 variables were
obtained, namely, (1) KNOs, (2) K-HPO. and (3) Gingley oil, which under optimized condition yielded
11.32 g/L of biosurfactant (Sunkar et al., 2019).

Similarly, Yaraguppi et al. also screened the significant culture media components involved in the
biosurfactant production by Bacillus aryabhattai ZDY?2 using crude oil as substrate. Among the 8
variables (Yeast extract, NaNOs, KCI, Glucose, NaCl, KH2PO4, MgSO4-7H-0, and Crude oil), 3 factors
were obtained as significant (p < 0.05) based on regression analysis, namely NaNQOs, yeast extract and
crude oil. It was reported that among the 3 significant variables, crude oil was most significant with Ex
= 1.485, followed by yeast extract (Ex = 1.4) and NaNOs (Ex = 1.01). It was concluded that
B.aryabhattai ZDY 2 positively used crude oil as the sole C source and organic and inorganic N source
for the maximum biosurfactant production, yielding 5.88 g/L biosurfactants (Yaraguppi et al., 2020).
Overall, this technique decreases the total experimental trials immensely, making the design
implementation simple, easy, quick, cost-effective, and statistically efficient. However, due to the lack
of incorporating the interaction within the essential factors, this technique is restricted to the study of
mutually exclusive parameters and does not mask the effect of one another (Biniarz et al., 2018). The
technique is mostly used to screen essential variables, which can be further optimized using more

statistically robust techniques (Camara et al., 2019).

2.5.2.3. Taguchi model

The Taguchi model, developed in the late 1950s by Genichi Taguchi, is a robust optimization model
preferred when the optimizing factors are too many and the involved noise quotient is high. Itisa 3-
level (+1, 0, -1) statistical modelling, where the interaction between essential variables is explored,
unlike PBD. In addition, the noise factors are also incorporated in the design of the experiment.
However, the Taguchi model only analyzes the main factors, with no interactions.

It is used when the target is to obtain the best optimal design in the range of specification provided but
is more centric to the mean of the provided parameters. The advantage is its ability to incorporate the
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noise factors while designing the most suitable optimized condition. The noise factor here means the
factors which are not predefined or controllable during the culture conditions. In general, the numbers

of experimental trials to be done by Taguchi design can be expressed in equation 2.5,

Total experimental trial = 1+ (Parameters studied) x (Levels -1) (2.5)

An orthogonal array is selected in a typical Taguchi model to find the minimum number of experiments
required to analyze the optimal conditions. The total experiments to be conducted are determined as the
suffix to ‘L’ For instance, for three parameters with three corresponding levels, the L9 orthogonal matrix
is chosen.

In a recent study by Raza and co-workers, using the Taguchi model, rhamnolipid biosurfactant
production by Pseudomonas putida was optimized using waste frying oil as a C source. L9 orthogonal
matrix was chosen, with 9 experimental trials were suggested for the optimization purpose. The 3 major
factors studied include C source, fermentation set up and the incubation time. The optimized model
enhanced the biosurfactant yield from 3.4 to 4.1 g/L (Raza et al., 2020). Similarly, Haloi and the group
reduced the effect of uncontrollable parameters on the glycolipid production by Achromobacter sp.
TMBL1 by optimizing 3 parameters with 4 levels each. These included: C source, N source, and inducer
concentration using an L16 orthogonal matrix. Taguchi model summarizes the contribution of each
parameter studied, making it suitable to understand the role of each parameter in the overall
biosurfactant contribution. For example, in the above study, yeast extract as an inducer played a vital
role in maximum biosurfactant production (Haloi and Medhi, 2019). With the presence of large
experimental factors to be studied, this techniques endeavors advantages such as; 1) lesser number of
experiments, 2) time and cost-effective, and 3) highly precise. The only disadvantage with this model

is that the number of parameters to be studied must be significantly higher than the noise factors.

2.5.2.4. Response surface methodology (RSM)
RSM is an optimization technique that uses mathematical regression analysis such as ANOVA and
statistical experimental design to formulate optimized conditions in the presence of a set of inter-
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dependable parameters/factors. This design obtains the best outcome using finite experimental runs,
reducing noise factors. The unique feature of RSM is its surface plot-based representation of output
results. The response obtained is expressed in terms of a simple, mathematical expression with
associated regression analysis. One such general quadratic response expression is mentioned as

equation 2.6,

Y(X) = Ag+ X0 A X; + X Ay X X; + 2o Ay X7 (2.6)

Here, Y(X) stands for the predicted response, Ai Xi represented the linear expression as the effect of
each variable on response factor, Aj; Xi X represented the interaction between independent variables
and their role in response output, and Aii Xi? represented the square terms.

RSM provides a quantitative analysis of each factor on the response output. In RSM, we can study the
effect of 2 or more process parameters within a range and predict the optimized yield, which is not
necessarily one of the experimental trial conditions performed. In the case of biosurfactant production,
RSM uses optimization designs such as CCD or BBD to formulate a statistically valid optimization

model (Figure 2.9).

(A) BBD (B) CCD
®

Figure 2.9. RSM optimization designs using (A) BBD and (B) CCD design models
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25.2.4.1. Box -Behnken Design (BBD)

In this model, each factor is studied at 3 levels, two factorial points and one centric point. Centric point
is often replicated for error evaluation. In this regard, EI-Housseiny et al. explored the effect of pH,
temperature and inoculum size on the rhamnolipid production concentration. Each factor was studied
at 3-levels. Upon using the RSM-BBD model, the optimized conditions were obtained as pH 8, 30°C
with the inoculum size of 1 %, reporting a remarkable yield of 46.85 g/L (El-Housseiny et al., 2019).
RSM techniques are unique for their ability to deduce the correlation within the variables and their
integrated effect on the overall output response. In this regard, Ghazala et al. explored 4 variables
(Glucose, Glutamic acid, temperature and salinity) to evaluate their impact on the biosurfactant
synthesis by Bacillus mojavensis 14. A set of 29 runs were performed to analyze the possible reaction
among the 4 variables, each varied at 3 levels (+1, 0, -1). RSM-BBD analysis provided a second-order
polynomial equation expressing the biosurfactant yield in terms of all 4 variables and their interaction.
It was observed that apart from salinity, all the other three factors positively affect the biosurfactant
yield. Among them, the Glucose and Glutamic acid coefficients were 0.49, whereas the coefficient for
temperature was 0.16, describing the importance of C and N sources on the overall production of
biosurfactants. Temperature also played an important role (coefficient = 0.16); however, salinity
inversely affected the overall productivity. The model proposed the optimal biosurfactant yield of 4.12
g/L at 3 % glucose concentration, 0.6 % glutamic acid concentration, 35°C temperature and 10 g/L
salinity (Ghazala et al., 2019).

Similarly, Jimoh et al. observed the inter-relation between C source, N source and trace elements on the
overall biosurfactant production ability of Paenibacillus sp. D9. Waste canola oil was used as a C source
and KNOgs as an N source. BBD design expressed the significant integrated effect of N source and metal
supplementation on the overall biosurfactant yield. The optimized concentrations for all three variables
were obtained as 5, 2 and 1 % for C, N and metal supplementation, respectively, yielding 5.31 g/L of
biosurfactant concentration. The model suggested the constitutive effect of high canola oil
concentration and N-trace element interaction, positively driving biosurfactant production. On the other
hand, C-trace elements concentration and C-N interaction negatively repressed the overall yield of
biosurfactant (Jimoh and Lin, 2020).
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Hence, the BBD technique statistically expresses the importance of the significant role played by
individual factors and their inhibitory or inducing effect on other variables. Such insights help examine
the media composition and other physical parameters in a finite number of runs, making the entire
design statistically relevant and time and cost-effective. However, the BBD model is highly sensitive
to mismeasure of experimental runs or missing data points as the number of runs is highly restricted.

Hence, the entire model is compromised with loss or wrong data points.

2.5.2.4.2. Central composite design (CCD)

Among all the RSM designs, CCD is the most employed design. It utilizes a second-order model fitting
equation to analyze effect of each variable on output and each other. RSM-CCD factorial design is a
more advanced tool for optimization study, where each variable is explored at 5-levels. There are two
factorial design points, two axial points and one centric point, as shown in Figure 2.10. Studying each
variable at 5 levels ensures that losing data or mismeasurement will not affect the entire model design,
unlike BBD, making the entire design highly robust. A typical experiment runs in the CCD model can

be expressed as equation 2.7,

Number of experimental runs = 2V + 2N + Cy 2.7

N is the number of independent variables, and Cy represents the total number of replica tests performed
for the centric point (Cornell and Khuri, 1987; Sahoo and Barman, 2012). In the case of the experimental
design for CCD and BBD model for three independent variables, the number of runs in the BBD model
is 15, which increases to 20 in CCD optimization. It is due to the point analysis beyond the maxima and
minima user range.

In a biosurfactant production study, 3 variables (pH, Temperature and C source) were optimized using
the RSM-CCD technique using 20 sets of equations. A quadratic equation was obtained to determine
each variable's constitutive effect and interaction with the response factor. The optimal biosurfactant
concentration was obtained as 6.3 g/L in the presence of 3.89 % paraffin oil as C source, pH 7.73 and
62.5°C incubation temperature (Datta et al., 2018). Similarly, Khademolhosseini et al. analyzed the
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biosurfactant production ability of Pseudomonas aeruginosa HAKO1 using 5-level factorial designing
considering C source concentration, inoculum size and salinity as 3 variables. The optimization
experiments revealed the sensitivity of strain to high salt concentration, yielding 2.07 g/L of
biosurfactant in the presence of 22.9 g/L sunflower oil as C source, 2.77 % (v/v) inoculum size and a
very low salt concentration of 0.19 % (w/v) (Khademolhosseini et al., 2019).

Another study utilized the 5-level factorial designing to optimize biosurfactant production using
Pseudomonas aeruginosa UCP 0992 in the presence of corn-steep liquor and vegetable oil residue, as
low-cost C and N substrate, keeping into consideration 4 reaction parameters: agitation speed,
incubation time, aeration, and inoculum size. It was reported that using optimal conditions of 1 vvm
aeration rate, 225 rpm agitation rate, 3 % inoculum size and 120 h of incubation, a remarkably high
biosurfactant yield of 26 g/L was achieved (Silva et al., 2018). Even though CCD optimization
techniques yield the most suitable optimized condition, its numerous experimental runs make the entire
process time-consuming and laborious. Apart from all the mentioned advantages, there exist associated
disadvantages of RSM. To list a few, RSM uses second-order polynomial order for response analyses,
which loses its precision with an increase in variable counts and their levels. Hence, it is restricted to
the prediction of low levels of parameters. In a biological system, like bioreactors, many complex

reactions with unknown kinetics decrease the reproducibility of predicted responses.

(1,1,1) (0,0,a) (0,0,0)

@ Factorial points Axial points @ Centre point

Figure 2.10. 5-level factorial design in CCD optimization technique showing two factorial design

points, two axial points and one centric point
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In such cases, two or more models are integrated to screen out significant variables from the rest,
decreasing the strain on further optimization models. For instance, Biniarz et al. exploited the PBD
optimization technique to screen parameters essential for biosurfactant production, followed by further
optimization using the CCD technique. Primarily, the media formulation was done by studying 11
different media constituents. It was followed by analyzing media additives, which were performed using
CCD. The three significant variables, namely glycerol, tryptone and leucine, were chosen as major
elements in media formulation for the maximum biosurfactant by Pseudomonas fluorescens BD5,
yielding 610.4 + 5.9 mg/L of biosurfactant. These 3 factors were further optimized using the CCD
technique, resulting in a two-fold increase in biosurfactant yield of 1187 + 13.0 mg/L. Hence, an
enhanced biosurfactant production was obtained using an integrated optimization model (Biniarz et al.,
2018).

Joy et al. also explored the advantage of CCD after the OFAT optimization study for biosurfactant
production using Achromaobacter sp. (PS1). Initially, the lignocellulose hydrolysate streams comprising
Cs and Ce residues were screened using OFAT technique as C source, and the optimal biosurfactant
concentration was obtained as 3.3 g/L; however, the authors further optimized the concentration of C
source and other 5 factors (NaNOs, yeast extract, FeSO., Phosphate and agitation rate) using CCD
technique, using Cs hydrolysate as optimal C source. The CCD optimization further improved the
overall rhamnolipid yield to 5.46 g/L (Joy et al., 2019). Hence, the RSM model has been extensively
explored to maximize metabolite production and optimization studies. Integration of optimization
techniques has been proven to improve the biosurfactant yield by many folds and should be further
explored for more robust model development. Nevertheless, its inability to unwind complex biological
interactions which are not linearly dependent has caused a lacuna in its suitability for living systems. It
has opened doors for further research in this domain.

Table 2.6 reports various optimization models explored for maximizing the overall biosurfactant
production ability of different bacterial species. In contrast to tremendous improvement in biosurfactant
productivity using various optimization techniques, each technique possesses certain limitations. The
optimization techniques involve a lot of experimental trials, which are time-consuming, labor-intensive
and expensive. It is also evident that every optimization result mentioned in the literature is uniquely
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restricted to the strain, media and physiological parameters used and cannot be generalized. In addition,
the shake flask results do not fit in bioreactor-based experiments in most cases. Due to many
uncontrollable parameters in the shake flask can provide exceptionally different results if controlled in
the reactor. Hence the optimization results vary at different scale studies. Since biological species
consist of complex metabolic pathways which may undergo mutation based on an external change in
the environment leading to under-expression or overexpression of output yield, it is suggested to look
into mutagenic species as well as control to understand the insights of external optimization on the
internal metabolic activity of biological species. Another factor is the restriction of optimization
techniques to liquid-based medium. There is a scarcity in the availability of information regarding the
optimization model for solid-state or semi-solid-state models. Furthermore, most optimization models

aim to increase overall productivity, which deviates with a change in any media component.
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Table 2.6. List of optimization models used for maximizing biosurfactant production by various bacterial species in the presence of mentioned reaction

parameters
Optimization  Substrate Bacteria studied Optimized Reaction Parameters Biosurfactant Ref.
model concentration
OFAT Oily sludge Shewanalla pH 7.0, 35°C, 1 % oily sludge as substrate 15 % 152 mg/g (Suganth
chilikensis, Bacillus  inoculum size, 7days incubation time i et al,
firmus, and 2018)
Halomonas
hamiltonii
OFAT Kitchen waste Pseudomonas pH 8.0, 35 °C, 2.0 g/L yeast extract concentration,10 % NA (Chen et
oil aeruginosa (v/v) inoculum size al., 2018)
OFAT Parthenium Pseudomonas pH 6.0, 35 °C, 3 % (w/v) biomass substrate, 96 h 1.94 g/L (Devaraj
hysterophorus ~ mosselii F 01 incubation time glucose and yeast extract as C and N et al.,
biomass source 2019)
OFAT Molasses Marinobacter pH 7.0, 30 °C, 5 % (v/v) inoculum size, 2.5 % (w/v) 6.25¢g/L (Dikit et
hydrocarbonoclastic  molasses and 0.3 %(w/v) sodium nitrate, 72 h incubation al., 2019)
us ST1 time
OFAT Waste frying oil  Bacillus cereus 2 % (wi/v) frying oil and 0.12 % (w/v) peptone, 3.5¢9/L (Durval
BCSO 250 rpm and 48 h et al.,
2019)
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OFAT

OFAT

OFAT

PBD

PBD

RSM-BBD

RSM-BBD

TH-2720_166106008

Rapeseed oil

Diesel fuel

Dextrose

Glycerol

Gingley oil

Waste canola
oil

Glucose

Pseudomonas
aeruginosa KT1115

Paenibacillus sp. D9

Achromobacter sp.
(PS1).

Pseudomonas
aeruginosa

Bacillus cereus
HM998898

Paenibacillus sp. D9

Bacillus subtilis
MJo1

pH 7.5, 37°C, 1 % (v/v) inoculum size, 180 rpm and 8
days incubation time, 60 g/L rapeseed oil, 6 g/L. NaNOs,
3 g/L yeast extract, 1 g/L KH,POs, 1 g/L Na;HPOQO4, 0.1
g/L CaCl2-2H:0, 0.1 g/L MgSO,

pH 7.0, 30 °C, C/N (ammonium sulfate) ratio of 3:1, 4.0
mM MgSQOs, and 1.5 % (v/v) inoculum size

pH 7.0, 30 °C, 120 rpm, C/N ratio 8.3 using sodium
nitrate and beef extract

pH 7.37, 30.17 °C, C/N ratio of 32.35, 9.36 % (Vv/v)
Glycerol concentration of and 10.26 days incubation
time

KNO; (1 g/L), Gingley oil (2 mL), K;HPO4 (2.5 g/L),

KH,PO;, (0.75 g/L), MgSO: -5H,0 (0.5 glL),
FeS04.7H.0 (0.005 g/L) and NaCl (0.025 g/L)

pH 7.0, 30°C, waste canola oil (2 % v/v), 2 g/L KNOs,
and 48h incubation time

1.49 g/L Yeast extract; 7.62 g/L KH, PO; 33.68 g/L
K2HPQ4; 11.9 g/L Glucose
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44.39 g/L (Jieetal.,

2019)

411 g/L (Jimoh
and Lin,

2019)

4.13 g/L (De

Meester
et al.,
2016)
(Camara
et al.,
2019)

0.88 mg/L

11.32 g/L (Sunkar
et al.,

2019)

5.31¢g/L (Jimoh
and Lin,

2020)

(Veshare
h et al,
2019)

1.14 g/L



RSM-BBD

RSM-CCD

RSM-CCD

RSM-CCRD

RSM-CCD

RSM-CCRD

RSM-CCRD

RSM-CCD
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Glucose

Whey and
vinasse
Glucose

Vegetable oil

Light Paraffin
oil

Glucose

Glycerol

Poultry
slaughter
greasy effluent

Bacillus mojavensis
14

Lactococcus lactis
CECT-4434
Bacillus brevis

Pseudomonas
aeruginosa UCP
0992

Bacillus subtilis
MG495086

Bacillus subtilis BR-
15

Bacillus
amyloliquefaciens
SAS-1

Pseudomonas
aeruginosa ATCC
10145

35 °C, 3 % (w/v) glucose, 0.6 % (w/v) of glutamic acid,
10 g/L Salinity

15 % (w/v) whey, 3 % (w/v) vinasse, 1 % (w/v) sucrose,
1.5 % (wl/v) yeast extract

pH 8.0, 33 °C, 10 days incubation time and 8.5 g/L
glucose

0.5 % (wi/v) corn steep liquor, 4.0 % (w/v) vegetable oil,
1.0 vvm aeration rate, 3.0 % (v/v) inoculum size, 225
rpm and 120 h incubation time

pH 7.7, 62.4 °C, 96 h and 3.8 % (v/v) of light-paraffin
oil

pH 7.0, 37.5 °C and 72 h incubation time, 2.17 % (w/v)
glucose, 0.5 % (w/v) yeast extract and 4 % (v/v)
inoculum

pH 7.0, 37.5 °C, 4 % (v/v) inoculum size, 72 h
incubation time, 5 % (v/v) glycerol, and 0.5 % (w/v)
Yeast extract

30°C, 48 h incubation time, 1.2 vvm aeration, 600 rpm,
and 1.0 g/L inoculum concentration
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4.12 g/L

0.11 g/L

NA

26 g/L

6.3g/L

1.72 g/lL

2.40 g/L

5.37 g/L

(Ghazala
et al.,
2019)

(Vera et
al., 2018)
(Mouafi
et al.,
2016)

(Silva et
al., 2018)

(Datta et
al., 2018)

(Sharma
et al.,
2020)

(Sharma
et al.,
2020)

(Borges
et al.,
2015)



RSM-CCD

RSM-CCD

RSM-CCD

OFAT -RSM-
CCD

OFAT-RSM

PBD-
CCD

RSM-

PBD-RSM-
CCD

Sunflower oil

Glucose

Brewery waste

Industrial rice-
straw
hydrolysate

Glucose

Glycerol

Crude oil

Pseudomonas
aeruginosa HAKO01

Bacillus
amyloliquefaciens
IT45

Bacillus subtilis N3-
1P

Achromobacter sp.
(PS1)
Planococcus sp.

MMD26

Pseudomonas
fluorescens BD5

Bacillus aryabhattai
ZDY?2

144 h incubation time, 25 g/L of C, 4 % (v/v) inoculum
size, 2.5 % (w/v) salinity

pH 6.8, 30 °C, 48 h incubation time, agitation rate 200
rpm, 25 g/L glucose syrup, 15 g/L yeast extract, and 2
g/L calcium chloride

pH 6.41, 27°C, 7 % (v/v) brewery waste, 6.22 mg/L
ammonium nitrate, agitation 150 rpm

30 °C, 8 days incubation time, Total sugars 40 g/L,
sodium nitrate 6.0 (g/L), yeast extract 2.0 (g/L), ferrous
sulphate 0.2 (mg/L), phosphate 1000mM, and agitation
100 rpm

pH 7.0, 48 h incubation time,25 % (w/v) salt
concentration, 4 % (w/v) glucose, and 1 % (w/v)
ammonium nitrate

20-100 g/L glycerol, 15 g/L tryptone, 10 g/L Leu/Val,
0.5 g/L K;HPO4, 0.1 g/L MgS04,50 mg/L Fe;(SOu)s,
100 mM MOPS

pH 7.0, 35°C, 4 days incubation time, 200 rpm, 4.0 %
(v/v) crude oil, 0.7 % (w/v) yeast extract and 3 % (w/v)
NaNOs

2.07 g/L

5.5 g/L

0.66 g/L

5.46 g/L

1.19 g/L

8.86 g/L

(Khadem
olhossein
i et al,
2019)

(Lima et
al., 2020)

(Moshta
gh et al.,
2019)

(Joy et
al., 2019)

(Hema et
al., 2019)

(Biniarz
et al.,
2018)

(Yaragup
pi et al.,
2020)
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2.6. Recent expansions in the bioremediation of crude oil

2.6.1. Design of Microconsortium for effective crude oil bioremediation

Micro-consortium is an associative term referred to a symbiotically or cooperatively inter-linked
population of two or more microbes of different genera or taxa, co-inhibiting under the same
physiological condition. The term is often misunderstood with mixed culture; however, the key concept
is the cooperative interaction mandatory for the consortium, unlike mixed cultures. Nature is abundant
with effective microbial communities, yet their contribution remains un-highlighted due to the presence
of interfering species along with symbiotic ones. Hence, comes the need to look into designing a stable
micro-consortium. In agreement with this, various researchers have also suggested the upper hand of
the consortium over single bacterial bio-degradative activity (Birolli et al., 2020; Jannat et al., 2021;
Krainara et al., 2020).

Co-cultivation of a set of microbes with diverse metabolic enzymatic activity and adaptability towards
physiological factors ensures improved stability and expands the possibility of secondary metabolite
production (Hoshino et al., 2019). The co-cultivation of biosurfactant producing and hydrocarbon-
degrading bacterial cultures confer a mutualistic effect on the overall biodegradation activity of
individual bacteria. The biosurfactant improves the bioavailability of hydrocarbons, increasing their
desorption from the contaminated sites, further aiding the catalytic activity of hydrocarbon degraders
for the remediation. Nevertheless, it is not the sole mutual activity of hydrocarbon degraders and
biosurfactant producers that leads to hydrocarbon remediation. Studies have revealed the presence of
non-hydrocarbon degrading species at the contamination site along with those mentioned above major
ruling microbes (Alves et al., 2019; Ebadi et al., 2017; Wanapaisan et al., 2018). These non-degraders
thrive on the intermediates released during the primary hydrocarbon catabolism.

In order to design a micro-consortium, two approaches are commonly exploited, namely the “Top-
down” and “Bottom-up” approaches. The first case focuses on exploring a diverse and complex
microbial population, followed by screening and shortlisting selective species of interest which act as
key contributors in the microconsortium, for example, sorting only hydrocarbon-degrading microbes
from the diverse oil-contaminated environmental site. The top-down approach puts forward the
naturally selected, interlinked, inherent microbial communities. However, the presence of non-
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cultivable complex microbial communities in the top-down prevents researchers from understanding
the complete metabolic activities and pathways involved in the process. In contrast, the second approach
focuses on “bottom-up” designing, where each microbe in the consortium (need not to be of the same
place of origin) is selected with required traits and later enriched in the microbial consortium (lbrar and
Zhang, 2020). The advantage of the bottom-up approach lies in its inclusivity with engineered microbes
as a part of the consortium, making it the most adapted technique in the synthesis of synthetic
consortium (Tuleva et al., 2009; Zaragoza et al., 2013). Figure 2.11 depicts the two conventional
approaches explored in the design of microconsortium. Overall, the challenging part in consortium
design is the unavailability of accurate information regarding the genomics, metabolic fluxes and
catabolic enzymes involved in the biosynthesis of the product of interest, limiting the designing of
synthetic consortium. Advancement in metabolic engineering, system biology, metagenomics, and

single-cell techniques is required to successfully design a robust and stable microbial consortium.

Enrichment cultures with desired functions
-7

0000
' Screening of sustainable consortia and growth conditions

v 000000 9®

Metabolic engineering of each consortia members for optimization
(@) (b)

Environmental microbiomes with desired functions

900

Figure 2.11. A basic top-down (2) and bottom-up (b) approaches for synthetic consortia construction

(Adapted from (Che and Men, 2019))

2.6.2. Criteria of designing microbial consortium
A microbial consortium involves complex underlying inter-microbial interactions dependent on the
molecular and metabolic pathways involved; hence a thorough knowledge of these aspects is vital in

the rational designing of the microbial consortium. While designing a petroleum-utilizing consortium,
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choosing a potential biosurfactant producer and hydrocarbon degrader is crucial. Though a consortium
rich in numerous potential degraders with the capabilities mentioned above are promising candidates,
the results are often contradictory to expectations. Rizzo et al. investigated one such incongruity in
consortium designing. Three biosurfactant-producing strains (Joostella sp. A8, Pseudomonas sp. A6,
and Alcanivorax sp. A53) were explored for their hydrocarbon degradation ability in pure culture and
in the consortium. While performing the study on pure culture indicated that each strain was grown
significantly in mineral medium with diesel oil supplementation exhibiting biodegradation efficiency
of 26.8 %, 38.2 %, and 52.7 % by Joostella sp. Pseudomonas sp. and Alcanivorax sp., respectively.
During the co-culture study of Joostella sp. with Pseudomonas sp. (J-P) and Alcanivorax sp. (J-A),
however, the biodegradation activity of 99.4 % in the case of the J-A consortium and 99.2 % by the J-
P consortium was reported. Their study witnessed strong competitiveness in the J-P consortium, where
an abundance of Joostella sp. decreased with an increase in the growth of Pseudomonas sp.. (Rizzo et
al., 2018). Hence, it is important to analyze the growth behavior of each strain with their co-inhabiting
species before using them in a consortium. Interaction within co-inhabiting species is the major
governing factor in consortium functioning. These interactions can be majorly classified as positive (+,
beneficial), negative (-, detrimental) and neutral (0, no effect). Table 2.7. summarizes the various modes

of microbial interactions within two species in a consortium.

Table 2.7. Various modes of microbial interaction within co-inhabiting species [Symbols: Beneficial

(+), Detrimental (-), and No effect (0)]

Mode of interaction Microbe A Microbe B
Mutualism + +
Commensalism 0 +
Parasitism/ Predation - +
Competition - -
Amensalism - -
Neutralism 0 0
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Various researches report the suitability of mutualism (+, +) and commensalism (+, 0) as the major

interactions involved in cumulative growth and robustness of microbial consortium. Mutualism is the

interaction within two microbes where both are benefitted from one another. The best example is cross-

feeding, where there is an exchange of metabolic products between the two species. Commensalism is

a one-way interaction, where one species is benefited whereas the other is neither benefitted nor

negatively affected. For instance, non-hydrocarbon degraders survive on the intermediate metabolites

produced by the key species. The benefits involved in every co-species interaction are intended for (1)

cell growth, (2) substrate utilization, and (3) balancing of redox factors such as Nicotinamide adenine

dinucleotide (NADH), Nicotinamide adenine dinucleotide phosphate (NADPH). Major microbial

interaction reported in bioremediation involves syntrophy, bio-film formation and detoxification, as

shown in Figure 2.12.
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released are kept at lower
concentration by Microbe B

Detoxification

Microbe A degrades compound C,
releasing toxic by-products, which are
further utilized by Microbe B as
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Biofilm formation

Microbe A degrades compound C,
releasing by-products, which are
further utilized by Microbe B as

substrate, in turn Microbe B provides
biofilm forming substrate to Microbe A
for better adherence of compound C

Figure 2.12. Various modes of positive microbial interaction using syntrophy, detoxification and

biofilm formation
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Like pure bacterial culture, a consortium's biodegradability and secondary metabolite productivity
depend on physiological conditions. Hence, a designed bacterial consortium needs to be optimized to
obtain the appropriate culture growth condition to achieve optimal results. Suganthi et al. isolated 3
hydrocarbon degraders (Shewanalla chilikensis MG452729, Halomonas hamiltonii MG452731, and
Bacillus firmus MG452730) from oily sludge and used these isolates as a consortium for further
bioremediation studies. Culture conditions such as pH, incubation time, temperature, biomass
concentration and oily sludge concentration were optimized using the OFAT technique. The authors
explored the bacterial growth, selective enzyme activity and biosurfactant yield as response factors for
the analyses. The optimized culture condition obtained were: pH 7, 35 °C, 1 % (w/v) oily sludge
concentration, 15 % (v/v) biomass concentration and 7 days of incubation time. Under the optimized
condition, authors reported 96 % biodegradation of total petroleum hydrocarbon concentration and
remarkably high hydrocarbon degradative enzyme activity, i.e., 68 U/mL oxidoreductase activity, 80
U/mL lipase activity 46 U/mL catalase activity (Suganthi et al., 2018). Summarily, the use of syntrophic
microbes that share either mutualistic or commensalism-based interaction is the preliminary screening
criteria of microbes before considering consortia members. Later, the growth conditions of microbes

are optimized to achieve cumulative maximum growth and metabolite production.

2.6.3. Advantage of the microbial consortium over pure isolates

Crude oil and other petroleum products are chemically complex hydrocarbons with diverse aliphatic
and aromatic structural compositions. Various researchers have debated a single microbial system
(axenic) to utilize such a complex substrate as their energy source. In this regard, Kumari et al. used a
diverse mixture of microbes, namely, Ochrobactrum anthropic 1ITR0O7, Pseudomonas mendocina
IITR46, Pseudomonas aeruginosa IITR48, Microbacterium esteraromaticum 1ITR47, and
Stenotrophomonas maltophilia IITR87. The ability of crude oil bioremediation was analyzed in three
modes (1) Axenic culture, (2) Microconsortium, and (3) Consortium supplemented with rhamnolipid
JBR- 425. Focusing on major contributors of crude oil, i.e., polyaromatic hydrocarbons (PAH), the
axenic culture showed the highest naphthalene degradation by 1ITR47 strain (80.4 %), which increased
to 97.3 % when used in the consortium. Similarly, phenanthrene was highest biodegraded by 67.1 % by
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strain 11TR48, which raised to 96.5 % when performed by microconsortium. Other PAH such as
benzo(b)fluoranthene and fluorene also showed 1.4 folds and 1.6 folds higher biodegradability in the
consortium than axenic culture. The authors highlighted the role of coordinated metabolic activity in
the consortium that led to better results (Kumari et al., 2018). Table 2.8. summarizes the comparative
change in biodegradation ability of compounds by a few bacterial species when grown in

microconsortium over axenic culture.
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Table 2.8. Comparison of biodegradation ability of various toxic compounds by pure (axenic) culture and their consortium

S.no. Compounds Microbes used Reaction conditions Efficiency Ref
Rhodococcus pyridinivorans Incubated in MSM supplemented 9.36 %
. 0
with dried latex glove pieces (0.6 %,
Natural rubber ] s . (Nawong et al.,
1. Consortium  (indigenous soil- wi/v) as a sole carbon source at 30 2018)
inhabiting microbes including °C, 150 rpm for 4 weeks.
y 18.38 %
Rhodococcus pyridinivorans)
S. acidaminiphila
) 91.7 %
B. megaterium
™~ 89.0 %
) B. cibi
Saturated fractions ) 89.7 %
] P. aeruginosa
of oily sludge 86.7 %
B. cereus
] ) 88.4 %
Consortium (all the strains as ) )
. ) Incubated with 1 % oily sludge as 90.7 % )
2. mentioned earlier) (Cerqueira et al.,
=% T the sole carbon source, kept
S. acidaminiphila 2011)
) at 100 rpm, and 30 °C for 40 days. 33.2%
B. megaterium
n 39.6 %
) ) B. cibi
Aromatic fractions . 64.3 %
) P. aeruginosa
of oily sludge 39.5%
B. cereus
] 40.3 %
Consortium (all the above-
51.8 %

mentioned strains)
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Bacillus sp. ASP1

29 %
Pseudomonas sp. ASP2
. 38.66 %
Stenotrophomonas fsmaltophilia
| 52 %
ASP3 Incubated with Phenanthrene (300
Phenanthrene i ;
Staphylococcus sp. ASP4 ppm) using 4 % (v/v) inoculum at 38 % (Patel et al., 2013)
0
Geobacillus sp. ASP5 37°C, and 150 rpm for 120 h " o
0
Alcaligenes sp. ASP6
f ! 43 %
Consortium (all the strains
) 76 %
mentioned above)
Raoultella ornithinolytica PS
. - 83.5%
Bacillus subtilis BJ11
) . ) ) 81.1%
) Acinetobacter Iwoffii BJ10 Incubated in 10 % (v/v) inoculum, o
Crude oil ) o ) 75.80 % (Bidja Abena et al.,
4, Acinetobacter pittii BJ6 0.4% crude oil (w/v), 30 °C,180 rpm
] 74.90 % 2019)
Serratia marcescens PL for 10 days
] ) 70.00 %
Consortium (all the strains as
. 94.00 %
mentioned above)
Pseudomonas knackmussii
Consortium )
) ) Basal salt medium (BSM) )
Bisphenol A (Inherent microbes from ) 100 % in 7 days
5. ] ] ) supplemented with 10 ppm of ) (Peng et al., 2015)
contaminated river  sediment, 100% in 28 h
) BPA,150 rpm at 30 °C
predominantly Pseudomonas

knackmussii)

TH-2720_166106008

66



P. mendocina NSYSU

68 %
] Consortium (Inherent microbes
Octachlorodibenzo ) ) ) NB broth, room temperature (20 °C) 62 % (reduced due to
6. o from contaminated soil with - ] o ) (Tuetal., 2014)
-p-dioxin (OCDD) for the 65-day incubation competition with

bioaugmentation of o .
indigenous microbes)

P. mendocina NSYSU)
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Along with metabolic activity, increased biosurfactant production was also reported by Alves et al.
during co-culturing of biofilm-forming bacterial strains Pseudomonas aeruginosa ATCC 27853 with
model biosurfactant producing Pseudomonas sp. While during the axenic study, the overall
rhamnolipid production was reported to be 53.5 mg/L, a 2.4 times increase in the biosurfactant yield
(i.e.,, 129 mg/L) was stated in the presence of co-culturing with biofilm-forming Pseudomonas
aeruginosa, expressing its role as inducer and stimulator in the consortium (Alves et al., 2019). Hence,
microbes complement one another in a consortium by acting as an inducer or stimulator of essential
metabolic pathways.

Interestingly, apart from improved biosurfactant production, different isoforms of biosurfactant have
also been reported during consortia study over axenic growth. Ibrar et al. constructed a microbial
consortium to enhance the overall biodegradation activity and biosurfactant yield in this approach. More
than 60 % biodegradation of glyceryl tributyrate (GT) was obtained by using a microconsortium
comprising 4 strains of Lysinibacillus spp. (HC_B, HC_C, HC 4, and HC_4L), Paenibacillus sp.
(HC_A), Gordonia spp. (HC_8A) and Cupriavidus sp. (HC_D). Whereas the axenic growth of
Cupriavidus sp. exhibited poor biodegradative activity of 30-45 %, the other bacterial species
(Lysinibacillus, Paenibacillus, and Gordonia) exhibited 45-60 % biodegradation. Thus, heptapeptide
isoforms during consortium growth led to increased emulsification and biodegradation activity (lbrar
and Zhang, 2020). Kanaly et al. also reported new metabolic activity in Rhodanobacter sp., which
otherwise could not grow on benzo[a]pyrene as the sole substrate. On the other hand, as a part of the
consortium, by the action of mineralization and solubilization of benzo[a]pyrene by other members of
the consortium, it could utilize intermediates of catabolism and hence was reported to be actively
participating in the overall degradation, exhibiting a two-fold higher biodegradative activity (Kanaly et
al., 2002). Such induction of new metabolite production elucidates the assertive effect of
microconsortium over pure cultures.

Consortium also reveals commensalism within members, where one species initiates the degradation
of contaminant present, so that rest co-surviving species can thrive on catabolic metabolites released in
the environment and degrade the contaminant more effectively. Wanapaisan and the group also
suggested a synergistic effect of the microbial consortium over pure culture. In this study, pyrene
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hydrocarbon was used as a model high molecular weight contaminant to analyze the bioremediation
activity of consortium procured from mangrove sediments. The study stated that the inherent sediment
microconsortium was primarily enriched with Mycobacterium spp. strains (PO1 and PO2), capable of
utilizing pyrene as a C source. However, the other components of the consortium, i.e.,
Novosphingobium pentaromativorans PY1, Ochrobactrum sp. PW1 and Bacillus sp. FW1 strains were
not able to grow in pyrene enriched agar. Such different growth patterns of various consortium
components revealed the co-existence of non-pyrene degraders. Further bioinformatics study explained
the occurrence of genes in strains PY1 and PW1 responsible for the catabolism of intermediates of the
pyrene degradation pathway. However, strain FW1 lacked genes involved in the biodegradation of
pyrene or its intermediates. Interestingly, FW was responsible for the assimilation of pyrene, improving
its bioavailability for other bacteria due to its ability to produce biosurfactants. Hence, such diverse
bacteria in the consortium (PO1, PO2, PY1, PW1 and FW1) led to > 80 % pyrene degradation within
72 h of incubation, which was more than 2 folds higher than the biodegradation activity of axenic
Mycobacterium spp. (PO1, PO2) (Wanapaisan et al., 2018).

Though indigenous microbes are major bioremediating agents; however, the low bioavailability and
biotoxicity of hazardous contaminants at high concentrations, the biodegradation is severely
compromised. Exogenously augmented microbes add the genetic and metabolic diversity to the
contamination site, and hence significant tolerance is attained by the consortium, and their degradation
capability is also broadened. Hence, in a few cases, augmenting the contaminated site with new
microbes is vital to improving overall survivability and thus bioremediation activity (Yuan et al., 2018).
Ebadi et al. explored the bioremediation activity in a harsh salt-rich contaminated site. Consortia
enriched with oil-degraders and biosurfactant producers, Pseudomonas aeruginosa strains (T4, T27,
T30, and E1) were prepared. The obtained results stated that in the presence of 30 g/kg of initial crude
oil concentration, with an increase in salinity from 0 to 300 mM, the biodegradation rate constant, k
(day™?) of inherent consortium varied from 0.002 to 0.0009, which got modified to 0.0049 to 0.0035,
expressing the augmenting role of Pseudomonas strains. In concordance, the authors also investigated
the effect of catabolic enzyme dehydrogenase in the given experimental conditions. The results reported
an approximate 2 fold boost in the enzyme activity in the case of bio augmented (6.35 + 0.62 ug g h-
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1) than inherent consortium (3.41+ 0.59 pg g* h?) (Ebadi et al., 2017). Various researchers have also
reported the enhancement in the catabolic and degradative enzyme activity in the presence of
metabolically enriched consortia (Loureiro et al., 2020; Suganthi et al., 2018).

Thus, the microbial consortium is highly significant in the overall biodegradation of contaminants over
pure cultures due to the cooperative and mutualistic effect among members that leads to an increase in
metabolic activity and sometimes induces the production of novel pathways for the contaminant
degradation and metabolite production. The development of synthetic microbial consortium has been
successfully exploited in various environmental remediation and industrial metabolite production
applications. Nevertheless, potential insight in this domain is challenging due to the unavailability of

smart system biology, bioinformatics and metagenomics tools.

2.7. Integrated physiochemical techniques assisted crude oil biodegradation

Crude oil bioremediation has come up as a simple, eco-friendly and economic process; however, one
should not rule out the advantages of other physiochemical techniques. Various researchers nowadays
are proposing the advantage of merging existing physio-chemical techniques with biological methods;
a few examples are discussed below. Before subjecting the contaminated site for bioremediation
purposes, these strategies have been used as a pre-treatment strategy. The advantage of these strategies
includes, effective at high hydrocarbon concentration, rapid action, and the generated by-products are
easily accessible by the later bioremediation treatment (Yap et al., 2011). Chemical oxidation strategies
focus on removing organic compounds from the contaminated sites (Martinez-Pascual et al., 2015). On
the other hand, photooxidation-based strategies are more effective towards aromatic organic
compounds-based remediation (Tamai et al., 2017). The Electrokinetic-bioremediation technique deals
with the remediation of aliphatic and aromatic hydrocarbons (Fan et al., 2015; Ramadan et al., 2018).
Biosurfactant-mediated biodegradation technique is widely used as pre-treatment during soil washing
or flushing prior to microbial biodegradation to effectively mobilize hydrocarbons (Szulc et al., 2014).
Adsorption-assisted bioremediation technique is used for oil-contaminated sites with high initial oil
concentration (> 5% wi/w) as it rapidly reduces the toxicity effect on the microbial biodegradative action

(Vasilyeva et al., 2020; Wang et al., 2020).
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2.7.1. Photo-oxidation assisted bioremediation
This technique involves using light irradiation to break down hydrocarbons and other long chains into
polar derivatives, improving their bioavailability for microbial biodegradation. This technique is
majorly utilized for PAH-contaminated sites. In a study, Bacosa et al. explored the role of
photooxidation using solar irradiation and microbial biodegradation in the bioremediation effectiveness
of crude oil contaminated surface water from the Deepwater Horizon site. They stated that where
biodegradation played a key role in alkanes' bioremediation, photooxidation was vital for polyaromatics
bioremediation. Almost 70 % enhancement in the 4-5 ring aromatic compounds resulted from
photooxidation activity (Bacosa et al., 2015). Vergeynst et al. studied the effect of photooxidation-
assisted biodegradation of crude oil immobilized onto adsorbent as thin oil film. They reported that
major factors involved in overall oil bioremediation included dissolution, microbial biofilm formation,
and photooxidation. Biofilm was predominated by major oil degraders such as Oleispira, Alkanindiges
and Cycloclasticus. Though microbial biodegradation activity was limited due to poor nutrient
availability, simultaneous photooxidation occurrence caused almost complete (97 %) biodegradation of
PAHSs similar to alkanes, which otherwise have poor solubility hence lesser biodegradation rates within
112 days (Vergeynst et al., 2019).

However, though photooxidation has been proved to increase the bioremediation of PAH in crude oil,
few studies also suggested their inhibitory role for the biodegradation of other crucial components of
crude oil, i.e., pristanes and phytanes (Bacosa et al., 2015). Wang et al. explored an integrated
photocatalytic-biological degradation system to remediation PAHs. A microcapsule was designed with
a consortium entrapped within the capsule and coated with AgsPO.@Fe3;O4. The study revealed that
microcapsule removed 944.1 mg/ kg PAHs present in the contaminated soil within 30 days (Wang et
al., 2019). In addition, various studies have also stated the applicability of photocatalysts such as TiO;
for the photooxidation of aromatic hydrocarbons using UV irradiation. The photocatalysts excite the
electron to the conduction band, creating a hole site which in the presence of water or O, forms reactive
oxygen species such as *OH or O, which leads to oxidation of hydrocarbons. Zhang et al. used UV
irradiation for the photocatalytic degradation of Phenanthrene, Pyrene and Benzo[a]pyrene by reducing
their half-lives (h) by 4, 3.2, and 3.5 folds at the contaminated site (Zhang et al., 2008). However, these
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studies cannot be integrated with microbial bioremediation as UV light for irradiation is harmful to

microbial growth.

2.7.2.  Chemical oxidation assisted bioremediation

This technique involves using chemical agents to break down hydrocarbons and other long chains into
polar derivatives, improving their bioavailability for microbial biodegradation. The use of chemical
agents such as H,O- persulfate has also gained attention in this aspect. The Fenton oxidation reaction
uses H,O2 and Fe?* ions to release OH* radicals that further mineralize hydrocarbons (equation 2.8 to

2.14) (Bajagain et al., 2018).

H,0, + Fe?* - OH* + OH™ + Fe3* (2.8)

OH* + Fe?* —» OH™ + Fe®* (2.9)
RH 4+ OH* - H,0 +R (2.10)
R* + Fe3t > R* + Fe?* (2.12)
H,0, + Fe®* —» O0H* + H* + Fe?* (2.12)
H,0, + OH* —» 00H* + H,0 (2.13)

OH* + OH* - O0H* + OH~ (2.14)

Thus, initial oxidation using physiochemical agents reduces the contaminant's initial concentration to
low-risk values and improves their bioavailability for bacterial metabolism. Zhen et al. explored the
modified Fenton process using suitable chelating agents to maintain the oxidizing activity of H.O- at
neutral pH. For this, ferrous sulfate and sodium citrate with H,O, were used in the ratio of 1:1:100. The
resulting TPH removal rate was reported as 4.73-24.26 %, with improved inherent microbial
dehydrogenase and polyphenol oxidase activities (Zhen et al., 2021). In another study, the hydrocarbons
were primitively chemically oxidized using oxidants such as persulfate and permanganate. It was
reported that a week-long pre-oxidation of substrate led to complete removal of poly-aromatic
hydrocarbons and almost 92 % removal of aliphatic hydrocarbons in 2 months’ incubation. To this
treated substrate, biochar supported zero-valent iron oxide nanoparticle adsorbent system was used for

the biosorption assisted biodegradation study. During the biodegradation study, it was suggested that
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biochar on the nanoparticle helped enhance the overall metabolic activity of inherent soil microbes
(Mora et al., 2020).

Another study used persulfate (S,0s*, PS) to oxidize soil contaminants using Fe?* as an activator in the
form of nano zero-valent iron (ZV1). The activator was loaded to porous the biochar (BC) in the mass
ratio of 3:1 to prevent loss in activity due to aggregation, forming BC-nZVI as a sustained source of
Fe2*. An optimized PS concentration of 15 % (w/v) was applied to TPHs polluted soil for 60 days. The
initial oxidation of TPH occurred by the generation of SO,™ and HO" radicals within 6 days, followed
by the microbial biodegradation process. Compared to control carrying nZVI/PS groups, the BC-
nZVI1/PS groups could increase the soil microbial metabolic activities during the remediation period. A
gradual TPH degradation into smaller units was reported in the presence of a BC-nZVI/PS mediated
biodegradation study (Zhang et al., 2020). Hsia et al. explored the use of electron supplementation in
the form of sulfate for the effective anaerobic bioremediation of ground water. A sulfate releasing bio-
barrier was prepared using magnesium sulfate blended with rice husk and polylactic acid as carrier and
binder, respectively. The released sulfate was acted as an electron acceptor by the sulfate-reducing
bacteria growing faster and remediating ~70 % of methyl tert-butyl ether and 92 % of toluene within
120 days of incubation (Hsia et al., 2021). Hence, an amalgamation of chemical pre-treatment, such as
oxidation with physical sorption, has shown tremendous improvement in the overall biodegradation

activity of microbes.

2.7.3.  Electrokinetic-bioremediation

The use of electric current has shown promising effects on increasing the electro-osmosis of bacterial
cells and water hydrolysis, thereby increasing the mass transfer and oxygen availability, respectively,
thus creating a favourable aerobic environment with more bioavailability hydrocarbons in the
contaminated soil. However, such current may adversely affect soil pH and temperature, causing
detrimental effects to inherent microbes. In response, Huang et al. explored alternating current applied
to the contaminated soil with an inherent microbial consortium. A 50Hz electric field was applied to 2-
D stable anodes connected to AC, providing a uniform electric field to hydrocarbon contaminated soil
kept in a methacrylate made rectangular cell (160 x 90 x 160 mm?®). In the initial 35 days, continuous

73
TH-2720_166106008



biodegradation was observed; however, after 35-63 days, no significant change in the microbial
biodegradation was achieved attributed to the limitation of nutrient concentration within the system.
Thus, it bio-stimulated the overall degradation process by adding nutrients as soil additives to the treated
soil. After 77 days of treatment, the results reported that a 16.5 % TPH biodegradation microbial action
was raised to 50.9 % when electrokinetic treatment was added to the biological system. The treatment
was continued to reduce the TPH concentration < 1 mg/g dry soil (permissible concentration), and 0.94
mg/g dry soil was achieved after 119 days of treatment (Huang et al., 2021).

Another study also explored the suitability of using electrokinetic coupled with biosurfactant-mediated
bioremediation of hydrocarbon contaminated soil. The rhamnolipid biosurfactant was produced from
bacteria Pseudomonas aeruginosa PF2, and its purified solution was exploited for the soil washing of
contaminated soil at different concentrations of 1, 2, 3, 4 CMC value, pH (3-9), and time (4, 12, 24, 36
h). The maximum desorption of hydrocarbons: pyrene (85 %), anthracene (86 %), and phenanthrene
(87 %) were reported at pH value of 6, 3xCMC and desorption time of 24 h. Thus, obtained desorbed
solution was used for remediation using electrokinetic treatment. Magnetite Nanoparticles Modified
Graphite (MNMG) electrode was used for the application. Almost complete oxidation of pyrene,
anthracene and phenanthrene was obtained at pH 5 and 6 h when subjected to 3 V voltage and 25 ppm

electrolyte concentration (Pourfadakari et al., 2019).

2.7.4. Biosurfactant mediated biodegradation

Feng et al. explored the synergistic application of biosurfactants to aid the inherent microbial
biodegradation of petroleum hydrocarbons. Sophorolipid (SL) was applied to the contaminated soil at
a 1.5 g /kg soil concentration. The addition of SL enhanced the bioavailability of hydrocarbon by
increasing their desorption from soil particles. Additionally, the bacteria exhibited stimulated growth in
the presence of SL as a co metabolite. A 57.7 % biodegradation was reported when the inherent bacterial
consortium was augmented with SL, whereas in control, 44.5 % biodegradation was achieved after 30
days (Feng et al., 2021). Another integrated approach was performed by Wei et al., investigating the
role of biosorbent biochar (BC), rhamnolipid (RL) biosurfactant and coated urea as external N sources.
The 3 agents together led to 80.9 % degradation of hydrocarbons within 50 days of incubation. The
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authors attributed the results to the 3 aspects:  sustainable retaining of the substrate, increased
solubilization and bioavailability of hydrocarbon from biochar by the RL and improved biodegradation
ability of bacteria in the presence of N source stimulant. The other combinations, i.e., BC+RL and
BC+N, resulted in 32.3 %, 73.2 %, biodegradation of hydrocarbons (Wei et al., 2020).

However, Zhen et al. dismissed the addition of RL and BC as separate entities during the integrated
approach stating the risk associated with biodegradation of RL by inherent microbes or RL non-specific
adsorption to clay soil particles hindering its emulsification activity as a whole in the system. Hence,
the authors used rhamnolipid modified biochar (RL-BC) as a soil amendment for the 3 months’
incubation-based hydrocarbon contaminated soil biodegradation study. Though modification of
rhamnolipid reduced the surface area of pristine biochar, it increased its oxygen content. Thus, the
biodegradation ability of hydrocarbon and the biodiversity of inherent microbes increased in modified

bagasse (Zhen et al., 2021).

2.7.5. Adsorption assisted bioremediation

The use of adsorbents has become a promising strategy for rapidly removing toxic hydrocarbons from
contaminated sites. Studies have shown the potential advantage of using an adsorbent as a carrier for
bacterial biodegradation-based applications with the emerging immobilization strategies. Naloka et al.
explored the use of high-density polyethylene (HDPE) made plastic balls as a carrier for the
immobilization of hydrocarbon degraders, Rhodococcus ruber S103, Mycolicibacterium parafortuitum
J101 and Mycolicibacterium austroafricanum Y502 for the simultaneous adsorption and bacterial
biodegradation of fuel oil contaminated synthetic water. In the lab-scale study with an initial fuel oil
concentration of 3000 ppm, > 50 % removal within 24 h was reported by the bacterial consortium
immobilized plastic balls. In addition, 64 % adsorbed oil was reported to be biodegraded within 7 days
by the bacterial syntrophic action. It was revealed that balls provided a non-toxic carrier system for the
consortium to build biofilm to reduce exposure to fuel oil toxicity (Naloka et al., 2021). However, the
poor biodegradability of plastic balls is the limitation of such a bioremediation system.

Biosorption has come up as the best detoxification technique to reduce the harmful effect of high
concentrations of contaminants on biological species. Biosorption involves using bio-origin waste as
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an adsorbent for contaminant immobilization. The initial surface adsorption is a very quick process and
only lasts for a few minutes. This way, the contaminant concentration for the microbial encounter
reduces to a tolerable level, allowing them to more effectively metabolize them as their substrate, overall
improving the extent of biodegradation. In most cases, these biosorbent are organic molecules with
appreciable adsorption capacity and effective substrate bed formation property. This way, the adsorbed
biosorbent is used up by microbes as their secondary substrate and acts as a carrier for the sustained
release of contaminant as a substrate for microbial metabolism.

Trichloroethylene (TCE), a common landfill leachate contaminant remediation, was explored using
biochar packed columns with naturally occurring biofilm-forming microbes present in the leachate. The
microconsortium colonizing on the biochar showed the dominance of biofilm-forming and TCE
degrading microbes such as Desulfitobacterium spp., Desulfuromonas spp. and Sulfurospirillium spp.
and very least population of pathogenic microbes such as P. aeruginosa and E. coli. With an initial TCE
concentration of 35 ppm, > 99 % removal of TCE was reported by the simultaneous action of adsorption
and biodegradation (Siggins et al., 2020). A magnetic loofah sponge biochar (MagLsBC) was explored
in a similar study to remediation PAH-contaminated sediments. MagLsBC observed a significant 31.9
% reduction in PAH content after 350 days of incubation. In addition, the loofah was enriched with
Chloroflexi, Acidobacteria, Euryarchaeota, and Proteobacteria, a phylum that is well reported for
aromatic compound degradation (Hao et al., 2021).

Another concurrent biodegradation study of 4-Nitrophenol was performed using Acacia gum with
immobilized Pseudomonas sp. YPS3. Within 6 h, >98 % contaminant biodegradation was reported at
pH 7, 37°C, with an initial contaminant concentration of 30 ppm (Kalaimurugan et al., 2021). Fang et
al. explored the advantages of using a combination of natural polymers such as alginate, chitosan, and
their composite to immobilize Cupriavidus nantongensis X1 for the removal of Chlorpyrifos (20 ppm)
contaminants. The study revealed that a composite of chitosan with alginate improved the adsorption
capacity of alginate by 1.7 folds achieving 96.6 % biodegradation within 24 h by the immobilized cells

(Fang et al., 2021).
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2.8. Challenges associated with microbial bioremediation

The major challenge in the ineffectiveness of various bioremediation tools at the actual contaminated
site are listed below:

1. The concentration of crude oil at the contaminated site is above the tolerance limit for bacterial
growth (Mulligan et al., 2001; Sharma, 2012; Vidali, 2001).

2. Lack of nutrient availability and trace elements at the site: N and P are the major limiting nutrients
in the contaminated site impeding biodegradation. Though crude oil is a rich C source, it lacks essential
minerals and traces elements required for microbial growth (Cubitto et al., 2004; Vidali, 2001).

3. Weathering of Crude oil: Factors such as the incorporation of dumped garbage and debris along with
suspended materials and loss of light hydrocarbons due to solar irradiation, causing concentration of
by-products and heavy hydrocarbons with increased toxicity, diminishing the quality of spilled oil for
microbial consumption (Ron and Rosenberg, 2014; Sorkhoh et al., 1990).

4. Microbes exhibit a slower biodegradation rate: As soon as the oil gets spilled into soil or water, it
forms a thick layer impeding the mixing of oxygen and sunlight to the inhabiting microbes, thus limiting
their overall biodegradation abilities.

5. Incomplete biodegradation and resistance towards asphaltenes: Incomplete bioremediation is a
hazard as the non-sequestered residual contaminant gets more bioavailable and increases the chances
of toxicity.

6. Occurrence of competing microbes: Various simultaneous competing processes apart from
biodegradation by inherent microbes leads to reduced efficacy of key hydrocarbon degraders.

7. The unsustainability of laboratory bioremediation experiments in the field sites: Biostimulation leads
to eutrophication, whereas bioaugmentation shows poor sustainability in the in-situ environment
(Santos et al., 2016).

In this direction, researchers have put forward to use microconsortium approach in improving the
biodegradability efficacy. Also, the exploitation of integrated strategies such as adsorption and
photodegradation-assisted biodegradation can improve efficacy. The use of biosurfactants as additives
can be explored in improving the solubility of hydrocarbons. Similarly, injecting steam into heavy fuel
oil contaminated sub-surface soil aids in improving microbial activity of degradation. A microbial
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encapsulation-based strategy has also been explored in a few case studies to protect microbial
consortiums from contaminant toxicity (Muthusamy et al., 2008). Also, bio-augmentation using
exogenous and genetically modified hydrocarbonoclastic microbes can be used to pump up the overall
degradability. Recent in-situ remediation techniques involve sparging-slurping followed by

biostimulation using nutrients and biosurfactants (Akbari et al., 2018).

2.8.1. Research gaps

The possible research gaps in the microbial bioremediation of crude oil include:

1. Biodegradation efficiency varies greatly on the bioavailability of oil and affinity of microbes

2. Spilled sites are always nutrient derived, and the addition of nutrients externally sometimes leads
to eutrophication

3. Asphaltic residues remain unaffected by biodegradation

4. High initial oil concentration or supersaturated oil concentration at the spilled site inhibits the
biodegradation process and extends the lag phase by 2-4 weeks

5. Limited biodegradability and relatively longer treatment time required

2.8.2. Hypothesis

Based on these challenges, we hypothesize that crude oil bioremediation can be enhanced by isolation,
screening and identifying inherent oil degraders and optimization of parameters such as pH,
Temperature, and crude oil concentration that limits their biodegradation ability. Understanding their
aliphatic and aromatic hydrocarbon biodegradation and biosurfactant production ability can further aid
in designing microconsortium. Further immobilization of potential oil-degrading consortiums into
suitable carriers would prevent toxicity and improve their growth, which will help in improving their

crude oil biodegradation ability.
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2.9. Conclusions

With the emerging industrialization and urbanization, the risk of exposure of the environment to toxic
chemicals is severe. The use of biological agents such as bacteria, fungi and plants and their products
in enzymes and other exudates has gained interest. It has been immensely explored for the degradation,
detoxification or transformation of these toxic compounds, highlighting the importance of the
bioremediation technique. Microbes being the most primitive form of life, are well equipped with the
required machinery for remediation of toxic contaminants. It is due to the presence of effective
catabolising enzymes like alkane hydroxylases and mono- or di-oxygenase extracellular by-products
like biosurfactants and emulsifiers. Inherent microbes at the contamination site play a major role in the
in-situ bioremediation of contaminants; however, their efficacy reduces with the emergence of
xenobiotics and other high molecular weight compounds. Various researchers focus on genetic and
metabolic engineering techniques as an effective solution to this problem. In addition to this, studies
also revealed the synergistic advantage of integrating physio-chemical and biological techniques
systematically in order to achieve the best results. Hence, in order to maximize the rate of
bioremediation, an integrated approach should be followed, which includes (1) understanding the in-
situ microbial community, (2) using metagenomics tools to analyze the active metabolic pathways, (3)
using metabolic and genetic engineering techniques to uplift the overall microbial population size and

enzyme activity. (4) Providing suitable chemical and physical amendments to aid microbial activity.
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Chapter 3

Exploring the crude oil biodegradation and biosurfactant production
abilities of isolated Agrobacterium fabrum SLAJ731

Enhanced
Biosurfactant
production ‘

o O
‘f’Q”‘y@

Nutrient uptake

Emulsification of oil

Oil degrading bacteria into small particles

Improved uptake of oil

(Biocatalysis and Agricultural Biotechnology 21, 101322, 2019 (Sharma et al., 2019))

This chapter discusses the screening of previously isolated Agrobacterium fabrum SLAJ731 for its
biosurfactant production and oil-degrading abilities. The culture conditions were optimized to maximize
the biosurfactant production using one factor at a time technique. Under optimized culture conditions,
the growth, oil biodegradability, surface tension reduction, biosurfactant concentration, and enzyme
activity were studied. The obtained biosurfactant was characterized and scrutinized to analyze their

promising potential in oil biodegradation and enzyme activity induction.

3.1. Introduction
Crude oil is composed of various hydrocarbons, heavy metals, non-metals, and other particulate matter
and is utilized as the foremost value-added substrate to meet energy demands. The mishandling of crude

oil during extraction, transportation and accidental spills lead to hazardous exposure of its toxic
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components into the environment (Hou, 1982). The complex composition of spent crude oil makes it
poor-biodegradable. Toxicity of the components of crude oil, including particulate matters,
polyaromatic hydrocarbons, volatile organic matters, and oil mist, poses a serious threat to the
environment (Bhattacharya et al., 2019). Therefore, various environmentalists are working across the
globe to remedy this alarming hazardous exposure.

The major issue in the biodegradation of spent crude oil is its hydrophobic nature, as it causes a decrease
in its bioavailability for natural attenuation. Among various reported physio-chemical technigques
(Arivalagan et al., 2014; Pugazhendhi et al., 2018; Saxena et al., 2018), researchers have reported
bioremediation of crude oil as the most efficient, economical and eco-friendly approach (Thulasinathan
et al., 2019). Bioremediation mediates the employment of biological agents (i.e., bacteria, fungi or
algae), which increase the bioavailability of oil by secreting biosurfactants upon utilizing them as
carbon (C) source (Saravanakumar and Kathiresan, 2014; Saxena et al., 2018; Sharma et al., 2019).
Unlike synthetic detergents, biosurfactants are economical in production, work at extreme temperature
and salinity ranges, and are biodegradable (Fai et al., 2015). These lucrative advantages stimulate the
optimization of biosurfactant production to maximize the biodegradation of crude oil. Various bacterial
strains including Bacillus sp., Pseudomonas sp., Rhodococcus sp., Brevibacillus sp., Lysinibacilllus sp.,
Stenotrophomonas sp., have been explored for their role in biosurfactant production and crude oil
degradation; however, the biosurfactant production was not found to be very impressive, i.e., 0.1to 6
g/L. However, scant attention has been given to the biosurfactant production ability of the
Agrobacterium genus.

Furthermore, alongside emulsifying activity of biosurfactants, the rate of biodegradation of crude oil is
also attributed to the enzyme activity of certain oil-degrading enzymes such as alkane hydroxylase
(AH). The activation of hydrophobic crude oil involves oxygenation of its aliphatic and aromatic
residues, which is catalyzed by AH (Hou, 2017). The enzyme oxidizes alkanes (medium-chain length
mostly Cs to Cie) into alcohols, which are further metabolically oxidized to aldehydes and ketones and
later fluxed to the B oxidation pathway for the production of energy and other metabolic products (Hou,

2005; Hou, 2006).
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In the present study, the ability of the rhizosphere inhabiting Agrobacterium spp. to produce
biosurfactants has been explored. Culture conditions, i.e., pH, temperature, C, Nitrogen (N) and C: N
ratio for the maximal production of biosurfactant, were optimized. Further, the biosurfactant was
characterized using various instruments like Fourier-transform infrared spectroscopy (FTIR), Liquid
chromatography-mass spectroscopy (LC-MS), Tensiometer, and Nuclear Magnetic Resonance (*H
NMR). In this study, we have observed that the role of glucose was not only limited to enhancing cell
density. Interestingly, this study explores the synergistic effect of co-substrate glucose on the present

strain's crude oil degradation and biosurfactant production ability in terms of enzyme activity of AH.

3.2. Materials and methods

3.2.1. Microbial strain and chemicals used

In this study, a gram-negative bacterium Agrobacterium fabrum SLAJ731 was used, which was earlier
isolated by our group from a core sample of the Assam oil field, India. Crude oil (API gravity 34.97°)
used in this study was obtained from I0CL, Noonmati, Assam India., in sterile sampling bottles and
stored at 4°C till further use. Bushnell Hass (BH) media (Himedia M350-500G) was used for all
optimization studies. Nutrient Broth (MO002-500G), Luria Bertani (LB) media (M1245-500G),
Nicotinamide Adenine Dinucleotide Hydride (NADH, RM393), n-hexadecane (RM2238-100ML),
Yeast extract (RM027-500G) Glucose (MB037-500G), 3-[(3-Cholamidopropyl) dimethyl ammonio]-
1-propanesulfonate (CHAPS, MB084), Trifluoroacetic acid (RM874), Acetonitrile (AS029), n-hexane
(AS097), Methanol (AS059) and Ethyl acetate (AS051), were purchased from Himedia, India.
Deuterated chloroform (570699), and Sinapinic acid (85429) were procured from Sigma, India. MiliQ

(18 MQ, Millipore system) water was used throughout the experiments.

3.2.2. Screening for biosurfactant production
Pre-culture of A. fabrum SLAJ731 was used as inoculum (1 %, v/v) in sterile BH media supplemented
with 1 % (v/v) hexadecane as a model C source, at 30 °C and 150 rpm for 24 h. After incubation, the

culture was centrifuged at 8000 rpm for 10 min at 4 °C. The supernatant was collected and explored for
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screening of biosurfactant production ability of the bacteria using drop collapse test, oil displacement

test and emulsification activity (Ez4) (Datta et al., 2018).

3.2.2.1. Drop collapse test

Drop collapse test examines the destabilizing ability of oil droplets by the action of biosurfactant. In
this assay, 2 pL of oil was added to the cleaned glass slide and allowed to equilibrate at 37 °C for 1 h.
Next, 5 pL of cell-free supernatant was added to the oil droplet and left for 1 min. The collapsing of oil
drop indicated the reduction in the interfacial tension between the polar and non-polar solvents interface,

indicating positive surface activity of the biosurfactant (Persson and Molin, 2004).

3.2.2.2. Oil displacement test

The oil displacement test examines the ability of biosurfactants to displace the oil layer by lowering its
surface tension. For this, 100 uL of oil was poured on 20 mL of distilled water in a Petri plate, and a
uniform oil film was allowed to form. 10 pL of cell-free supernatant was added to this oil film, and
immediately, the diameter of the clear zone formed was measured. The diameter of the clear zone is

directly proportional to the surface activity of the biosurfactant (Morikawa et al., 1993).

3.2.2.3. Emulsification activity

E24 technique is used to determine the emulsion forming ability of biosurfactants in the non-polar and
polar solvent system (Datta et al., 2018). Estimation of E24 was performed by mixing an equal volume
of n-hexane (non-polar solvent) with the obtained cell-free supernatant. The mixture was vigorously
homogenized for 2 min and left at room temperature for 24 h. Later, the height of the emulsion layer

formed in the mixture was measured, and the E» was calculated using equation 3.1,

Height of emulsified layer (mm)

= X .
E24 Total height of liquid column (mm) 100 (3 1)
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3.2.3. Optimization of biosurfactant production

Upon confirming the ability of the present strain for biosurfactant production, its culture conditions
were optimized using the one-factor-at-a-time approach (OFAT) as discussed in Chapter 2, section
2.5.2.1 (Devarajetal., 2019; Jimoh and Lin, 2019; Parthipan et al., 2017). In each case, the 24 h grown
culture of A. fabrum SLAJ731 was used as inoculum (5 %, v/v) at 1.4x 10’ CFU/mL and incubated in
BH broth at listed pH, temperature and 150 rpm for 24 h (Table 3.1). After incubation under each listed
condition, the cells were pelleted down by centrifugation at 8000 rpm for 10 min at 4 °C and weighed

for the dry biomass estimation. The obtained supernatant was tested for Eza.

3.2.4. Biosurfactant extraction and characterization

The bacterial culture was grown in sterile BH media with optimized C and N (as per the C: N ratio
obtained) and maintained at optimized conditions for 144 h. At the end of the incubation period, the
cells were harvested using centrifugation at 8000 rpm for 10 min at 4°C. Next, the solvent extraction
technique using an equal volume of ethyl acetate: methanol (4:1) and cell-free supernatant was exploited
for biosurfactant extraction, as also reported by our group (Gudifia et al., 2015; Sharma et al., 2019). In
this regard, the obtained supernatant was initially acid precipitated (pH 2) and incubated overnight at
4°C using 6M HCI. Later, it was solvent extracted, and the organic layer was vacuum evaporated using
rotary vacuum evaporation, leaving behind a crude biosurfactant. Thus, obtained biosurfactant was
weighed gravimetrically and stored at room temperature for further characterizations using FTIR
spectroscopy (Perkin—Elmer, Spectrum two), *H NMR spectroscopy (MERCURY PLUS, VARIAN),

and LC-MS (Waters, Q-Tof Premier) and Tensiometer (Data physics, DCAT 11EC).

3.2.4.1. Functional group analyses

The functional group analyses of the crude biosurfactant were performed using FTIR and NMR
spectroscopy. FTIR spectroscopy works based on identifying the chemical groups and functional groups
present in the molecule of interest. FTIR spectroscopy uses infra-red radiation to vibrate and rotate
molecules within the compound at a specific frequency recorded by the detector as a peak intensity.
The nature of the peak (stretching/bending) and its intensity describe the chemical groups present in the
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chemical structure of the compound of interest. FTIR has been a widely accepted identification and
characterization technique employed to study biosurfactants. Briefly, 10 uL of crude biosurfactant was
mixed with 100 mg of anhydrous KBr and then compressed into a thin film/ pellet, which was analyzed
using an FTIR spectrophotometer (400-4000 cm™). The spectra resolution was set to 4 cm™ and the
scan rate was maintained to 32 scans (Elazzazy et al., 2015).

The NMR technique is an analytical technique used to determine the structure of any compound based
on its magnetic spin orientation in an external magnetic field applied. Crude biosurfactant sample was
prepared in deuterated chloroform and analyzed using in 400 MHz *H NMR Spectrometer equipped with an
Oxford superconducting magnet of frequency 400 MHz (9.4 Tesla) with a probe capacity of 5 mm. The
obtained chemical shifts (8) of NMR absorptions were recorded in ppm scale relative to

tetramethylsilane (Zou et al., 2014).

3.2.4.2. Surface tension measurement

The cell-free supernatant was also studied for the determination of critical micelle concentration (CMC)
of the crude biosurfactant based on reduction of surface tension of water upon sequentially adding
varying concentrations of crude biosurfactant till inflection point was reached using a tensiometer (Data

physics, DCAT 11EC) at 25 °C using a Du Nouy ring method (Pandey and Pattanayek, 2013).

3.2.5. Biodegradation analysis of crude oil

The ability of A. fabrum SLAJ731 to biodegrade crude oil was performed by inoculating at 1.4x10’
CFU/mL inoculum (5 %, v/v) in sterilized BH media (100 mL) under optimized experimental
parameters. The experimental setups were prepared as described in Table 3.1. In order to study the
effect of optimization on the oil biodegradation ability, a comparative experimental setup was kept with
no glucose, imitating sub-optimal condition. The cells were harvested using centrifugation upon
incubation, and the supernatant with residual crude oil was recovered and extracted in organic solvent
(n-hexane) thrice. Later, the organic layer, comprising residual oil, was pooled and subjected to vacuum
evaporation to recover residual oil. Thus, obtained residual oil was quantified gravimetrically. The
overall oil biodegradation was calculated using equation 3.2;
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(Amountnitial oit—AMOUNL;¢sidual 0it) X100 (3 2)
Amountnjtiql oil '

Oildegradation (%) =

Furthermore, the extracted residual crude oil was analyzed using FTIR spectroscopy and Gas
chromatography-mass spectrometry (GC-MS) analyses to elaborate the change in its chemical
composition. For GC-MS study (model 7890B, Agilent Technologies), DB5 column (30 m x 0.25 mm
x 0.25 um) used. The injector temperature was maintained at 280 °C with a split ratio of 1:10. The
initial oven temperature was maintained at 80 °C for 2 min and increased at ramping of 5 °C/min to 280
°C, followed by a hold for 30 min. The detector was maintained at 300 °C, and the Helium (carrier gas)
flow rate was maintained at 1 mL/min. On the other hand, the aqueous layer was studied for
biosurfactant production, as discussed in section 3.2.4. In addition, the chemical oxygen demand (COD)

was also estimated to determine the dissolved organic content (Clesceri et al., 1998; Sajna et al., 2015).

Table 3.1. Experimental designs for the study of the biodegradation of crude oil using A. fabrum SLAJ

in the presence of co-substrate

Experimental setups Culture parameters

(Incubation conditions: pH 6, 30°C and 150 rpm for 144 h)

With glucose BH media + Glucose (1 % w/v) + Crude oil (1 % v/v) + Yeast
(Optimal condition) extract (1 % w/v) + Inoculum (5 % v/v)

Without glucose BH media + Crude oil (1 % v/v) + Yeast extract (1 % w/v) +
(Sub-optimal conditions) Inoculum (5 % v/v)

Abiotic control BH media + Crude oil (1 % v/v) + Yeast extract (1 % w/v)

3.2.6. Determination of alkane hydroxylase activity
One of the major enzymes involved in crude oil degradation is alkane hydroxylase. Alkane hydroxylase
is involved in the oxidation of hydrocarbons into their alcoholic derivatives (equation 3.3) (Elumalai

etal., 2017)
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Alkane hydroxylase
RH (Alkane) + 0, + H* + NADH ROH(Alcohol) + H,0 + NAD* (3.3)

After incubation, the pelleted bacterial cells were initially washed with sterile distilled water twice and
later re-dissolved in 20mM Tris-HCI (pH 7.4). Further, the cells were lysed using sonication at 4°C for
15 min to obtain crude protein extract. The lysate was centrifuged at 10000 rpm at 4°C for 30 min to
recover debris-free crude protein extract. Obtained pelleted debris was dried overnight oven to calculate
the dry biomass. The total protein was estimated using QuantiPro BCA assay kit (Sigma, India, Cat no.
100134331) using BSA as standard (de Andrade et al., 2016; Hasan et al., 2018; Pandey et al., 2012;
Pandey and Pattanayek, 2011; Pandey and Pattanayek, 2013).

The crude protein extract was studied for alkane hydroxylase assay. The reaction mixture comprised
0.1 mM Nicotinamide adenine dinucleotide (NADH) as a cofactor, CHAPS hydrate (0.15 % (w/v), pH
7.4), 10 puL of hexadecane as substrate (1 % hexadecane in 80 % DMSO) and 50 pL of crude enzyme
extract. The alkane hydroxylase enzyme activity was analyzed based on a decrease in NADH
concentration during the oxidation of hexadecane to hexadecanol by AH enzyme present in the crude
extract. Such consumption of NADH per minute was estimated as measuring absorbance at 340 nm,
signifying the successful oxidation of the substrate (Jauhari et al., 2014; Meng et al., 2017; Singh and

Tiwary, 2017).

3.2.7. Statistical analysis

The statistical analyses were carried out using OriginPro 8.5. All the experiments were performed in
triplicates, and their values were reported as average + standard deviation. Statistically, a significant
difference was considered when the significance level, p, was <0.05, using analysis of variance

(ANOVA).
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3.3. Results and discussion

The biosurfactant production ability of the present bacterial strain, A. fabrum SLAJ731, was evaluated
using standard screening methods such as oil drop collapse activity, oil displacement method, and
emulsification index. The bacterial strain showed positive results for all tests mentioned above with an
oil displacement diameter of 1.5 + 0.3 cm, causing flat morphology of oil drop with few seconds of
adherence and a remarkable Ez4 of 50 + 2.5 % within 24 h of incubation. Hence, upon validating the

present strain for biosurfactant production, its culture conditions were optimized.

3.3.1. Optimization of culture conditions for biosurfactant production

In order to enhance the biosurfactant production ability of the present strain, the culture conditions were
optimized based on pH, temperature, C, N and C: N ratio (Table 3.2). Figure 3.1 shows the optimization
results for the earlier parameters and selections of the best conditions based on the E24 value and dry
biomass yield, which responds to biosurfactant synthesis ability and cell growth. The optimized
conditions for the present strain were obtained as pH 6, temperature 30°C (mesophilic), glucose as C

source, yeast extract as N source and C: N ratio of 2:1.

Table 3.2. Culture conditions investigated for the optimization of the biosurfactant production

Factors Values Experimental conditions

pH (a) 4.0,5.0,6.0, 7.0, 8.0, and 10.0 C=Glucose (1 %); T=37°C

Temperature (b) 20°C, 30°C, 40°C, 50°C and 60°C C= Glucose (1 %); pH = optimized (a)

C source (C) Glucose,  Sucrose,  Glycerol, pH =optimized (a); T = optimized (b)
Molasses, Crude oil, and
Hexadecane (C16)

N source (d) Yeast extract, Urea, Ammonium pH = optimized (a); T = optimized (b); C=
sulphate, and Sodium nitrate optimized (c)

C:N ratio (w/w)  1/1,1/2,1/3, 1/4, 1/5, 2/1, 3/1, 4/1, pH = optimized (a); T = optimized (b); C=

and 5/1 optimized (c); N= optimized (d)
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Figure 3.1. Effect of different culture parameters (A) pH; (B) Temperature; (C) C sources; (D) N

sources; and (E) C: N ratio, on the biosurfactant production ability of A. fabrum SLAJ731

Under these optimized conditions, A. fabrum SLAJ731 was studied for its growth behavior (based on
dry biomass) and subsequent biosurfactant production, which was analyzed by a change in surface
tension, E24 and biosurfactant yield analyses as shown in Figure 3.2. It was observed that cells showed
a short lag phase (~6 h) and exhibited a specific growth rate of 0.01 h%, reaching the maximum cell
mass of 16.7 + 0.2 g/L within 96 h of incubation. Parallelly, residual substrate (glucose) analysis was
performed to understand the effect of substrate on bacterial growth. It was observed that glucose was
consumed at 0.14 £ 0.1 g/L/h and completely depleted after 144 h. On the contrary, the biosurfactant
yield increased from 48 h to 120 h at the rate of 0.07 £ 0.02 g/L/h, suggesting the biosurfactant as a
secondary metabolite produced during the stationary phase. This rapid onset of extracellular
biosurfactant production during the stationary phase was due to the release of cell-bound biosurfactant,

as reported in a few other studies (Thavasi et al., 2011). Hence, E.4 activity increased with an increase
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in biosurfactant production and the maximum Es was found to be 65 £ 0.2 % at 144 h. Similarly, the
surface tension followed the reverse trend concerning Ez4 and reached 32 £ 0.5 mN/m from 72 £ 0.4
mN/m within 144 h of incubation.

Under these optimized conditions, the overall crude biosurfactant yield was obtained as 5.77 £ 0.3 g/L,
which is found to be complementary to other reported strains (Table 3.3). Table 3.3 summarizes various
recent literature reports on biosurfactant production utilizing oily substrate as the only 'C' source.
Compared to the reported values, our strain produced a notable biosurfactant upon utilizing waste crude
oil as the C source. Utilizing spent crude oil as a C source for biosurfactant production is economical

and eco-friendly, as its degradation decreases the detrimental effects of its exposure to the environment.
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Figure 3.2. Biomass growth, biosurfactant, surface tension, residual glucose and E4 profile under optimized conditions of pH 6 and 30 °C using 2:1 ratio of

glucose: yeast extract in BH medium
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Table 3.3. A summarized literature of biosurfactant production utilizing oil-based C sources

Bacteria Substrate Biosurfactant Biosurfactant Ez  Surface Ref.
type yield %  tension
(g/L) (mN/m)

Agrobacterium  Glucose Lipopeptide 5.77 65 32 Present study
fabrum
SLAJ731 Crude 0il  Lipopeptide 4.15
Lysinibacillus Glycerol ~ Rhamnolipid 1.6 48 52 (Gaur et al.,
sphaericus 2019)
IITR51
Bacillus subtilis  Light- Surfactin 6.3 725 29.9 (Datta et al.,
MG495086 paraffin 2018)

oil
Serratia Glycerol  NA 14 NA 284 (Almansoory
marcescens etal., 2017)
Brevibacillus Used Lipopeptide 1.3 72 36 (Vigneshwaran
sp. AVN 13 engine oil etal., 2018)
Bacillus Glucose Lipopeptide 11 NA 34 (Fooladi et al.,
pumilus 2IR and crude 2018)

oil
Staphylococcus  Diesel oil  Lipopeptide 0.1 NA 39.9 (Chebbi et al.,
capitis 2018)
Bacillus cereus  Peanut oil Lipopeptide NA 65 NA (Nalini et al.,
SNAUO1 cak 2016)
Pseudomonas Karanja Rhamnolipid 5.9 NA 30.1 (Deepika et al.,
aeruginosa oil 2016)
KVD-HR42
Pseudomonas Soybean  Rhamnolipid 5.2 NA 29.8 (e Silva et al.,
cepacia waste 2014)

frying oil
Acinetobacter Iranian Glycolipid NA 51 38 (Ohadi et al.,
junii B6 light 2017)

crude oil
Pseudomonas Waste Rhamnolipid 8 90 - 25 (Rita de Céssia
cepacia frying oil etal., 2017)
CCT6659
Brevibacterium  Mineral Lipopeptide NA NA 27 (Unas et al.,
luteolum oil 2018)
Streptomyces Soybean  Lipopeptide 19 NA 28 (Santos et al.,
sp. DPUA1566  waste 2019)

frying oil
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3.3.2. Characterization of the produced biosurfactant

Based on the different functional groups present in the crude biosurfactant, its chemical nature was
investigated in Figure 3.3(A). Table 3.4 lists the various spectra peak positions and their functional
group's assignment for the crude biosurfactant. Similar peaks were observed in reported literature for
lipopeptide biosurfactants. These characteristic peaks indicated the produced biosurfactant to be
lipopeptide in nature (Nalini et al., 2016).

Table 3.4. List of major FTIR spectra peaks and their assignment for crude biosurfactant

Peak position

Functional group assignment Ref
(cm™)
3442 Aliphatic primary amine (-NH) (Rayeni and Nezhad, 2018)
1717 Amine group (Bao et al., 2014)
1645 Fatty acid linkage (-C=0-NH) (Khopade et al., 2012)

2933-2853 Aliphatic —-CH group of the long fatty acid
(Kiran et al., 2017)
1465-1387 chains

Similarly, the NMR analysis showed the presence of peaks at position 6 = 7.1-7.5, signifying the C=0-
NH signals of the peptide moiety bonding with the fatty acid chain. Likewise, the peaks at chemical
shift 6 =2.1-2.5 represented the CH,C=0 as a bond, in Figure 3.3(B). These peaks are similar to peaks
reported for the lipopeptide nature of biosurfactants (Datta et al., 2018). Hence the biosurfactant
produced by A. fabrum SLAJ731 was classified as lipopeptide in nature. The molecular weight spectrum
suggested the presence of fragmentation ions for C12[M + H] * (m/z = 994) and C13[M + H] * (m/z =
1008) surfactin isomers, as shown in Figure 3.3(C). The m/z 976, 863 and 685 represented C» isomer
in the fragmentation ions of [M — 18 + H] ¥, [M — (Leu/lle + 18) + H] " and [(H) Leu/Tle — Leu/Ile (OH)
+ H] ¥, respectively (Tang et al., 2010). In addition, peaks at 781, 667 and 567 corresponded to

[M+H—-Asp] ¥, [M+H — Val]* and [M+H-Leu]", respectively. The actual fragmentation was observed
as 894—781—667—>567—>454—>341—>113, as reported by Chen et al. for the Cizsurfactin isomer
(Chen et al., 2017). Similarly, CMC of crude biosurfactant was obtained as the point of inflection at
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the lowest concentration at which the surface tension of water reached its minimum value. The produced
lipopeptide showed a CMC of 650 + 10 mg/L, reducing surface tension from 72 mN/m to 34 £ 0.5
mN/m (Figure 3.3(C)). Similar results have been reported in the literature, exhibiting present

lipopeptide has a decent CMC value (Santos et al., 2019).
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Figure 3.3. Characterization analyses of crude biosurfactant using (A) FTIR, (B) *H NMR spectroscopy

(C) LC-MS analysis, and (D) Surface tension measurement for CMC determination. The functional

group analyses confirmed the lipopeptide nature of biosurfactant
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3.3.3.  Biodegradation analysis of crude oil

The crude oil biodegradation ability of A. fabrum under optimized experimental parameters was
explored. The experimental setups were (A) crude oil supplemented under optimized experimental
parameters, (B) control-1: crude oil under optimized experimental parameters without glucose (sub-
optimal condition) and (C) control-2: with no inoculum under optimized experimental parameters
without glucose (abiotic), as mentioned in Table 3.1. As shown in Figure 3.4(A) and (B), it was
observed that sets (A) and (B) followed a similar growth pattern; however, the specific growth rate was
~1.7 folds higher for the set (A) (u=0.1 + 0.04 h ) as compared to set (B) (1=0.06 + 0.01 h ). Upon
completion of 144 h, the residual oil and produced biosurfactant in the supernatant were examined using
gravimetric and chromatographic methods. These studies were carried out with an abiotic sample taken
as control. Similarly, the change in the organic content of the culture after biological treatment was
assessed using COD measurement. It was observed that a complete reduction in the COD value from
initial value of 2131 + 2.3 and 1066 + 1.6 mg/L was obtained for set up A, crude oil supplemented with
a co-substrate, glucose and B, only crude oil after bacterial biodegradation.

In order to study the Kinetics of substrate (crude oil) utilization and product (biosurfactant) formation,
the samples were taken at a regular interval of 24 h. The residual crude oil and the produced
biosurfactant in the culture were estimated by n-hexane extraction and ethyl acetate extraction methods.
The crude oil degradation rate was higher in the presence of glucose (0.004 + 0.001 g/L/h) as compared
to its absence (0.002 = 0.001 g/L/h), as shown in Figure 3.4. The overall degradation of crude oil was
obtained as 58 + 5% in the presence of glucose and 40 = 4 % in its absence. Similarly, after 6 days of
incubation, the biosurfactant yield was obtained as 2.5 + 0.5 g/L in the absence of glucose, which was

enhanced to 4.15 = 0.2 g/L in the presence of glucose.
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Figure 3.4. Biomass growth, biosurfactant, surface tension, residual glucose and crude oil degradation
profile under optimized conditions with (A) 1 % glucose supplemented with 1 % crude oil in BH

medium (B) Control: only 1 % crude oil
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An FTIR analysis of the residual crude oil was performed to analyze the degradation further. Figure
3.5 shows the change in peak area in the range of 2200-400 cm™. Peaks at 1465 cm™, 1450 cm, and
1375 cm suggest a -CH. group and a -CHs; group of alkanes, respectively. A peak at 1601 cm™ shows
the presence of C=C bonds of aromatic groups, and peaks at 880 cm, 830 cm™, and 742 cm™ indicate
the presence of aromatics out of a plane, i.e., "oop" bonds of the residual crude oil. Upon comparing
the peak area of the mentioned peaks, the overall decrease was the highest in the presence of glucose,
i.e., about 65 %, which agreed with gravimetric analysis.

The GC-MS analysis of residual crude oil was also studied based on a peak area (intensity) reduction
as tabulated in Table 3.5. Based on reported literature, the aliphatic hydrocarbons were assigned as
mass to charge ratio of ((m/z) 57, 71, 141) and aromatic hydrocarbon were represented by m/z=155,
156, 169, 170, 193, 207. The oil degradation represented as a decrease in peak intensity was found to

be maximum in glucose as co-substrate.
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Table 3.5. Comparison of degradation of crude oil based on major peaks obtained in GC mass

spectroscopy
o With
Abiotic ) )
m/z ] Glucose Without Glucose Potential hydrocarbons
(Relative ] ] )
values (Relative (Relative peak area) (Nicolescu, 2017; Pavlova
peak area)
peak area) and Papazova, 2003)
57.09 69973196 41182613 78065789
57.09 125993034 9377268 13484307 CsHov,
C2Hs-COe
57.09 94018675 4620738 12645811
71.1 36334662 20418554 41127582 CoH
701 86930680 1.44E+08  1.39E+08 il
Cs H7 —COe
71.1 36000612 16944259 36984645
155.12 58081211 8689569 0
CeHs=Ce¢Hs+
155.12 38740650 8466431 0
156.13 39326048 23212930 44422321
C,-Naphthalenes
156.13 48945095 15757929 56498782
169.12 37245806 4882136 35661249
160.12 33824212 8490820 18552434 Sl R
170.16 68845816 21264980 63239168
193.12 31715735 21270316 36633184 Ci-Phenanthrenes
207.13 31349933 4624913 C»-Phenanthrenes

The changes in peak intensity are attributed to the breakdown of compounds into their subsequent

subunits. The GC-MS analysis showed 47 % degradation of aliphatic hydrocarbons (m/z =57, 71, 141)

(Nicolescu, 2017) and a 70 % decrease in aromatic hydrocarbon (m/z=155, 156, 169, 170, 193, 207)

contents (Pavlova and Papazova, 2003) in the presence of co-substrate glucose, however, in the absence

of any co-substrate, the decrease in aliphatic and aromatic compositions was obtained as 27 % and 34

%, respectively relative to abiotic. Hence, the chromatogram based peak area analysis revealed that
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microbial consumption of crude oil components occurred more effectively in the presence of glucose
than in its absence. The reduction in the total peak area of the crude oil incubated in the presence of
glucose was about 58 %, which also complemented the FTIR and gravimetric analyses. Conclusively,
based on the gravimetric and spectroscopic analyses, it was established that the natural degradation of
oil components was lesser than microbial biodegradation. However, the present Agrobacterium strain
showed comparatively better degradation in the presence of glucose (optimized C source). Hence, the
presence of glucose intensified the biodegradation ability of oil by the present strain. Similar results
have been reported in literature stating that the presence of glucose increases crude oil degradation
(Farag et al., 2018; Jeroh et al., 2011; Khan et al., 2006). However, scant attention has been paid to the
mechanism involved, and hence the bottleneck remains. Hence, this study gives an insight into the

relationship involved in biosurfactant production and oil degradation in the presence of glucose.

—— Abiotic Control
—— Without Glucose
— With Glucose

Absorbance (a.u.)

I L ) = L y L
500 1000 1500 2000
Wavenumber (cm’)

Figure 3.5. FTIR analysis of residual crude oil signifying the reduction in peaks due to biodegradation

presence and absence of glucose compared to the abiotic loss
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3.3.4. Relation between biosurfactant production and crude oil degradation

In order to understand the effect of glucose in the degradation of crude oil, a graph of biosurfactant
production with oil degradation was plotted. From Figure 3.6, it was anticipated that biosurfactant
production enhanced significantly (p < 0.05) in the presence of glucose. Even though there was lesser
biosurfactant production in the initial 48 h, which could be due to the utilization of available glucose as
a C source; however, with the depletion of glucose in the media, subsequent enhanced biosurfactant
production crude oil utilization was observed. On the other hand, in the control containing only crude
oil, no significant change (p >0.07) in biosurfactant production was observed with a change in oil
degradation. It revealed a breakthrough, i.e., glucose significantly enhances biosurfactant production
and crude oil degradation.

Biosurfactants are natural emulsifying tools produced by bacteria using polar and non-polar substrates.
A general lipopeptide biosurfactant production involves a 5 staged process: (1) Glycolysis of substrate
for the biosynthesis of acetyl CoA; (2) Amino acid biosynthesis; (3) TCA cycle; (4) Biosynthesis of
fatty acids; and (5) Amino acid-lipid bio-assembly (Sharma et al., 2022). Thus, the presence of Glucose
as simple sugar acted as catalysing agent in the biosurfactant production, improving the crude oil
emulsification and hence overall biodegradation. However, biosurfactant is not the sole factor involved

in oil degradation. Hence, we further explored the role of the AH enzyme.
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Figure 3.6. Study of the effect of crude oil biodegradation efficiency with bacterial biosurfactant

production in the presence and absence of co-substrate: glucose

3.3.5. Determination of alkane hydroxylase activity

The principal cause for microbial degradation of crude oil components is the activity of degradative
enzymes. Jurelevicius et al have also reported the presence of alkB gene responsible for AH enzyme
in Agrobacterium genus (Jurelevicius et al., 2013). To analyze the biodegradation ability of the present
strain, AH was focused. The present strain synthesized AH both extracellularly (eAH) and
intracellularly (iAH). The activity of AH is regulated by the presence of 'C' substrate in the media.
Hence, we performed a comparative study on the effect of glucose-supplemented crude oil on the
activity of AH.

It was observed that in the presence of glucose, the AH enzyme activity remained active both
extracellularly and intracellularly. However, the maximum enzyme activity was observed at 72-96 h of
incubation, with an iAH enzyme activity of 9 + 0.1 U/mL and eAH enzyme activity of 4.5+ 0.02 U/mL.

In contrast, in the absence of glucose, the maximum extracellular enzyme activity was found at day 1,
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i.e.,4.0£0.1 U/mL (which decreased gradually afterward), whereas the maximum intracellular activity
was observed at day 2 (3.4 £ 0.2 U/mL). Interestingly, the presence of glucose enhanced the overall
extracellular AH activity. It was anticipated that it was due to the availability of cofactor (NADH)
regeneration system during the catabolism of glucose to gluconic acid, as also supported in the literature
(lyer and Rajkumar, 2019). The substrate continuously provided NADH for the effective activity of
extracellular expressed AH. Furthermore, we observed that constitutive expression of both intracellular
and extracellular AH activity was required for better degradation of crude oil, as experienced in the

presence of glucose than its absence.

3.3.6. Relationship between AH and oil degradation and biosurfactant production

To understand the cause of oil degradation in the presence of glucose, we studied the enzyme activity
of eAH hydroxylase, one of the key enzymes in the hydrocarbon degradation pathway. From Figure
3.7(A), it was inferred that eAH activity initially increased significantly (p < 0.01) with an increase in
the oil degradation ability, signifying that the oil degradation ability of A. fabrum is regulated by the
activity of eAH. However, no significant change (p > 0.12) in the activity of eAH in control (containing
only crude oil) suggested that the presence of glucose enhanced the activity of eAH. It could be
explained in terms of depletion of the cofactor, NADH. Furthermore, eAH activity was also responsible
for the production of biosurfactants. It was observed that the AH activity increased with an increase in
biosurfactant, as shown in Figure 3.7(B). Summarily, the presence of glucose showed an overall
enhancement in the activity of eAH, which in turn uplifted the biosurfactant production and crude oil
degradation compared to control.

Similarly, it was observed that the iAH activity got upregulated by ~ 2 folds in the presence of glucose
with crude oil (9.0 U/mL) than the control (3.4 U/mL). Interestingly, the expression of iAH enhanced
the biosurfactant production, as shown in Figure 3.7(C). However, the decrement in intracellular
activity occurred as the cells reached their death phase. In the absence of glucose, biosurfactant
production was independent of iAH activity preassembly due to the lower activity of iAH. The iAH
activity showed a similar trend for crude oil degradation in the presence and absence of glucose (data
not shown). It revealed that both iAH and eAH regulated the biosurfactant production ability of the
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present strain. Summarily we hypothesized that a suitable co-substrate such as glucose aided the balance
of redox potential, which upregulated the biosurfactant production pathway and hydrocarbon

degradation pathway.
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Figure 3.7. Study of the effect of (A) extracellular Alkane hydroxylase (eAH) activity on crude oil

biodegradation; (B) extracellular Alkane hydroxylase (eAH) activity on biosurfactant production; and

(C) intracellular Alkane hydroxylase (iAH) activity on biosurfactant production

TH-2720_166106008

108



3.4.Conclusions

In this study, Agrobacterium fabrum is explored for its ability to produce biosurfactants and biodegrade
crude oil. Screening experiments such as oil displacement assay, drop collapse test and E»4 confirmed
the biosurfactant production ability of the present bacterium. Further, optimization studies revealed that
the mesophilic strain showed the maximum biosurfactant production of 5.77 + 0.3 g/L at pH 6 and 30
°C using glucose and yeast extract at a C: N ratio 2:1. The strain was also found to degrade crude oil by
synthesizing AH. The bacteria showed an enhanced biosurfactant production in the presence of co-
substrate glucose. Similarly, the bacterium showed augmented crude oil biodegradation of 58 + 5 %
within 6 days of incubation in the presence of glucose. The crude oil degradation was further confirmed
by investigating the regulation of the AH enzyme activity. Upon supplementing with crude oil, glucose
uplifted the biodegradative metabolism and the biosurfactant production by enhancing the AH activity.
Moreover, it was revealed that cofactor availability was the major driving force responsible for the
overall metabolism. These outcomes suggest glucose-rich feedstock can be used as a C source to
augment crude oil biodegradation. The obtained results postulate the suitability of the present strain in

the field of enhanced oil recovery, bioremediation, biodegradation and other industrial purposes.

109
TH-2720_166106008



110

TH-2720_166106008



Chapter 4

Biosurfactant mediated crude oil biodegradation by isolated Bacillus
subtilis RSL 2

B C Simultaneous

Treatment, B+C 5.2 g/L biosurfactant produced
6 with 72% oil degradation (B+C) 80
96 h
B Sequential Treatment, BC

2y

Oil degradation (%)

Biosurfactant Conc. (g/L)
= F
=

—&—Biosurfactant (B+C) —@—Biosurfactant (BC)
C Control
96 h, Optimized -#&-0il degradation (B+C) -#&-Oil degradation (BC)
conditions by, RSM 0 0
g 0 0.5 1 1.5
pH 4.0, 25°C and Control CMC of Biosurfactant
1 g/L of crude oil

| Biosurfactant (B); Cells (C) ‘

(Bioresource technology 307, 123261, 2020 (Sharma et al., 2020))

This Chapter discusses the effect of biosurfactant as stimulant in crude oil bioremediation. Isolated oil-
degrading strain, Bacillus subtilis RSL 2 was optimized for the maximum oil degradation and
biosurfactant production using Response surface methodology. The produced biosurfactant was
characterized and investigated for its effect on microbial oil degradation in two modes (a) sequential
(BC) and (b) simultaneous (B+C) inoculation. The study aimed to explore the surface activity of crude
biosurfactant in alteration in surface wettability of a hydrophobic substrate (crude oil) making it more

bioavailable for biodegradation activities of oil-contaminated sites.
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4.1. Introduction

In the previous Chapter 3, the need to optimize bacterial growth conditions for maximizing
biosurfactant production to achieve effective crude oil biodegradation ability has been elaborated. This
Chapter puts forward crude biosurfactant as an inherent bio stimulating tool for mediating the bacterial
crude oil biodegradation. Biosurfactant is a growth-associated metabolite produced by microbes during
their oil utilization phase. It is established that microbes apply this metabolite as a tool to emulsify the
heavy chains of crude oil to make it more bioavailable for effective utilization (Akbari et al., 2018).
Various researchers have worked on this line to improve the production of biosurfactants to achieve a
higher degradation of spilled crude oil (Patowary et al., 2018). Biosurfactants known to emulsify crude
oil majorly effectively comprise isoforms of Lipopeptides and Rhamnolipids (Bai et al., 2017; Datta et
al., 2018; Lin et al., 2017; Sharma et al., 2019; Sharma et al., 2019). However, commercially available
synthetic surfactants are more favored for oil degradation due to their high efficiency (Jin et al., 2019;
Kaczorek and Olszanowski, 2011). To date, very scarce literature certifies the use of biosurfactants in
oil-contaminated sites (Saravanan et al., 2020; Sharma et al., 2020). Hence, a deeper insight is required
to improve biosurfactant-mediated crude oil biodegradation effectiveness.

In this direction, an attempt has been made towards an amalgamated biosurfactant-assisted microbial
oil biodegradation approach. Inherent oil degraders were isolated and optimized for maximum
biosurfactant production. Further, to unveil the role of biosurfactants in oil utilization, the produced
biosurfactant was supplemented with crude oil in varying concentrations, and resultant effects on

microbial oil degradation were investigated.

4.2. Materials and methods

4.2.1. Chemicals and reagents

Crude oil contaminated sludge samples were obtained from IOCL, Noonmati, Assam in sterile sampling
bottles and stored at 4°C till further use. The chemicals and reagents with their source information have
been mentioned in previous chapters. The remaining chemicals are Ammonium nitrate (101188),
Ammonium sulfate (101217), Urea (108486), and Iron nitrate hydrated (103883) were purchased from
Merck, India. Diidomethane (RM2766) was purchased from Himedia, India.
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4.2.2. lsolation and screening of bacterial isolates

Local sludge samples were initially enriched in LB broth. These enriched bacteria were incubated in
BH media with 1 % (v/v) crude oil as the only carbon source for a week. Further, single colony isolation
was performed using the conventional serial dilution technique in sterile phosphate bovine serum (PBS,
pH 7.4) followed by streak- plate technique using 1 % crude oil-enriched BH agar. Isolated single
colonies were inoculated in sterile BH media with 1 % (v/v) crude oil as sole carbon source and
incubated at 37 °C, 180 rpm for 24 h. The obtained isolates were screened based on surface-active
properties, i.e., emulsification activity (E»4) and oil displacement activity, as stated in Chapter 3, section
3.2.2. Further, the isolates were also analyzed for decreased surface tension using Tensiometer, as

stated in Chapter 3, section 3.2.4.2.

4.2.3. Identification of selected isolates

Based on the preliminary screening results, the selected isolates were further studied for the genomic
DNA (gDNA) isolation procedure provided in the Himedia HiPurA bacterial gDNA purification Kit
(MB505-50PR) protocol. The obtained gDNA was amplified using universal primers 27F (forward
primer) and 1492R (reverse primer). Europhins, India, performed the 16S rRNA sequencing. Further,
the obtained sequences were compared with the Basic Local Alignment Search Tool (BLAST), and the
phylogenetic tree was constructed using National Center for Biotechnology Information (NCBI)

neighbor-joining tree construction and analysis tools (Datta et al., 2018; Mehetre et al., 2019).

4.2.4. Optimization of nitrogen source

The optimal strain was selected for further optimization studies among the isolated strains. In this
regard, firstly suitable nitrogen source (1 %, w/v) was scrutinized in the presence of 1% crude oil as the
sole carbon source at pH 7.0 and 37°C in sterile BH media. Different nitrogen (N) sources included
yeast extract, ammonium nitrate, ammonium sulfate, urea, and iron nitrate. The growth of strain was
examined by measuring optical density (O.D.) at 600 nm using a spectrophotometer (Cary 100 UV-vis
spectrophotometer) for every 24 h up to 7 days (Datta et al., 2018). Based on the increased turbidity of
culture media, biomass growth was estimated, and the optimum N source was selected. Furthermore,
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the concentration of the selected nitrogen source was also optimized by varying its concentration from
0.5% to 2 % (w/v) at pH 7.0 at 37°C for 7 days. After incubation, the biomass growth was also analyzed
in terms of dry cell weight and biosurfactant production was studied in terms of surface tension

reduction of cell-free supernatant, as mentioned in Chapter 3, section 3.2.4.2.

4.2.5. Optimization of culture conditions

Optimization of bacterial culture conditions was performed to understand the interaction among various
culture conditions to maximize the overall crude oil degradation and biosurfactant production using an
empirical technique, Response surface Methodology — Central Composite Desigh (RSM-CCD) tool
(Design Expert, version 7.0) statistical tool, as discussed in Chapter 2, section 2.5.2.4.2. In this design,
we studied the effect of three independent variables (pH, temperature and crude oil concentration) to
explore the probable interaction among them for the maximum biosurfactant production. In this regard,
biosurfactant concentration was considered to be the response output. The range studied for independent
variable pH, temperature, and crude oil concentration were 4.0 to 8.0, 25-45°C, and 1-5 g/L,
respectively. A set of 20 experiments were suggested, and the experiments were performed at the
mentioned conditions for 7 days in sterile BH media with an optimized N source. At the end of
incubation, cultures were centrifuged and obtained cell-free supernatant was further analyzed for

biosurfactant concentration (Response parameter).

4.2.6. Estimation of produced biosurfactant

After the incubation period, the cells were harvested and solvent extracted as reported in section 3.2.4
(Gudifia et al., 2015; Sharma et al., 2019; Sharma et al., 2019). Thus, obtained biosurfactant was
weighed gravimetrically and stored at room temperature for further characterizations. Henceforth, the
obtained biosurfactant concentrations were incorporated in the Design-Expert software modeled with
RSM-CCD tools. The data were examined using a two-way analysis of variance (ANOVA) to obtain

the optimized culture conditions.
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4.2.7. Estimation of residual crude oil
The cells were harvested upon incubation, and the cell-free broth was analyzed to estimate residual

crude oil and COD as mentioned in Chapter 3, section 3.2.5.

4.2.8. Study of biosurfactant production utilizing crude oil under optimized conditions

The selected strain was incubated at thus optimized pH, temperature and crude oil concentration to
analyze its degradation and biosurfactant production ability. The strain's oil consumption ability and
growth characteristics were analyzed based on biomass, surface tension, residual oil, and extracellularly
released biosurfactant every 24 h till 7 days. Briefly, each day samples were centrifuged at 8000 rpm
and 4°C for 10 min. The obtained pellet was utilized for biomass and enzyme alkane hydroxylase (AH)
assay. AH is responsible for the oxidation of alkane hydrocarbons to their alcoholic derivatives using
NADH as a cofactor. The cell-free supernatant was studied for surface tension measurement,
biosurfactant production (Chapter 3, section 3.2.4) and residual crude oil estimation (Chapter 3, section

3.2.5) (Sharma et al., 2019).

4.2.9. Estimation of Alkane Hydroxylase Activity
The intracellular alkane hydroxylase activity was spectrophotometrically estimated using the protocol

mentioned in Chapter 3, section 3.2.6.

4.2.10. Biosurfactant characterization studies

The crude biosurfactant extracted using solvent extraction and evaporation was further characterized
by analyzing the chemical functional groups using Fourier transform spectrophotometer, attenuated
total reflectance (Make: Perkin-Elmer Spectrum Two) ATR- FTIR mode (4000-400 cm™). The
molecular weight of the crude biosurfactant was estimated using Matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analyses (Sharma et al., 2022). In
addition, the Du-Nouy Ring method in Tensiometer was opted to determine inflation point of surface
tension reduction with increase in biosurfactant concentration (CMC), as mentioned in Chapter 3,
section 3.2.4.2. The crude biosurfactant was further analyzed for its surface wettability based on water
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contact angle measurement at 25°C and 1 atm on the Goniometer (Make: HOLMARC) (Datta et al.,

2018). Surface energy (y;;) is other key parameter that determines the intermolecular forces present at

the solid-liquid interfaces. It is calculated using equation as stated below

1

1
vy = vi+v+20[(vivi) + (Viv?)l (4.2)

Where vi® is expressed as surface energy due to the dispersive component of liquid and y{ is expressed
as surface energy due to the polar component of liquid. Similarly, y;® is expressed as surface energy due
to the dispersive component of solid and y;° is expressed as surface energy due to the polar component
of solid (Hasan et al., 2018). Also, 0 act as an interaction parameter (~1). Also, the thermal stability of
crude biosurfactant was studied using thermogravimetry analysis (TGA) (Netzsch, Model:

STA449F3A00) (Datta et al., 2018).

4.2.11. Biosurfactant assisted biodegradation studies

In order to enhance the oil degradation ability of the strain, crude biosurfactant was supplemented in
media, and the system's performance was analyzed. For this, three concentrations of crude biosurfactant
were explored viz. 0.5 CMC, CMC and 1.5 CMC. The experiment was performed in two setups (1)
biosurfactant was mixed with oil containing media for the first 24 h followed by bacterial inoculation
(5 %, viv; 1x108 CFU/mL) for 96 h (Biosurfactant — cells, "BC"), and (2) crude biosurfactant co-
cultured with bacteria in oil containing media (Biosurfactant + cells, "B+C") for 96 h at 25°C, 180 rpm.
After incubation, cultures were centrifuged to analyze the residual oil and biosurfactant concentration
from the supernatant, and the recovered pellet was used for biomass estimation, as mentioned above.
The residual oil was further quantified using GC-FID (Varian 450, Sil-8 CB column, 30 m x 0.25 mm
x 2.5 um) analysis. The injector temperature was maintained at 250°C, and the detector temperature
was maintained at 280°C. The oil samples were prepared in hexane with an injector volume of 1 pL.

Also, helium gas was used as carrier gas maintained at a 1:50 split ratio. In addition, the overall oven
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temperature was programmed as an initial temperature of 60°C for 5 min, which was raised with the

ramping of 5°C/min to 280°C with a hold time of 15 min (Mahesh et al., 2019).

4.2.12. Statistical analysis
The statistical analyses of experimental data were performed by OriginPro 8.5 software, as mentioned

in Chapter 3, section 3.2.7.

4.3. Results and discussion

4.3.1. Isolation, screening and identification studies for selected strains

The biosurfactant production ability of isolated bacterial strains was evaluated using standard screening
methods such as oil displacement, surface tension reduction, and Ezs. The selected bacterial strains
showed positive results for all tests mentioned above, as tabulated in Table 4.1. These selected bacterial
strains were then identified using the 16S rRNA sequencing technique, and their phylogenetic tree was
obtained using the NCBI neighbor-joining tool as represented in Figure 4.1. The selected strains were
identified from the figure as (A) Acinetobacter sp. SRL_72524, (B) Klebsiella pneumoniae

SRL_52525, (C) Enterobacter sp. SRL_93721, and (D) Bacillus subtilis RSL2.
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Enterobacter ludwigii strain 1140 chromosome, complete genome
C Enterobacter ludwigii strain JP9 chromosome. complete genome
Enterobacter ludwigii strain JP6 chromosome, complete genome
@ Enterobacter ludwigii strain VITDJ2 168 ribosomal RNA gene. partial seq...

Enterobacter cancerogenus strain CR-Eb1 chromosome, complete genome

l Enterobacter kobei strain DSM 13645 chromosome. complete genome
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Figure 4.1. Phylogenetic tree obtained using NCBI neighbor-joining tool for selected bacteria (A) Acinetobacter sp. SRL_72524, (B) Klebsiella pneumoniae

SRL_52525, (C) Enterobacter sp. SRL_93721, and (D) Bacillus subtilis RSL2
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It was observed that strain RSL-2 belonged to Bacillus sp., strain 93721 belonged to Enterobacter sp.,
strain 52525 belonged to Klebsiella sp., and strain 72524 belonged to Acinetobacter sp. The 16S rRNA
sequences for the abovementioned strains were submitted to the NCBI GenBank sequence database,
with GenBank accession number Bacillus subtilis RSL 2 (MK734048) (Ravi, 2019), Enterobacter
sp.SRL_93721 (MK752685), Klebsiella pneumonae SRL_52525 (MK752681), and Acinetobacter sp
SRL_72524 (MK752684). Among the selected strains, Bacillus subtilis RSL2 exhibited high surface-
active properties such as 57 % E4, positive oil displacement activity and reduced the surface tension to
40 = 1 mN/m Hence, interpreting from the preliminary test, Bacillus subtilis RSL2 was chosen as a

potential biosurfactant producing strain for further studies.

Table 4.1. Preliminary test for screening of isolated bacteria for biosurfactant production ability

NCBI Oil Emulsification Surface tension
Strain
accession no. displacement activity(Ez4) (mN/m)
RSL-2 MK734048 + 57 % 40 +1
93721 MK752685 + 45 % 41 +1
72524 MK752684 + 45 % 42 +1
52525 MK752681 + 45 % 44 +1

4.3.2. Optimization of Nitrogen source

The effect was different N sources on the growth and biosurfactant production ability of Bacillus subtilis
RSL 2 was further analyzed. The maximum ODeg Was observed as follows:

Yeast extract > Iron nitrate > Ammonium sulfate > Ammonium nitrate > Urea

Furthermore, the yeast extract concentration was optimized by varying its concentration from 0.5 % to
2 % (w/v). The effect of yeast extract concentration on the growth and biosurfactant production ability
of Bacillus subtilis RSL 2 was analyzed based on the biomass and surface tension reduction abilities at
the end of incubation, as shown in Figure 4.2. 1.5 % yeast extract was optimal N concentration for the

growth of bacterial cells and reduction of surface tension.
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Figure 4.2. Optimization of yeast extract (N source) concentrations for B. subtilis RSL2

Biosurfactants are surface-active bio-molecules, which reduces the surface tension of culture media
(Sharma et al., 2019). Hence, the biosurfactant production was estimated in terms of the surface tension
reduction of culture media. In concordance to obtained results, various literature also supported the
ability of Bacillus sp. to produce higher biosurfactant in the presence of organic N sources such as yeast
extract (Gudifa et al., 2015; Liang et al., 2018; Parthipan et al., 2017) Parthipan et al. explored the
biosurfactant production ability of Bacillus subtilis Al using 2 % sucrose and 3 % yeast extract for the
production of 4.85 g/L of biosurfactant (Parthipan et al., 2017). Similarly, Liang et al. supplemented 2
% yeast extract to produce biosurfactants (Liang et al., 2018). However, an effective microbial growth
and biosurfactant production using crude oil and comparatively lesser yeast extract concentration made

the entire process economic.

4.3.3. Optimization of culture conditions
Effect of pH (A), temperature (B) and crude oil concentration (C) (in the presence of pre-optimized N
source) on the overall biosurfactant production ability of bacterial strain was analyzed using RSM-CCD

methodology. Sets of 20 experiments were designed using RSM-CCD, and their predicted and
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experimental output values are listed in Table 4.2. Figure 4.2 shows the optimization study done for
the above parameters and selecting the best conditions based on the biosurfactant concentration as the
response. After completing all experiments, biosurfactant concentration was used as a response and
obtained interaction was fitted as a quadratic model equation to predict optimized conditions. The fitted

model predicted the concentration of biosurfactant using the following quadratic equation 4.3:

Biosurfactant concentration = +12.05247 —1.01235 xA—0.33823 x B —
0.63442 x C+ 1.87500E — 003 X AX B+ 0.056250 x AX C + 6.25000E — 004 x B x

C +0.057850 x A% + 4.59443E — 003 x B2 +0.057850 x C? (4.3)

Where biosurfactant concentration (g/L) was controlled by factors A, B and C, which represented pH

of the culture media, the temperature of incubation and crude oil concentration, respectively.
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Table 4.2. Experimental setup design by RSM-CCD with predicted and obtained responses

(Biosurfactant concentration)

Experimental design

Predicted )
S.No. Temperature concentration AthuaI concentration
pH o) C (g/L) @) (9/L)
1 4 25 1 3.20 3.25
2 8 25 1 2.34 2.36
3 4 45 1 3.03 3.04
4 8 45 1 2.32 2.34
5 4 25 5 3.01 3.02
6 8 25 5 3.05 3.07
7 4 45 5 2.89 2.90
8 8 45 5 3.08 3.06
9 2.63 35 3 2.88 2.84
10 9.36 35 3 2.31 2.30
11 6 18.18 3 3.30 3.25
12 6 51.82 3 3.18 3.18
13 6 35 0 2.35 2.30
14 6 35 6.36 2.84 2.84
15 6 35 3 1.94 1.97
16 6 35 3 1.94 1.96
17 6 35 3 1.94 1.95
18 6 35 3 1.94 1.94
19 6 35 3 1.94 1.90
20 6 35 3 1.96 1.93

According to ANOVA analysis, the quadratic model was found to be significant (p < 0.0001) with an
insignificant lack of fit (p > 0.082). The model's reliability was a low coefficient of variation (CV =
1.51 %) and a high Adeq precision value of 49.53. The Model R? and F-value were 0.997 and 374.15,
respectively. The Predicted R? value (0.9811) was also found to agree with the Adjusted R? value
(0.9944). Both pH and initial oil concentration (p < 0.0001) influenced the biosurfactant concentration.
In contrast, temperature (p > 0.0001) was insignificant for two-way interaction. Hence, factors A, C,
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AC, A?, B? and C? were significant model terms. Overall, the optimized condition for biosurfactant
production was pH 4.0, 25°C using 1 g¢/L crude oil. At these optimized conditions, the actual

biosurfactant concentration (3.6 g/L) was more prominent than the predicted concentration (3.2 g/L).
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Figure 4.3. Response surface plots for the maximum biosurfactant concentration considering: (A)
Temperature and pH as the parameters at constant crude oil concentration; (B) Crude oil concentration
and pH as the parameters at constant temperature; and (C) Crude oil concentration and temperature at

constant pH

4.3.4. Study of crude oil degradation and biosurfactant production under optimized conditions
Under the optimized conditions (pH 4.0, 25°C and 1 g/L crude oil), B. subtilis RSL2 was studied for its
growth and subsequent production of biosurfactant, which was analyzed in dry biomass surface tension
and biosurfactant concentration, as shown in Figure 4.4. The residual crude oil reflected the oil
degradation ability of the strain. The specific growth rate (l) was obtained as 0.08 h-. It was observed
that biomass reached a stationary phase after 3™ day of incubation. Also, the biosurfactant concentration
increased rapidly till the 3 day. It later maintained the same until the 7th day, suggesting that
biosurfactant was released primarily within the exponential phase as a growth-associated metabolite.
Such rapid onset of extracellular biosurfactant production during the exponential phase agrees with the
trend of surface tension reduction, which reached an inflation point of 38 mN/m after the 3" day. The
overall crude biosurfactant concentration was obtained as 3.6 + 0.3 g/L after the 7" day of incubation.

Datta et al. also referred to biosurfactant as a primary metabolite, produced during the exponential-
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growth phase of B. subtilis MG 495086 using 3.8 % (w/v) of light paraffin oil as C source, producing
6.3 g/L of biosurfactant (Datta et al., 2018). Similarly, Parthipan et al. reported biosurfactant production
(4.85 g/L) as a growth-associated metabolite by bacterium B. subtilis A1, using 2 % sucrose and 3 %
yeast extract as C and N source (Parthipan et al., 2017). Likewise, B. licheniformis AL 1.1 strain showed
0.86 g/L of purified lipopeptide biosurfactant within 24 h using glucose as C source at 30°C (Coronel-

Leon et al., 2015).
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With the release of biosurfactant since the early bacterial exponential phase, there was a simultaneous
increase in bacterial oil degradation ability, which reached 45 % on the 3™ day. After that, a significantly
lower change in oil degradation was observed (55 + 2 %), which was in agreement with no more
increment in biosurfactant production and death phase of biomass. A similar 33 £ 5 % removal in the
soluble COD was obtained on the 3™ day of incubation which increased to 67 + 5 % by the end of
incubation. It suggested the importance of biosurfactant presence in microbes' overall oil degradation
ability. This observation correlates with intracellular oil-degrading enzyme activity. Conclusively,
based on the gravimetric analysis of crude oil degradation and biosurfactant production, it was
established that the present Bacillus strain showed comparatively better biodegradation activity using

waste crude oil as the sole carbon source.

4.3.5. Estimation of Alkane hydroxylase enzyme activity

The principal cause for bacterial degradation of crude oil components is the catalytic activity of
hydrocarbon catabolizing enzymes. The principle enzyme, i.e., AH, was focused on analyzing the
present strain's oil biodegradation ability. AH oxidizes long-chained hydrocarbons (Cs-Cis) to their
alcoholic by-products (Sharma et al., 2019). The hydroxylation activity of this enzyme is majorly
regulated by the availability of substrate (alkanes) and cofactor (NADH) (Ji et al., 2013). Arslan et al.
also reported that the expression of the alk gene depends on nutrient availability. They stated that the
higher availability of nutrients improved microbial growth and, in turn, their catabolic activity.
Metabolically active cells showed higher enzyme activity (Arslan et al., 2014). In agreement, the
findings revealed that the overall enzyme activity was high during the exponential phase, causing higher
degradation of crude oil in the early exponential phase, till 72 h (3 days). However, with the late
stationary phase, the enzyme activity reduced presumably due to the death phase of biomass. It is also
reflected as poor oil degradation in this phase. Hence, the overall activity of AH played a crucial role
in the biodegradation of crude oil as its overexpression increased the overall degradation by many folds.
Figure 4.3 (dotted line) depicts the linear relationship between oil degradation, biomass production and
biosurfactant production with increase in alkane hydroxylase activity during exponential phase.
Parthipan et al. also reported similar improved alkane hydroxylase activity (188 pmole/min/mg) during
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the exponential phase (48-72 h), which gradually declined as the cell reached death phase (Parthipan et
al., 2017). Conclusively, it is suggested that AH plays vital role in overall biodegradation of crude oil,

as alkane contributes to the major contents of crude oil.

4.3.6. Characterization of produced biosurfactant

The biosurfactant was characterized for its ability to reduce surface tension till its inflation point, i.e.,
CMC of the biosurfactant. The crude biosurfactant showed a value of 0.5 g/L. CMC (Figure 4.5(A)),
decreasing surface tension to 38 = 0.5 mN/m. The chemical nature of crude biosurfactant was also
analyzed using FTIR spectroscopy. Based on the major transmittance peaks recorded in the spectra,
different functional groups present in the crude biosurfactant were identified (Figure 4.5(B)).
Furthermore, the chemical nature of the biosurfactant was investigated by comparing its assigned
functional groups with existing literature suggesting it to be lipopeptide in chemical nature (Table 4.3).
The crude biosurfactant was characterized using MALDI-TOF analyses as shown in (Figure 4.5(C)).
The presence of peaks at m/z 1044, 1058 and 1074 suggested the presence of Cis-surfactin [M+Na]*,
Cis-surfactin [M+Na]*, Cis-surfactin [M+K]", respectively. Similar peaks were reported by Price et al.
from the crude biosurfactant produced by Bacillus subtilis B-41086 (Price et al., 2007). Various reports
have reported the occurrence of Cis.s surfactin peaks in the Bacillus genus MALDI-TOF analysis

(Hoefler et al., 2012; Yang et al., 2015).

Table 4.3. Major peaks positions from FTIR spectra of crude biosurfactant

S.No. Peak positions (cm™) Functional group assignment Ref
1 1640 Amine group (Balan et al., 2016)
2 1535 Fatty acid linkage (-C=0-NH) (Habib et al., 2020)

Aliphatic —CH group of the long fatty (Velioglu and
3 3042-2855 and 1200-1400
acid chains UREK, 2015)

4 1054 C-O stretch (Kiran et al., 2017)
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Figure 4.5. Characterization analyses for crude biosurfactant using (A) Surface tension measurement
to determine the CMC value, (B) Functional group analysis using FTIR, (C) Molecular weight analysis
using MALDI-TOF-MS, (D) Thermal stability analysis using TGA, and (E) Wettability study on

paraffin using water, crude biosurfactant, Diiodomethane

The thermal stability of biosurfactant was studied by heating it at the rate of 10°C/min in the temperature
range of 20-700°C in an inert atmosphere (Figure 4.5(D)). The biosurfactant showed three-phase
thermal degradation. The initial phase showed a negligible loss in mass (~98 %) due to moisture
removal till 109°C; there was a 58 % decrease in mass till 320°C. It was due to the loss of thermos-
labile components of biosurfactants such as lipids. However, the biosurfactant retained ~48 % of its
mass till 700°C, signifying that 50 % of biosurfactant composition is thermos-tolerant. Interestingly,
produced biosurfactant showed excellent stability till ~110 °C with negligible mass loss, nominating its
importance for in-situ oil recovery and remediation processes, where the maximum temperature reaches

up to 100°C.
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Further, the wettability characteristic of crude biosurfactant was studied on a hydrophobic surface
(paraffin) using contact angle and surface energy (Figure 4.5(E)). The contact angle of the biosurfactant
on the surface was compared with that of water and dilodomethane (M) as controls. The hydrophobic
paraffin surface resulted in a water contact angle of 96 + 2°, indicating poor wetting behavior. On the
other hand, the produced biosurfactant showed moderate wettability with a contact angle of 73 £+ 1°
representing the improved wettability due to the interfacial interaction of amphiphilic biosurfactant
molecules. The contact angle of MI was found to be 58 + 1°. The solid surface energy was calculated
based on the measured water contact angle of liquids, water, biosurfactant solution, and MI. The surface
energy of the hydrophobic paraffin surface was estimated to be 30 = 1 mJ/m?, which agreed to the
literature for a hydrophobic surface of solid (Hasan and Pandey, 2016; Hasan et al., 2018; Pandey and
Pattanayek, 2013). However, in case of moderate wettability (6 = 73 + 1°), surface energy was increased
to 35 = 1 mJ/m? It indicated that the produced biosurfactant improved solid-liquid interfacial
interactions on a hydrophobic surface. This property enables better interaction with oil (hydrophobic)

and is helpful in oil washing and oil recovery applications.

4.3.7. The implication of biosurfactants in biodegradation behavior

The bacterial culture was explored for its ability to degrade crude oil in the presence of biosurfactants.
Two modes were studied, (1) sequential biosurfactant injection in oil-containing media for an initial 24
h followed by bacterial inoculation (BC), (2) simultaneous biosurfactant and bacterial inoculation
(B+C) in oil containing media. Also, crude biosurfactant concentrations, i.e., 0.5 CMC, CMC and 1.5
CMC, on the oil degradation ability of bacterial culture were studied. It was observed that in the case
of simultaneous biosurfactant assisted biodegradation (B+C), there was improved bacterial growth,
biosurfactant production and crude oil degradation as compared to sequential inoculation (BC).
Figure 4.6 shows the profile of biosurfactant, biomass and oil degradation at different biosurfactant
concentrations in both modes. In both cases, enhanced oil degradation was observed at 0.5 CMC
concentration due to increased oil mobilization by biosurfactant, making it more bioavailable for
microbial biodegradation. In the case of simultaneous feed of biosurfactant and oil, the maximum oil
degradation of 72 % was obtained, 1.6 folds higher than control, i.e., without biosurfactant. In
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agreement, 1.5 folds increased biosurfactant concentration of 5.2 g/L was also achieved. However, in
the case of sequential feeding (BC) of biosurfactant followed by microbes, the system's performance
was lower than simultaneous feed (B+C), i.e., 55 % oil degradation and 4.5 g/L of biosurfactant. It
indicated the role of biosurfactants towards both oil availability and microbe's efficacy, which is
explored in section 4.2.8. of cell surface hydrophobicity.

The GC-FID chromatograms for the recovered residual oil after biosurfactant-assisted biodegradation
studies are shown in Appendix 4A (section S4-1.1, Figure 4A-1). It was observed that there was
complete degradation of small chains of hydrocarbons (Retention time (RT) 0-15 min) in all the
experimental cases. Also, a significant decrease (~50 %) in peak intensities for long chains of
hydrocarbons compared to raw crude oil was recorded (RT = 15-51 min). In the case of simultaneous
biosurfactant and oil feeding, the maximum decrease in peak intensities (degradation) was observed,

which agreed to the maximum oil degradation and, in turn, biosurfactant production.

4.3.8. Role of concentration of biosurfactant on bio-stimulation

The biosurfactant concentration greatly influences its mode of operation in the oil-water interface.
When biosurfactant is present at a concentration below its CMC, it tends to mobilize the oil improving
its bioavailability towards microbes. On the other hand, when the biosurfactant concentration is at its
CMC value or above, it tends to form micelles encapsulating oil within its hydrophobic core, further
diminishing its bioavailability (Pacwa-Ptociniczak et al., 2011). It suggested that in the case of 0.5 CMC
of biosurfactant, oil molecules were mobilized, which enhanced their bioavailability and
biodegradation. However, above CMC, oil molecules were entrapped in micelles and became less
available to microbial degradation. Lin et al. also reported a reduction in biodegradation of
phenanthrene (PHE) by Sphingomonas sp. GY2B when rhamnolipid biosurfactant was exploited above
its CMC concentration (Lin et al., 2017). Similarly, Ma et al. also found a similar increment in PHE
biodegradation by Pseudomonas sp. Ph6 when rhamnolipid were used below 100 mg/L, suggesting the
role of CMC in substrate bioavailability (Ma et al., 2018). However, no coherent literature is available

on the role of lipopeptide biosurfactants in the biodegradation of crude oil.
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4.3.8.1. Antibacterial and cell-surface hydrophobicity properties of crude biosurfactant

To estimate the growth inhibitory effects of biosurfactant concentration on bacterial growth, B. subtilis
RSL2 was spread plated with different concentrations of biosurfactant as a well-diffusion technique, as
shown in Figure 4.7(A). The zone of inhibition (ZOIl) obtained were 17 £ 0.3 mm for positive control
(kanamycin), 10.5£ 0.3 mmat7CMC,8.1£0.1 mmat 1.5CMC, 7.3£0.2mmat CMC,and 1.2+ 0.4
mm at 0.5 CMC concentrations of biosurfactant. Hence, lower concentrations of biosurfactants are more
suitable for bacterial growth. The presence of biosurfactant at CMC and above CMC diminished the
cellular metabolism by imparting the cellular growth and reducing the bioavailability of crude oil,
leading to a decrease in the overall efficiency of oil degradation metabolism. Hence, the utilization of
biosurfactants at optimum concentration can increase oil degradation and improved cellular metabolism

in terms of higher cellular growth and biosurfactant production.

136

TH-2720_166106008



0.5 CMC(B+C) 0.5 CMC (BC)

Figure 4.7(A). Growth inhibitory effect of biosurfactant with increase in concentration (0.25 g/L, 0.5
g/L, 0.75 g/L and 3.6 g/L) using Kanamycin (0.5 g/L) as control, and (B) Fluorescence image of
bacterial adhesion to the hydrocarbon due to their surface hydrophobicity, aiding their overall
hydrocarbon utilization (i) 0.5 CMC (B+C), i.e., simultaneous mode, (ii) 0.5 CMC (BC), i.e., sequential

model

4.3.8.2. Effect of biosurfactant feeding on microbial biodegradation activity

Biosurfactant below its CMC mobilizes oil making it bioavailable for microbes. In addition, it affects
the hydrophobicity of the microbial surface. This bilateral role of biosurfactant bridges the relationship
between substrate and microbes for better utilization, growth and metabolism (Datta et al., 2018; Pacwa-
Pltociniczak et al., 2011; Sharma et al., 2019). Studies revealed that biosurfactant below its CMC value
modulates the cell surface protein content contributing to modification of cellular membrane
hydrophobically for better adhesion to hydrocarbons. It leads to improved oil degradation, surface
tension reduction and biomass growth. When cells were incubated simultaneously with biosurfactant

(0.5 CMC), there was higher cellular growth and degradation ability than sequential biosurfactant and
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microbial incubation. Cell surface hydrophobicity was measured by microbial adherence to
hydrocarbons (MATH) test (Kaczorek and Olszanowski, 2011). Thus, to explore the effect of
biosurfactant feeding time on the bacterial cell surface hydrophobicity, fluorescence images were
recorded at 0.5 CMC concentration at both sequential (BC) and simultaneous (B+C) inoculation modes.
In the case of simultaneous biosurfactant feeding, more cells were observed in the vicinity of oil drops
than sequential mode (Figure 4.7(B)). 1.5 times higher cell surface hydrophobicity was observed in the
simultaneous feeding of biosurfactant and microbe than sequential inoculation, which caused improved
oil-microbe’s interactions and ultimately overall biodegradation.

Summarily, the presence of biosurfactant below CMC mobilized the oil molecules, which improved
their bioavailability. Hence, the co-presence of biosurfactant with the substrate (oil) acts as a potential
bio-stimulating tool to uplift the oil biodegradation ability of microbes. In addition, it is preferred to
add a biosurfactant and the microbe simultaneously to modulate their CSH for maximizing oil

degradation.

4.4. Conclusions

Bacillus subtilis RSL 2 was isolated and explored to produce biosurfactants and biodegrade crude oil.
This strain exhibited better surface-active properties than other isolates. The maximum biosurfactant
production of 3.6 £ 0.3 g/L was produced at optimized conditions as predicted by RSM-CCD. The
produced biosurfactant was found to be lipopeptide with a CMC value of 0.5 g/L. The presence of
biosurfactants was found to enhance the bioavailability of the oil. However, it also improved CSH when
fed in simultaneous mode, i.e., oil and microbe’s interactions. This strategy enhanced overall oil

degradation and biosurfactant production by 1.6 folds.
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Chapter 5

Design of microbial consortium and exploring their hydrocarbon
biodegradation ability
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This chapter discusses the biodegradation Kinetics of aliphatic Hexadecane, aromatic Phenanthrene and
their mixture as co-contaminants by axenic cultures of Agrobacterium fabrum SLAJ 731, Bacillus
subtilis RSL2 and Pseudomonas aeruginosa P7815 and their consortium. The residual hydrocarbon
concentration was explored for the first-order decay model, and the half-lives and decay rate were
compared to estimate the biodegradation efficiency. The aliphatic catabolic enzyme alkane hydroxylase
and aromatic catabolic enzyme catechol 2,3 dioxygenase in the biodegradation was examined. The
chapter explores the biodegradation ability of individual bacteria using aliphatic or aromatic or both
hydrocarbons as sole C source, and the change in their biodegradation ability when act as a single unit;
and consortium. Thus, the overall study underscores the potential of a designed consortium in the

bioremediation of crude oil and other hydrocarbon contaminated sites.
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5.1 Introduction

Aliphatic and aromatic hydrocarbons are commonly found to be co-contaminated. Various studies have
screened potential aliphatic and aromatic hydrocarbon degraders in bioremediation (Chettri and Singh,
2019); however, few reports also stated the inhibitory effect of co-contamination of aliphatic with
aromatic hydrocarbons, thus limiting the overall biodegradability of axenic cultures (Ghorbannezhad et
al., 2021). Using indigenous bacteria overcomes this lacuna as they are well acclimatized to such co-
contaminant environments (Elumalai et al., 2021; Rabodonirina et al., 2019). In this direction, designing
of the consortium using such indigenous bacterium has gained renowned attention in hydrocarbon
bioremediation studies due to their various advantages over pure/axenic cultures, such as (a) increased
metabolic diversity, (b) a broad range of degradative genes, and (c) higher tolerance and adaptability to
unfavorable physiological conditions (Varjani et al., 2021). For underscoring the potential suitability
and stability of consortium for hydrocarbon biodegradation, it is important to understand its axenic
culture dynamics with different substrates (aliphatic, aromatic or their co-contaminant) and their
interaction within the microbial communities; however, such information is limited to a few studies.

In the previous Chapter 3 and 4, the potential applicability of using inherent oil-degrading and
biosurfactant-producing bacterial species; Bacillus subtilis RSL2, Agrobacterium fabrum SLAJ 731 for
the remediation of crude oil were highlighted. The present chapter explored three indigenous bacteria
(Bacillus subtilis RSL2, Agrobacterium fabrum SLAJ 731 and Pseudomonas aeruginosa P7815) based
on their previously reported hydrocarbon biodegradation and biosurfactant production abilities (Sharma
et al., 2019; Tiwari et al., 2017; Verma et al., 2020). Bacteria P. aeruginosa reported a high crude oil
biodegradation rate of 0.5 g/L/day with a production of 0.35 g/L rhamnolipid biosurfactant (as discussed
in Chapter 6). Thus, to combat the biosurfactant limitation, two lipopeptide biosurfactant producing
bacterial strains A. fabrum, and B. subtilis were incorporated. The crude oil biodegradation rates were
comparatively lesser, i.e., 0.05 and 0.15 g/L/day for A. fabrum and B. subtilis, respectively, when
supplemented with crude oil as the sole C source (from previous chapters). However, A. fabrum
exhibited higher biodegradation ability of aromatic fraction of crude oil than aliphatic. In addition, a
simultaneous biosurfactant production of 2.5 and 3.6 g/L by A. fabrum and B. subtilis, respectively, was
reported during the crude oil biodegradation study (Sharma et al., 2020; Sharma et al., 2019).
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Thus, where P. aeruginosa exhibited high hydrocarbon biodegradation ability, the other two strains
exhibited high biosurfactant production abilities, expanding the overall hydrocarbon biodegradation
efficacy. Since bacteria adopt different metabolic pathways to assimilate aliphatic and aromatic
hydrocarbons fractions in crude oil, a model aliphatic and aromatic C source and its binary mixture
were used to understand the interaction among the two distinct metabolic pathways. Phenanthrene
(PHE) was chosen as a model aromatic contaminant owing to its poor solubility of 1.24 mg/L, making
it less bioavailable for microbial biodegradation and hence enlisted in the USEPA priority pollutant list.
Similarly, Hexadecane (HEX) is a major component of various crude oil and diesel fuels and was opted
as a model aliphatic hydrocarbon. The bacterial biodegradation study was performed in two inoculum
modes, (a) individual bacterial axenic culture and (b) their consortium, with three substrates modes, (a)
HEX, (b) PHE, and (c) HEX+PHE. The study aimed to gain insights into hydrocarbon degradation
Kinetics, bacterial growth and degradative enzyme activities in the aforementioned modes and

investigate its suitability at oil-contaminated sites.

5.2. Materials and Methods

5.2.1. Chemicals

The chemicals and reagents with their source information have been mentioned in previous chapters.
The remaining chemicals i.e., Phenanthrene (RM2369-25G), Hexadecane (RM2238-100ML) were
purchased from HiMedia, India.

5.2.2.  Microorganism and growth conditions

Three bacterial genera were individually enriched in BH agar plates with 0.1 % (v/v) crude oil as the
sole C source. The plates were incubated overnight at 25°C, and single colonies were picked using a
sterile loop and inoculated in sterile NB followed by incubation in a shaker incubator maintained at 180
rpm and 25°C. Later, the bacteria were recovered using centrifugation and resuspended in sterile

distilled water to an OD of 1 (1.4x107 CFU/mL) and then used as inoculum for biodegradation studies.
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5.2.3. Microbial hydrocarbon biodegradation studies

HEX and PHE were chosen as model aliphatic and aromatic hydrocarbons. Three bacterial strains,
namely Agrobacterium fabrum SLAJ 731, Pseudomonas aeruginosa P7815 and Bacillus subtilis RSL2,
were selected based on their hydrocarbon degradation ability using crude oil as their C source in
previous studies (Sharma et al., 2019; Sharma et al., 2018; Verma et al., 2020). The experiments
systematically studied microcosm and individual bacterial growth and biodegradation ability using an
individual hydrocarbon as the sole C source. In the next step, the mixture of both the hydrocarbons was
tested for biodegradation using all three bacteria and their microcosm. A similar control experiment
was performed without inoculum to consider the hydrocarbon degradation due to abiotic (physical and
chemical) factors such as dispersion, evaporation, dissolution, sorption, photo-oxidation, and auto-
oxidation.

The bacterial inoculum was inoculated at 10 % (v/v) of concentration to sterile BH broth containing an
additional 50 ppm yeast extract with HEX or PHE or both and incubated at 25 °C 180 rpm for 7 days
until the bacteria reached their death phase. The average total petroleum hydrocarbon concentration at
crude oil contaminated sites has been reported to be approximately in the range of 2 to 50 ppm (Gaur
et al., 2021; Kriipsalu et al., 2008; KURNAZ and BUYUKGUNGOR, 2016; Nganije et al., 2007); thus
initial hydrocarbon concentration was selected as 50 ppm in the case of the solo substrate and 25 ppm
of each in the binary mixture. The bacterial growth was estimated by dry cell weight (DCW)
measurement during the incubation period. The bacterial culture was centrifuged at regular intervals,
and the pellet was recovered, washed, and allowed to dry overnight. The bacterial death was inferred
from the reduction in the dry cell weight of the biomass due to cell lysis leading to the release of
intracellular content, which was observed as a loss in biomass gravimetric weight (Liu, 2017). The
specific growth rate (1) was calculated using equation 5.1. Here X is the DCW of bacteria expressed

in mg/L at a given time 't' (h), and the slope refers to p (h?).

InX = ut (5.1)
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Similar to the aforementioned axenic biodegradation study, an equal volume of each bacterial strain at
OD of 1 was used to prepare a 10 % (v/v) bacterial inoculum to study hydrocarbon degradation using
microconsortium (MCM). The degradation kinetics was analyzed by analyzing residual hydrocarbon
and degradative enzymes. The cell-free supernatant's surface tension was measured using a Du Nouy
ring method using a tensiometer (Dataphysics, DCAT 11 EC) at 25 °C, as discussed in Chapter 3,

section 3.2.4.2.

5.2.4. Estimation of residual hydrocarbon

The cell-free supernatant was used to estimate bacterial hydrocarbon biodegradation activity at regular
time intervals. The residual hydrocarbon was extracted in an equal volume of chloroform and separated
using a separating funnel. The extracted organic layer was investigated for the concentration of residual
HEX concentration using Gas Chromatography-Flame ionization detector instrument (GC-FID, Varian
450) equipped with Sil-8 CB column (30 m x 0.25 mm x 2.5 pm). The program used for this
measurement included an injector temperature of 250 °C and detector temperature of 280 °C. 1 pL of
sample previously extracted in chloroform was injected into the column. The standard curve was
prepared by dissolving commercial HEX in chloroform prepared in different concentrations (0 to 50
ppm). The initial temperature of the column oven was maintained at 60 °C, raised at ramping of 20
°C/min to 190 °C followed by ramping of 10 °C/min till 280 °C. Helium gas was used as carrier gas
maintained at a 1:50 split ratio.

Similarly, the residual PHE concentration was determined using a High-performance liquid
chromatography instrument (HPLC, Shimadzu LC300) equipped with a PFP-C18 column (ACE®) and
UV detector (254 nm). The column oven was maintained at 30 °C. The analysis used the isocratic
mobile phase containing methanol: water (90:10) with 0.1 % trifluoroacetic acid (TFA) at a flow rate
of 0.6 mL/min. The standard curve was prepared by dissolving commercial PHE in chloroform prepared
in different concentrations (0 to 60 ppm) with a sample injection volume of 20 pL. The samples were
prepared in chloroform, and an acquisition time of 30 min was maintained for each sample analysis

(Wang et al., 2010).
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5.2.5. Kinetics of hydrocarbon degradation

Various literature suggested the first-order exponential decay model (Hajieghrari and Hejazi, 2020) and
Monod's model (Chettri and Singh, 2019) for the hydrocarbon degradation analyses. For the present
study, the concentration of residual hydrocarbon at the regular time was calculated using chromatogram
peak area analyses. The abiotic hydrocarbon degradation was fitted to a first-order kinetic model
(equation 5.2) as expressed below.

C, = Coe kit (5.2)

C:and C, refer to residual hydrocarbon concentration at the time 't' (h) and at 't = 0" and ki represented
the abiotic hydrocarbon degradation rate. While for analyzing the biodegradation kinetics, Monod's
equation was integrated with the first-order equation to represent bacterial and abiotic degradation,

respectively (equations 5.3 and 5.4).

kg Xt

C,= Cieft 1 Cye ks (5.3)

CO = Cl + CZ (54)

Here, C; and C; refer to hydrocarbon (g/L) concentrations subjected to abiotic losses and microbial
biodegradation, respectively. X is the concentration of biomass (g/L). ks and ks represent microbial
hydrocarbon biodegradation rate and half-saturation constant, respectively. In the Monod equation ks
was assumed to be much greater than C (ks >> C). The k, value was obtained by fitting abiotic data to
equation 5.2. The microbial biodegradation data were fitted to equations 5.3 and 5.4 to determine the
values of C,, kq and ks. The value of C, was 50 ppm for the degradation of individual hydrocarbons and
25 ppm in the case of a binary mixture. Further, the overall bacterial biodegradation percentage was
calculated after 7 days of incubation period using equation 5.5. Here C, and C; refer to the initial

hydrocarbon concentration and residual hydrocarbon at day 7, respectively.

Overall biodegradation(%) = @ x 100 (5.5
0
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5.2.6. Degradative enzymes activity determination

The bacterial enzyme activity in the presence of different hydrocarbons was estimated by harvesting
cells using centrifugation (8000 rpm for 10 min) at regular time intervals. The pellets were washed and
resuspended in 20 mM Tris HCI (pH 7.4) in the case for aliphatic hydrocarbon-degrading enzymes
estimation and 50 mM PBS buffer (pH 7.4) for aromatics degradative enzymes. Next, the cells were
lysed using ultrasonication with a 20 kHz frequency (20 cycles with 10 seconds breaks). The required
enzyme crude extract was then recovered using centrifugation at 11,400 rpm for 45 min at 4°C and used
for further enzyme analysis.

The AH activity analysis was performed as mentioned in Chapter 3, section 3.2.6. Overall, 1 unit of
enzyme activity was estimated as the enzyme responsible for the oxidation of 1 mM NADH per min .
The activity of C23DO was analyzed by investigating the formation of 2-hydroxymuconic
semialdehyde in the reaction mixture using catechol as substrate. It was observed as an increase in the
absorbance at 375 nm. Each 1 mL reaction mixture contained 100 pL of 50 mM catechol and 100 pL
of crude enzyme extract in 50 mM PBS buffer. As previously reported in the literature, the enzyme

activity was expressed as a catechol (mM) concentration oxidized per minute (Elumalai et al., 2021).

5.2.7. Statistical analysis
The statistical significance of experimental data was estimated using the analysis of variance (ANOVA)
technique using OriginPro 8.5 software. All biodegradation studies were performed in triplicates, and

their mean value + standard deviation is reported.

5.3. Results and discussion

5.3.1. Biodegradation of HEX

The growth and biodegradation ability of selected bacterial strains as axenic culture and consortium
were investigated in the presence of 50 ppm HEX as a sole C source during 7 days of the incubation
period, as presented in Figure 5.1(A). A small lag phase suggested bacteria's acclimatization to initial
hydrocarbon concentration. The axenic cultures showed an extended exponential phase till day 2,
suggesting a slightly slower growth rate of bacteria in axenic forms. Bacillus subtilis RSL2 showed
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higher growth among the axenic cultures than the other two genera. The p values were obtained as 0.07
+0.002, 0.06 + 0.002 and 0.05 + 0.004 h* for Bacillus, Pseudomonas and Agrobacterium, respectively.
In contrast, microconsortium showed the highest exponential growth within 24 h, and the p value was
found to be 0.12 + 0.005 h'* underscoring the effectiveness of selected bacterial strains in utilizing HEX
as their sole C and energy source. Further, the stationary phase was not observed in the case of axenic
cultures presumably due to the accumulation of toxic by-products; however, microconsortium showed
the stationary phase (~ extending for 24 h). This can be related to the ability of mixed cultures to better

metabolize toxic by-products (Osborne et al., 2021).
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Figure 5.1. (A) Growth profile, and (B) Residual HEX concentration of axenic culture of
Agrobacterium fabrum SLAJ731, Pseudomonas aeruginosa P7815, Bacillus subtilis RSL2 and their

microconsortium (MCM) using 50 ppm of HEX as sole C source.

The residual HEX was measured to analyze the degradation behavior as shown in Figure 5.1(B). The
overall HEX biodegradation (%) were 77.2 £ 1.2, 80.5 + 0.2, and 86.9 + 0.3 % for Agrobacterium
fabrum SLAJ731, Pseudomonas aeruginosa P7815, and Bacillus subtilis RSL 2, respectively, which
further enhanced to 92.4 + 0.3 % in case of microconsortium. In contrast, the abiotic factor led to only
33.6 £ 0.3 % loss of HEX. Thus, higher microbial growth facilitated biodegradation efficiency of the
bacteria as reported in other studies (Abdel-Megeed et al., 2010; Cerqueira et al., 2011). The increased
biodegradation ability of HEX in the microconsortium of Bacillus subtilis and Pseudomonas aeruginosa
was reported elsewhere (Dehghani et al., 2018; Nozari et al., 2018). Bacillus species are found to be a
better degrader of HEX as compared to Agrobacterium and Pseudomonas species. Hakima et al.
reported an improved biodegradation ability of 70 % in Bacillus for medium aliphatic hydrocarbons

(C15- C20) than Pseudomonas (49 %) (Hakima and lan, 2017). Safitri et al. reported the HEX
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biodegradation ability of Bacillus subtilis and Pseudomonas aeruginosa as 46.76 and 44.13 %,
respectively, which increased to 47.19 % when used as a microconsortium (Safitri et al., 2018).
Saimmai et al. also explored the effectiveness of biodegradation of diesel oil using a microconsortium
of Bacillus, Agrobacterium, Chryseobacterium and Sphingobacterium. These observations suggest the
potential synergistic contributions of Agrobacterium, Pseudomonas and Bacillus genera in hydrocarbon
(alkane) biodegradation (Saimmai et al., 2012).

These findings were also supported by the reduction in surface tension data. The selected strains have
been found to be biosurfactant producers during the degradation of hydrocarbons. The lowest surface
tension (mN/m) was observed for microcosm (33 £ 0.5) followed by Bacillus subtilis RSL 2 (34 + 0.4),
Pseudomonas aeruginosa P7815 (44 + 1) and Agrobacterium fabrum SLAJ731 (46 + 1). The decrease
in surface tension followed the reverse trend of % degradation. The lowest surface tension value in the
case of microcosm corresponded to the maximum biodegradation.

Further, understanding the kinetics of HEX biodegradation in the axenic cultures and their consortium
was explored. The residual concentration of HEX during the abiotic decay and biodegradation were
fitted with the first-order kinetic model (equation 2) and the Monod equation combined with the first-
order equation (equation 3), respectively. The experimental data fitted well with the proposed models
with R? values > 0.91. The estimated kinetic parameters for HEX degradation are summarized in Table
5.1. The abiotic decay rate (ki) was 2.89E-03 + 3.97E-06 h™. On the other hand, the biodegradation
rates for the axenic cultures were enhanced by many folds and found to be 0.39 + 0.02 h'%, 0.49 + 0.03
h, 0.46 + 0.02 h' for Agrobacterium fabrum SLAJ731, Pseudomonas aeruginosa P7815 and Bacillus
subtilis RSL 2, respectively. However, the biodegradation rate of HEX in the microconsortium was
reduced to 0.31 + 0.02 h%, which suggested the possible parallel processing of HEX within the species
of the microconsortium. Thus, individual bacteria encountered lesser initial HEX concentrations. Such
distribution of HEX also indicated that each species followed its own pathways for HEX
biodegradation. Although a reduced rate of degradation was observed (equation 5.6), but the
cumulative utilization (degradation) was enhanced resulting in the maximum degradation. In fact, the
value of C, was the highest in the case of microconsortium (Table 5.1). The C, value for microcosm
was increased by 1.4 to 1.5 folds as compared to that of axenic cultures.
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Furthermore, the time required for 90 % biodegradation (ts) of 50 ppm HEX by the abiotic as well as

microconsortium was calculated from the estimated kinetic parameters listed in Table 5.3. The tg

values were determined to be 34 + 3 days for the abiotic, which decreased to 12 + 2 days in the case of

the microcosm. The tg values for the axenic cultures were 23 £ 1, 20 + 1, and 20 = 1 days for

Agrobacterium fabrum SLAJ731, Pseudomonas aeruginosa P7815 and Bacillus subtilis RSL 2,

respectively. It indicated the suitability of the microcosm for the biodegradation of aliphatic

hydrocarbons.

Table 5.1. Kinetic parameters for the integrated first order exponential decay and Monod degradation

model for individual hydrocarbons as sole C substrate

Inoculum
Substrates q C1 (ppm) Cz (ppm) Kq(h?) Ks(ppm) R?
use
MCM 11.34+150 39.38+149 031+002 765+21  0.98
Only HEX RSL2 21.69+135 29.02+134 046+0.02 385+840 0.91
(50 ppm) P7815 21.93+0.38 28.78+0.37 0.49+003 254+358 0.97
SLAJ 2464+0.06 26.07+006 0.39+0.02 312+10 0.96
MCM 8.22 + 0.04 42.44+004 1.94+005 542+27.4 0.99
Only PHE RSL2 10.2 +0.10 40.47+0.18 2.24+008 530+28.7 0.99
(50 ppm) P7815 115+026  3915+018 149+001 615+151 0.9
SLAJ 13.28+0.39 37.38+0.31 205+011 462+70.3 0.99

5.3.2. Biodegradation of PHE

Bacterial growth and biodegradation ability were further explored for a model aromatic hydrocarbon,

PHE. In 7-days of degradation study, individual bacterial strains and microconsortium were inoculated
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in BH medium with 50 ppm of PHE as the sole C source. The bacterial growth profile is shown in
Figure 5.2(A). An extended growth phase till 3" day of incubation was observed, which indicated that
the selected bacterial strains preferred low molecular weight aromatic hydrocarbons to high molecular
weight aliphatic hydrocarbons. The yield of biomass was higher in PHE than HEX as C source. Among
the axenic cultures, a similar specific growth rate was observed in Bacillus with g =0.12 £ 0.01 h* and
Agrobacterium exhibiting p of 0.11 + 0.004 h'%, followed by Pseudomonas exhibiting p of 0.09 + 0.003
h1. In corroboration with present results, various studies also reported the better ability of Bacillus
genus to utilize aromatic hydrocarbons compared to Pseudomonas (Das and Mukherjee, 2007;
Rabodonirina et al., 2019). Further, the p value was observed to be slightly higher in the microcosm as
0.13 £0.003 ht.

Overall, PHE biodegradation at the end of the 7" day of incubation followed the order of Agrobacterium
fabrum SLAJ731 (85.2 = 1.3 %) < Pseudomonas aeruginosa P7815 (85.4 = 0.6 %) < Bacillus subtilis
RSL 2 (87.1« 0.1 %) < microconsortium (88.7 + 0.3 %) as shown in Figure 5.2(B). While only 31.86
% of the abiotic loss was observed for the PHE during the control study. The highest degradation in the
case of the microcosm is related to the maximum biomass yield (Figure 5.2(A)). Further, the
degradation was corroborated with the reduction in surface tension of cell-free culture medium. The
surface tension (mN/m) values followed the same order of the % degradation as Agrobacterium fabrum
SLAJ731 (52.04 £+ 0.5) < Pseudomonas aeruginosa P7815 (49.4 + 0.5) < Bacillus subtilis RSL 2 (47.05

+ 0.5) < microconsortium (40.1 £ 0.4).
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Figure 5.2. (A) Growth profile, and (B) Residual PHE concentration of axenic culture of

Agrobacterium fabrum SLAJ731, Pseudomonas aeruginosa P7815, Bacillus subtilis RSL2 and their

microconsortium (MCM) using 50 ppm of PHE as sole C source.
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Similar to HEX biodegradation kinetics, first-order exponential decay kinetics fitted well for residual
PHE concentration in the case of abiotic PHE degradation (R? = 0.99), as evidenced in different
literature (Chettri and Singh, 2019; Ghorbannezhad et al., 2021). The k; value for abiotic PHE decay
was obtained as 2.17E-03 + 2.09E-04 ht. The Monod equation combined with the first-order equation
fitted well to the microbial biodegradation with R? > 0.99. Table 5.1 lists the fitted kinetic parameters
for the PHE biodegradation. The kq values for Bacillus subtilis RSL2, Pseudomonas aeruginosa P7815,
and Agrobacterium fabrum SLAJ731 were estimated as 2.24 + 0.08 h%, 1.49 £ 0.01 h%, 2.05 + 0.1 h*?,
respectively. The obtained degradation rates were much higher as reported in the literature.
Rabodonirina et al. explored the PHE biodegradation ability of Bacillus simplex, Pseudomonas stutzeri
and Bacillus pumilus strains and reported the kq value of 0.0121, 0.0083 and 0.0108 h%, respectively,
using 500 mg/kg of the initial PHE concentration (Rabodonirina et al., 2019). Further, the PHE
biodegradation rate in the microconsortium was found to be 1.94 + 0.05 h* which was deciphered to be

an average of the individual bacterial degradation rates (equation 5.7).

kp_spajtkp-—p7815+Kkp—Rsi2
kp_mcm = 3 (5.7)

It suggested that PHE was serially processed by the microconsortium, where each bacteria followed the
same pathways for PHE degradation in the consortium. Overall, the obtained PHE degradation rate was
found to be much improved than various reported microconsortium in the literature. Bianco et al. also
explored a microconsortium comprising Achromobacter, Sphingobacterium and Dysgonomonas for
PHE biodegradation at the initial concentration of 50 ppm in a fed-batch bioreactor and reported the kg
value of 0.05 h? (Bianco et al., 2022). Another group studied a microconsortium of four bacterial
strains, namely, Sphingomonas cloacae W4-1 Rhizobium sp. W4-2, Pseudomonas aeruginosa W4-3,
and Achromobacter xylosoxidants W4-4 for the biodegradation of 200 ppm of PHE where the overall
PHE degradation rate was reported as 0.023 h (Wang et al., 2007).

Furthermore, the time required for 90 % biodegradation (ts) of 50 ppm PHE by the abiotic as well as

microconsortium was calculated from the estimated kinetic parameters listed in Table 5.3. The tg
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values were determined to be 45 + 5 days for the abiotic, which decreased to 10 + 1 days in the case of
the microcosm i.e., five times faster degradation. The tgo values for the axenic cultures were 19 + 2, 15
+ 1, and 14 + 2 days for Agrobacterium fabrum SLAJ731, Pseudomonas aeruginosa P7815 and Bacillus
subtilis RSL 2, respectively. This indicated the suitability of the microcosm for the biodegradation of

aromatic hydrocarbons.

5.3.3. Biodegradation of the binary mixture of substrates

With the understanding of bacterial consortium ability to biodegrade the aliphatic and aromatic
hydrocarbons, a further investigation of the biodegradation ability of selected bacteria in the presence
of co-contaminants was performed. For this, individual strains and microcosm were inoculated with a
binary mixture of 25 ppm HEX and PHE each and incubated under previously mentioned conditions.
The biomass growth profile is shown in Figure 5.3(A), where the specific growth rate of
microconsortium, Agrobacterium fabrum, Pseudomonas aeruginosa and Bacillus subtilis in the
presence of co-substrates were obtained as 0.098 + 0.003, 0.065 + 0.003, 0.066 + 0.006, and 0.065 +
0.003 h1, respectively. The values of p were found to be intermediate between individual substrates,

which indicated the presence of binary substrates.
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Figure 5.3. (A) Growth profile, and (B) Residual HEX and (C) PHE concentration of axenic culture of
Agrobacterium fabrum SLAJ731, Pseudomonas aeruginosa P7815, Bacillus subtilis RSL2 and their
microconsortium (MCM) using binary mixture (HEX+PHE, 25 ppm each) as sole C source

The mixed substrate biodegradation ability in the axenic cultures was also assessed based on their
residual hydrocarbon concentration at regular time intervals, as shown in Figures 5.3(B) and 5.3(C).
The kinetic data were fitted to equations 5.2 and 5.3 for abiotic and microbial degradation, respectively.
The estimated Kinetic parameters regulating co-substrate degradation are listed in Table 5.2. The abiotic
with the decay rate, ki for HEX and PHE were 2.38E-03 + 1.85E-05 h! and 1.45E-03 + 8.99E-05 h?,
respectively. The HEX biodegradation rates (kq) in axenic cultures using binary substrates were
obtained as 0.43 + 0.003 h™ for Agrobacterium fabrum, 0.38 + 0.007 h™ for Pseudomonas aeruginosa,
and 0.41 £ 0.004 h* for Bacillus subtilis. Similarly, the PHE biodegradation rates (kq) were 2.02 + 0.1
h for Agrobacterium fabrum, 1.75 + 0.06 h* for Pseudomonas aeruginosa 2.46 + 0.05 h™ for Bacillus
subtilis in the axenic cultures using binary substrates.
The kq values in the case of microconsortium for HEX and PHE were 0.28 + 0.003 h*! and 2.14 + 0.08

h, respectively. Similar to the sole PHE biodegradation kinetics, in the presence of HEX as co-substrate
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also the microconsortium showed a serial degradation behavior and the degradation rate was equivalent
to the average of individual axenic rates. Likewise, HEX followed a parallel biodegradation pattern in
the presence of PHE. Additionally, it was noted that the biodegradation rate of individual hydrocarbon
in the mixture was improved in the presence of binary substrates. The degradation rates were higher for
PHE as compared to that of HEX, suggesting that selected strains showed a preference for aromatic
hydrocarbons over aliphatic in the mixed substrates, which could be due to bacterial machinery to utilize
the PHE as discussed in the next section (Cavalca et al., 2008). In contrast, various findings state that
bacteria prefer aliphatic than aromatics when present in a mixture (Tao et al., 2020; Zhou et al., 2018).

This insight was deciphered by measuring the activities of key enzymes (section 5.3.4).

Table 5.2. Fitted hydrocarbon biodegradation kinetic parameters using the integrated first order

exponential decay and Monod degradation model for the binary mixture of HEX and PHE as C substrate

Substrates Inoculum
(Binary B Ci1 (ppm) C2 (ppm) Ka(h™) Ks(ppm) R?
mixture)
MCM 6.01+0.04  19.07+0.08 0.28+0.01 401+6.0 0.92
HEX RSL2 11.89+0.07 13.20+0.11 0.41+001 377+10.0 0.5
(25 ppm) P7815 8.62+004 1647+0.01 0.38+0.01 437+483  0.99
SLAJ 786+011  17.22+0.07 043+001 387+493  0.98
MCM 358+004 21.71+0.13 214+0.08 626+956  0.99
PHE RSL2 435+004 2094+0.05 2.46+005 334+1.0 0.99
(25 ppm) P7815 6.16 +0.11 19.14+0.02 1.75+0.06 654 +26.0 0.98
SLAJ 656+ 0.15  18.73+0.07 2.02+0.11 661+1955 0.97

In the binary mixture, the overall HEX biodegradation (%) followed the order of: microconsortium
(97.2 £ 0.7) > Agrobacterium fabrum (87.5 + 1.2) > Pseudomonas aeruginosa (83.3 £ 0.5) > Bacillus
subtilis RSL2 (76.9 + 0.5). The biodegradation (%) of PHE varied as microconsortium (91.9 £ 0.3) >
Bacillus subtilis RSL2 (90.0 + 1.83) > Agrobacterium fabrum (86.9 £ 0.5) > Pseudomonas aeruginosa
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(82.7 £ 0.5). The overall degradation of individual substrates from the mixtures followed different
orders as compared to that from the single substrates. This indicated the competitive utilization of
substrates from their mixture. Nevertheless, the microconsortium exhibited the maximum overall
biodegradation for HEX and PHE when present as co-substrates. The degradation performance was also
correlated with the decrease in the surface tension, which was found to be 50.00 + 1.0, 46.26 + 1.0, 42.2
+ 0.5, and 40.12 £+ 0.5 mN/m for Agrobacterium, Pseudomonas, Bacillus and microcosm, respectively.
Thus, from the perspective of bioremediation of hydrocarbon-contaminated sites, the designed
microconsortium has shown great potential for the remediation of contaminated soil and water systems

where a mixture of aliphatic and aromatic hydrocarbons exists.

5.3.4. Insights into hydrocarbon biodegradation

Various factors account for hydrocarbon biodegradation, such as microbial load and catabolic enzyme
activities. Many studies focus on optimizing bacterial growth conditions for achieving its maximum
biodegradation activity (Elumalai et al., 2021; Parthipan et al., 2017). Thus, the effect of the bacterial
growth rate, W, on its hydrocarbon biodegradation ability was explored, as shown in Figure 5.4(A). It
was observed that the hydrocarbon biodegradation was linearly dependent on the bacterial 1, where the
higher biodegradation was achieved for the microbial consortium as it showed the maximum growth
rate. Though biodegradation is accompanied by biomass growth, it is not only limited to higher biomass
yield (Ghorbannezhad et al., 2021). Apart from the microbial load, the presence of hydrocarbon
catabolizing enzymes also regulates the metabolism of hydrocarbons.

Bacterial genera such as Pseudomonas and Bacillus have been studied extensively for aliphatic and
aromatic hydrocarbon degradation metabolic pathways (Meng et al., 2017). Majorly reported aliphatic
hydrocarbon biodegrading enzymes are (a) Methane monooxygenase (for C1-C4), (b) Cytochrome
P450 monooxygenases, (for C6-C11), and (c) Bacterial AH (AlkB) (for C5-C26), (Scoma et al., 2017).
Alkane hydroxylase has been well-reported for biodegradation of HEX (C16), involving oxidation of
HEX to hexadecanol, which is further converted to hexadecanal, followed by oxidation to hexadecanoic
acid in the presence of AH, alcohol dehydrogenase and aldehyde dehydrogenase enzymes, respectively.
The oxidized hydrocarbon is then catalyzed by acyl CoA synthetase to form acyl-CoA derivative, which
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is converted to acetyl CoA via B-oxidation. This is followed by tricarboxylic acid cycle (TCA) resulting
in the release of energy, CO; and H-O (Meng et al., 2017) (Appendix 5A, Figure 5A-1).

Similarly, major reported aromatic hydrocarbon biodegrading enzymes are (1) Dioxygenases (present
in bacteria and eukaryotic algae), (2) Cytochrome P-450 monooxygenase (present in non-ligninolytic
fungi, bacteria and prokaryotic algae), and (3) Peroxidases (present in ligninolytic fungi) (Hwang et al.,
2007). The formation of cis-dihydrodiols by ring hydroxylation of PAHSs is the most common initiation
pathway followed by bacteria using dioxygenases. The diol gets further rearomatized by
dehydrogenases forming diol intermediates, followed by undergoing ortho or meta cleavage by
dioxygenases. This forms intermediates such as protocatechuic acid or catechol that ultimately enters
in TCA cycle (Monzén et al., 2018) (Appendix 5A, Figure 5A-2). However, very few bacterial also
exhibited PAHs biodegradation using cytochrome P450, such as Mycobacterium sp. (Kanaly and
Harayama, 2010). Studies have revealed that the expression of these catabolic enzymes is dependent on
the substrate type. Chettri et al. explored the activity of AH and C23DO in the presence of HEX, PHE
and Glucose as substrates for bacteria N. panipatense P5:ABC. The activity of AH was reported to be
enhanced by 2.5 folds in HEX as compared to glucose. Similarly, the activity of C23DO was increased
by 12 folds in PHE as compared to glucose (Chettri and Singh, 2019). This suggested the key role of
AH and C23DO enzymes in the metabolism of HEX and PHE, respectively. Thus, the present study

explored the activity of these key enzymes (AH and C23DOQ) in the biodegradation of HEX and PHE.

Figure 5.4(B) depicts the activity of the enzymes AH and C23DO during the bacterial biodegradation
of HEX and PHE as sole C sources. The activity of AH was comparable with reported data. Sumarsih
et al. reported AH activity in Pseudomonas and Bacillus spp. in the presence of HEX as substrate as
3.96 and 3.86 pUM/min, respectively (Sumarsih et al., 2017). Another study using Alcanivorax
borkumensis showed a maximum AH activity of 2.62 uM/min using motor oil as substrate (Kadri et al.,
2018). However, the activity was C23DO was improved as compared to the literature. All three bacterial
strains showed higher activity for C23DO than AH (Figure 5.4(B)), suggesting their potential in
aromatic hydrocarbons biodegradation. This agreed with the better degradation (%) of PHE than HEX
(Agrobacterium fabrum: HEX = 77.2 % and PHE = 85.2 %, Pseudomonas aeruginosa: HEX = 80.5 %
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and PHE = 85.4 %, Bacillus subtilis: HEX = 86.9 % and PHE = 87.1 %). Singh et al. reported the
maximum C23DO activity of 30.21 £ 0.61 uM/min in Pseudomonas spp. using PHE as substrate (Singh
and Tiwary, 2017). Similarly, Tavakoli et al. explored the C23DO activity among isolated bacterial
strains from oil-contaminated soil, where the highest activity was obtained for B. cereus spp. as 0.03
UM/min (Tavakoli and Hamzah, 2017). Thus, presents bacterial strains showed better biodegradation
abilities of aromatic hydrocarbon. These findings are significant since, compared to aliphatic, aromatic
hydrocarbons are relatively more stable, recalcitrant, and less degradable. Various reports have shown
the antibacterial (MIC = 2 to 8 pug/mL) (Chen et al., 2018) and cytotoxic effects of (ICso < 3 M)
Phenanthrene derivatives (Bisoli et al., 2020). The present study proposes a potential PHE degrading
consortium as a sustainable and eco-friendly solution to such hazardous contaminants. Figure 5.4(B)
also depicts a correlation between C23DO and AH enzyme activities and the hydrocarbon (PHE/HEX)
biodegradation. It was observed that there was a linear positive correlation between the maximum
enzyme activity and biodegradation efficiency. This demonstrated that the presence of active enzymes
could accelerate the overall biodegradation process as reported previously (Zhao et al., 2021). The
highest values of enzyme activities in the case of microcosm indicated the synergistic effects of the
selected strains towards overall biodegradation.

Overall, the obtained microconsortium hydrocarbon biodegradation was comparatively higher than
various Pseudomonas sp. and Bacillus sp. consortiums reported in Table 5.3. Since much literature
supports the suitability of hydrocarbon biodegradation as a first-order exponential decay model, the
kinetic rates were calculated using the same and tabulated for comparison. Thus, present study has
shown the potential of designed bacterial consortium for the biodegradation of HEX and PHE, which
are majorly present among the aliphatic (C12-Cz0) and aromatic (C10-C21) fractions of crude oil. We will
be further exploring the hydrocarbon biodegradation potential of designed microconsortium using
Pentadecane (C1sHs2) and Eicosane (C2oHa2) among the aliphatic hydrocarbons and Naphthalene(C1oHs)
and Pyrene (CisH10) aromatic hydrocarbons in future biodegradation studies. Exploration of various
other enzymes such as Alcohol dehydrogenase and cytochrome P450 will be required to understand the
metabolic pathway followed by the designed MCM in the future studies. Such insights are pre-requisite
to explore the suitability of MCM in the in-vitro crude oil biodegradation study.
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Table 5.3. List of various bacteria explored for their Hexadecane and PHE biodegradation ability

Hydrocarbo Degradati Ky
S.no Inoculum studied Co Ref
n on (%) (/day)
Bacillus simplex 95.13 0.29  (Rabodonir
1 Pseudomonas stutzeri PHE 500 mg/kg 86.32 0.2 ina et al.,
Bacillus pumilus 87.98 0.26 2019)
(Chettri
Novosphingobium panipatense
2 PHE 200 ppm 60 0.133 and Singh,
P5:ABC
2019)
(Linetal.,
3 Pseudomonas sp. BZ-3 PHE 50 ppm 75 0.108
2014)
Achromobacter, Sphingobacteri (Bianco et
4 PHE 20 ppm 91 1.177
um and Dysgonomonas al., 2022)
Sphingomonas cloacae W4-1,
Rhizobium sp. W4-2,
(Wang et
5 Pseudomonas aeruginosa W4- PHE 200 ppm 95 0.5547
al., 2008)
3, and Achromobacter
xylosoxidants W4-4
Bacillus licheniformis STK
01, Bacillus subtilis STK 02 (Amodu et
6 PHE 40 mg/kg 90.34  0.0620
and Pseudomonas al., 2016)
aeruginosa STK 03
Delftia sp. FM6-1 na 0.1974 (Xuetal.,
7 PHE 50 ppm
Achromobacter sp. FM8-1 na 0.1070 2019)
8 Acinetobacter baumannii, PHE 20 ppm 48 0.0096
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Klebsiella oxytoca, 11 0.0096
(Kim etal.,
Stenotrophomonas maltophilia, 9 0.0072
2009)
Microconsortium (all 3) 80 0.0264
(Hajieghrar
i and
9 Pseudomonas aeruginosa HEX 1% viv 63.8 0.0158
Hejazi,
2020)
Leclercia adecarboxylata
93.74 0.118
SBR14 (Zhang et
10 d
Leclercia adecarboxylata al., 2018).
HEX 03%wvyv 8779 0103
SBR45
Enterobacter sp. SBR27 65.66 0.069
Enterobacter sp. SBR28 73.27 0.087
Ochrobactrum oryzae 87.77 0.065 (Samaei
11 HEX 3000 etal.,
Paenibacillus lautus 80.89 0.053
2020)
Dietzia sp. (Akbari et
12 HEX 1500 mg/kg 0.056
Enriched consortium al., 2021)
HEX 50 ppm 77.17 0.30
PHE 50 ppm 85.25 2.32
Agrobacterium fabrum SLAJ
HEX 25ppm 87.52 0.63
BOTH
PHE 25ppm 86.93 1.51
13 This study
HEX 50 ppm 80.53 0.66
Pseudomonas aeruginosa PHE 50 ppm 85.35 2.66
P7815 HEX 25ppm 83.26 0.90
BOTH
PHE 25ppm 82.69 2.16
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HEX 50 ppm 86.91 0.53

PHE 50 ppm 87.14 3.41
Bacillus subtilis RSL2

HEX 25ppm 76.89 0.41

BOTH
PHE 25ppm 90.00 3.60
HEX 50 ppm 92.43 1.22
PHE 50 ppm 88.73 4.58
Microconsortium (above 3)
HEX 25ppm 97.19 1.01
BOTH

PHE 25ppm 91.87 438

5.4.Conclusions

Three potential inherent oil-degrading bacterial strains, A. fabrum, P. aeruginosa and B. subtilis, were
explored to understand their aliphatic and aromatic hydrocarbon biodegradation using HEX and PHE
as model hydrocarbons. The hydrocarbons were added as sole as well as a binary mixture. Further, their
biodegradation potential was also explored as a consortium. The microconsortium showed high
biodegradation efficiencies of 92.4 and 88.7 of individual HEX and PHE, respectively, which further
increased to 97.2 and 91.9 % in the case of a binary mixture of substrates. The bacterial biodegradation
kinetics fitted well to an integrated model combining first-order exponential decay and the Monod
equation. The microconsortium exhibited parallel and serial assimilation for HEX and PHE,
respectively. The degradation behaviour has been correlated with biomass growth and activity of key
enzymes. Summarily, the designed microconsortium has shown great degradation potential of the
individual and mixture of aliphatic and aromatic hydrocarbons, which can be explored for the

remediation of actual oil-contaminated soil and water sites.
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Chapter 6

An integrated strateqy of hydrophobic surface-induced biosorption
and microbial biodegradation for the enhanced crude oil remediation
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(Industrial & Engineering Chemistry Research, 60, 9378—9388, 2021 (Sharma and Pandey,
2021) and Letters in Applied Microbiology, 73(4), 471-476, 2021 (Sharma and Pandey, 2021))

This chapter discusses an integrated biodegradation strategy using a surface-induced biosorption
coupled microbial biodegradation approach for effective oil bioremediation. Low-cost bagasse was used
as a biosorbent, and its surface hydrophobicity was improved by forming octyl self-assembled
monolayers to enhance the surface-oil interactions (adsorption). Pseudomonas aeruginosa was
exploited for biodegradation because of its known oil degradation and biosurfactant production abilities.
The integrated process proposed a kinetic model, which agreed to simultaneous biosorption and
biodegradation. Using a fed-batch approach, continuous adsorption of intermittently fed oil
accompanied sustained bioavailability, further decreasing the risk of substrate toxicity to the microbe.
Overall, this bioremediation approach mitigates the hazardous effects of crude oil and explores it as a

potential substrate for microbial degradation and biosurfactant production.
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6.1. Introduction

Inherent bacterium always has the upper hand in crude oil biodegradation due to their biosurfactant
production ability. Nevertheless, the harsh environmental conditions slow their biodegradation ability
limiting their actual applications at the contaminated site (Sharma et al., 2019; Sharma et al., 2019).
Previous chapters established that optimizing the bacterial growth condition and using suitable
biostimulants can effectively improve their oil biodegradation abilities by many folds. Even though
these microbes have shown effective biodegradation activity, their slow degradation rates lead to
reduced efficacy. It could be due to their intolerance to higher oil concentrations (Park et al., 2021).
This chapter presents an integrated remediation approach of oil biosorption coupled with microbial
biodegradation. Adsorption is a rapid remediation tool for reducing the bulk oil concentration for

bacterial compatibility.

Further, the biosorbent can be hydrophaobically surface modified to improve the adsorption capacity.
This study aimed to mitigate two major drawbacks of bacterial oil bioremediation, i.e., biotoxicity of
oil at higher concentrations and limited bio affinity of oil. The study used natural biomass, bagasse, as
a model sorbent. The bagasse surface was modified by forming hydrophobic octyl SAMs, which were
explored for the biosorption of oil for the first time to the best of our knowledge. The hydrophobic
surface induced the rapid adsorption process in the early remediation process. The subsequent
remediation stage involved the integration of adsorption with slower bioremediation processes to
achieve a synergistic and sustainable outcome. While hydrophobically modified adsorbent will decrease
the risk of biotoxicity towards high concentrations, its oil adsorption will improve the bioavailability of
the microbes. Bacteria Pseudomonas aeruginosa has been reported elsewhere for its effective
biosurfactant production ability (Sabarinathan et al., 2021; Sharma and Pandey, 2021) and is a potential
candidate for the crude oil biodegradation study. Furthermore, the performance of this integrated system
was also evaluated in terms of change in microbial growth, oil degradation, and biosurfactant production

activity in fed-batch mode.
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6.2. Materials and Methods

6.2.1. Materials

The chemicals and reagents used for this study have been mentioned in Chapter 3. Sugarcane bagasse
was obtained locally. Triethoxyoctylsilane (TEOS) was procured from Sigma (8.00658). Double

distilled water (MiliQ, 18 mQ, Millipore systems) was used throughout the experiments.

6.2.2. Preparation of biosorbent

The sugarcane bagasse was initially washed several times to remove dust and adhered impurities and
later rinsed with distilled water twice before drying at 80 °C in a hot air oven. The dried bagasse was
crushed into pieces, and screened with 0.5 mm sieves. The obtained bagasse was treated with a 1 %
(v/v) concentration of sulphuric acid at 120 °C for 20 min to remove the hemicellulose components and
expose the cellulose components of bagasse, as stated elsewhere with slight modifications (Panda and
Maiti, 2019). The treated bagasse was washed several times with distilled water until neutral pH was
achieved and oven-dried at 80 °C. This prepared (acid-treated) bagasse was kept in air sealed container
for further use.

The acid pretreated bagasse was further chemically modified using TEOS (1 %, v/v) in ethanol under
an inert atmosphere to form octyl SAMs (Hasan and Pandey, 2016; Pandey, 2021), as depicted in
Scheme 6.1. The kinetics of TEOS functionalization on bagasse was studied for 8 h using FTIR
spectroscopy. After the successful surface modification, the modified bagasse was washed using ethanol
twice to remove uncoupled TEOS molecules and then dried overnight at 37 °C to ensure proper curing
of octyl layer (modification) on the surface of the bagasse (Hasan et al., 2018; Hasan et al., 2018). The

modified bagasse was stored at room temperature in an air-sealed container for further experiments.
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Scheme 6.3. Proposed mechanism of the surface modification of bagasse by forming octyl SAMs

6.2.3. Characterization of the prepared biosorbent (bagasse)

The prepared modified bagasse was characterized using FTIR spectroscopy to analyze the change in
the chemical functional groups on the surface of the bagasse after chemical treatment and modification.
The modification of bagasse was also confirmed using Energy Dispersive X-Ray (EDX, Zeiss, Model:
Sigma) and Field Emission Scanning Electron Microscope (FESEM, Zeiss, Model: Sigma) analyses.
The modified biosorbent was analyzed for its porosity and pore volume using Brunauer-Emmett-Teller
(BET) surface area analyzer (Quantachrome, Autosorb-IQ MP). X-Ray Diffraction (XRD, Rigaku,
SmartLab) analysis was performed to confirm no damage occurred to the base material after chemical

treatment and modification.

6.2.4. Crude oil adsorption studies

The prepared biosorbent was initially studied for its ability to adsorb crude oil. For this, 7.52 g/L (i.e.,
1 %, v/v) crude oil solution was added in water along with 5 g/L (i.e., 0.5 %, w/v) of all three types of
bagasse, i.e. (1) raw bagasse, (2) pretreated bagasse, (3) modified bagasse, at 37 °C, 180 rpm for 8 h.
After 8 h, the adsorbent was removed from the solution by centrifugation (Thermo-Fischer, Legend

XTR), and the residual oil was quantified as mentioned in Chapter3, section 3.2.5 (Sharma et al., 2019).
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The adsorption capacity for each type of biosorbent was determined using the following expression

(Sharma et al., 2018).

Co—CpV
q, = ( th) (6.1)

Where g stands for adsorption capacity at a time 't' (mg/g), Co stands for the initial oil concentration
(mg/L), C: represents the concentration of oil at a time 't' (mg/L), V stands for working volume (L), and

W represents the weight of adsorbent used (g).

6.2.5. Optimization of adsorbate and adsorbent concentrations

The concentration of biosorbent and initial oil was optimized using factorial designing viz. response
surface methodology- central composite design (RSM-CCD) using Design Expert (version 7.0)
statistical software, as discussed in Chapter 2, section 2.5.2.4.2. The biosorbent concentration was
varied from 2.5 to 10 g/L, and the initial oil concentration was varied from 7.52 to 75.22 g/L. Batch
experiments were conducted to investigate the interaction between adsorbent and adsorbate for
maximum oil removal. In this regard, residual oil opted as response output. A set of 13 batch
experiments were performed at suggested adsorbent-adsorbate concentrations at 37 °C, 180 rpm for 8
h. After the adsorption, the biosorbent was separated, and the percentage of oil removal (response

parameter) was calculated, as stated in section 6.2.4 (Sharma et al., 2019).

6.2.6. Biosorbent stability/ reusability analysis

A reusability was conducted to analyze the suitability of biosorbent for repetitive application. Briefly,
10 g/L of modified bagasse was used as an adsorbent for 7.52 g/L of initial oil concentration at 37 °C,
180 rpm for 8 h. After completing each batch adsorption, the oil-adsorbed biosorbent was separated by
centrifugation. The biosorbent was then solvent extracted using n-hexane to desorb the oil and oven-

dried at 37 °C for overnight. This dried bagasse was then reused for a new batch of adsorption studies.
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The residual oil and adsorption capacity of bagasse were analyzed for each reusability cycle to evaluate

the stability of the modified sorbent.

6.2.7. Integration of bio-sorption and biodegradation

The modified bagasse-based biosorption was coupled with microbial biodegradation to analyze the
synergistic effect of this integrated strategy compared to the individual biosorption and microbial
biodegradation. Pseudomonas aeruginosa P7815 (MTCC 7815) was used for the crude oil degradation
analysis due to its reported oil degradation (Sharma et al., 2019; Sotirova et al., 2009; Varjani and
Upasani, 2019) and biosurfactant production abilities (Sanchez et al., 2010). The bacterium inoculum
was prepared in LB broth and incubated for 12 h at 37 °C, 180 rpm. After incubation, the bacterial
growth was analyzed by measuring optical density using a spectrophotometer at 600 nm. All batch oil
degradation studies used this pre-culture as inoculum (5 %, v/v; 1 x10” CFU/mL) (Sharma et al., 2019).
The oil biodegradation ability of this strain was optimized by incubating bacterium with varying the
concentrations of initial oil from 0.1 to 1 % (v/v) in sterile BH media at pH 7, 37 °C, and 180 rpm for
6 days. At the end of incubation, the culture was centrifuged at 8000 rpm for 10 min at 4 °C using a
centrifuge. The cell-free supernatant was solvent extracted in n-hexane to obtain the residual oil, and
the pellet was weighed to estimate the cell biomass (Sharma et al., 2019).

For the microbial biodegradation (control) study, 1.5 g/L of initial crude oil was added in the sterile BH
broth (pH 7) and inoculated with 5 % (v/v) of bacterial inoculum at 37 °C and 180 rpm. In the case of
a biosorbent assisted biodegradation strategy, 10 g/L of modified bagasse was added in 1.5 g/L of initial
crude oil prepared in the sterile BH broth (pH 7) for the initial 8 h to achieve rapid adsorption followed
by bacterial inoculation at 37 °C and 180 rpm. Bacterial growth and oil degradation were analyzed at
regular intervals of 6 h till 24 h. The biosorbent was separated from the culture at each time interval
using funnel-based gravity settling. Later, the culture was centrifuged at 8000 rpm, 4 °C, and 180 rpm.
The pellet was studied for biomass analysis, and cell-free supernatant was analyzed for the surface
tension and biosurfactant. The recovered biosurfactant was characterized using MALDI-TOF-MS as
mentioned in section 3.2.4 (Sharma et al., 2019). The residual oil is recovered from the supernatant and
gravimetrically estimated as mentioned in section 3.2.5. Further, the residual oil concentration was also
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analyzed using Gas Chromatography - Flame ionization detector (GC-FID, Agilent Technologies
7890B, HP-5MS column, 60 m x 0.25 mm x 0.25 um). For the GC-FID study, the injector temperature
was maintained at 300 °C with a split ratio of 1:20. The initial oven temperature was maintained at 50
°C for 5 min and was increased with the ramping of 10 °C /min to 310 °C and held for 20 min. The
detector was maintained at 300 °C, and the Helium (carrier gas) flow rate was maintained as 1 mL/min

(Sharma et al., 2020).

6.2.7.1. Insights into the integrated process

The recovered biosorbent after the degradation studies were analyzed using FESEM and fluorescence
imaging techniques to examine the cell-surface interaction between microbes and modified bagasse. A
top surface view was monitored using FESEM to analyze the surface roughness and morphology of the
microbe adhered modified bagasse. For fluorescence imaging, samples were stained using Nile Red for
the oil and diamidino-phenylindole (DAPI) for the microbes. Also, extracellular alkane hydroxylase
(AH) activity was investigated, as mentioned previously in Chapter 3, section 3.2.6 (Sharma et al.,

2019).

6.2.8. Integrated crude oil biodegradation using fed-batch study

The bacterial inoculum (5 %, v/v) was incubated in sterile BH media (pH 7) with an initial oil
concentration of 1.5 g/L at 37°C and 180 rpm. A regular batch of oil feeding was performed until the
culture reached the death phase. A batch culture without intermittent oil feeding was kept as control. In
the case of a fed-batch in the biosorbent study, an initial 8 h of biosorption using modified bagasse was
performed. Later, the bacterial inoculum (5 %, v/v) was inoculated and incubated at 37°C and 180 rpm.
The growth of bacteria was assessed using an increase in OD of the culture broth. A regular oil feed
was administered, and the growth was continuously monitored. This constant oil feeding was
maintained until no further OD increase was observed. Then, the bacterial biomass, oil degradation

activity, and biosurfactant production ability were investigated as stated in section 6.2.7.
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6.2.8.1. Microbial growth kinetics study
During the biodegradation study, biomass concentration was measured as ODgg at regular intervals.
The oil feed rate for the fed-batch study was determined corresponding to the oil utilization rate of

bacteria in the batch study (control) using equation 6.2.

—_——_—_—— msX (62)

Where S is the oil concentration (g/L), 1 (= 1/X(dX/dt)) is the specific growth rate of bacteria (day-

1), X is the biomass concentration (g/L). Yy /s, Yp/s and gp, stands for the biomass yield coefficient,

biosurfactant yield coefficient, and biosurfactant specific product formation rate (g gt ht), respectively.

mg is the maintenance coefficient and assumed as zero during the growth phase.

6.2.8.2. Oil biodegradation and biosurfactant production estimation

After incubation, the overall oil biodegradation was estimated by gravimetric analysis, as expressed in
section 6.2.7. The biosurfactant concentration was estimated as mentioned in section 3.2.4 (Sharma et
al., 2020; Sharma et al., 2019). The yield coefficient of biosurfactant production was also calculated

using equation 6.3 (Datta et al., 2020)

AP
YP/S = E (63)

6.3. Results and discussion

6.3.1. Surface modification of bagasse by forming the octyl SAMs

We focused on improving the oil adsorption ability of sugarcane bagasse by grafting the hydrophobic
octyl groups on its surface by forming SAMs. The change in the surface chemistry of bagasse after acid
treatment and chemical modification was analyzed using FTIR spectra. Figure 6.1 (A) depicts the
change in the surface functional groups of raw bagasse after acid treatment, which is represented in the

form of loss of peaks in the region 1730-1740 cm* and 1043 cm* assigned for C=0 groups and C-O-C
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groups of lignocellulose (Chandel et al., 2014; Zhang et al., 2017). The FTIR spectra of the octyl-
modified bagasse exhibited peaks at 1028 cm™ and 1056 cm™ signifying the presence of Si-O-Si bonds,
which confirmed the successful grafting of octyl groups on the surface (Hasan and Pandey, 2016).

The kinetics of the formation of octyl SAMs on bagasse surface was explored using FTIR. The FTIR
spectra in the ranges of 900-1300 cm™ and 2800-3000 cm* were chosen for this purpose, and peak areas
at the different reaction time intervals are shown in Figure 6.1 (B) and (C)). In the 2800-3000 cm™
range, narrowing down and redshift from 2900 cm-* to 2890 cm ™ were observed with the increase in the
reaction time, explaining the successful impregnation of octyl groups on the bagasse surface (Figure
6.1 (C)). Similarly, another spectra region from 900-1300 cm™ exhibited a peak position and intensity
change after the modification (Figure 6.1 (B)). An increase in peak intensity in the region 1040-1080
cm?represented the formation of Si-O-Si, siloxane groups (Hasan and Pandey, 2016). Moreover, there
was no significant increase in peak area after 8 h of incubation, deciphering the completion of the
modification (silanization) process. A similar trend was observed for the 2800-3000 cm™ region. These
findings indicated the completion of octyl SAMs formation on bagasse surface in 8 h, which agreed to

the reported 8.5 h (Hasan and Pandey, 2016).
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Figure 6.1. (A) FTIR spectrum of raw (red), acid-treated (black), and acid treated-surface-modified
(green) bagasse; and Octyl SAMs formation by the reaction between OH groups on bagasse surface and
ethoxy (C2HsO) groups of TEOS investigated by changes in FTIR peak intensities at the different time

intervals in the region (B) 900-1300 cm, and (C) 2800-3000 cm*
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6.3.2. Characterization of the modified bagasse

6.3.2.1. X-Ray Diffraction study

The effect of acid pretreatment and octyl grafting on the crystal structure of bagasse was studied using
XRD analysis. Overall, no disappearance of peaks revealed that the pretreatment did not damage the
crystal structure of the base material, bagasse. Further, functionalization with octyl groups did not alter
the crystal structure. Figure 6.2 shows the diffractograms of the untreated bagasse (A), bagasse
pretreated with 1 % sulfuric acid (B) and octyl modified bagasse (C). It was observed that typical
cellulose peaks (15.7°, 22.6°, and 35.19°) were observed in all three cases (Kumar et al., 2014; Sofla et
al., 2016); however, there was an increase in crystallinity after pretreatment, anticipated from the

increased intensity. The pretreatment with acid removed the lignin and hemicellulose components from

the bagasse and thus improved the crystallinity (Lv et al., 2018).
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6.3.2.2. Surface area analysis

The raw and modified bagasse surface area and pore volume were analyzed using BET. The BET
isotherm curves are shown in Figure 6.3. Upon octyl modification, there was an increase in the overall
pore size due to the grafting of the octyl groups in the pores (Table 6.1), as reported in previous
literature (Jiang et al., 2018). Hence, such changes in the surface properties suggested the octyl groups
grafting on the bagasse's surface. The specific surface area of the modified bagasse was slightly

decreased. The BET analysis supported the surface modification of bagasse with octyl groups resulting

in the change in adsorption isotherm curve.
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Figure 6.3. BET adsorption curves for raw and modified bagasse
Table 6.1. BET surface area analysis of the raw and modified bagasse
Samples BET surface area Pore size (nm) Pore
(m?g) (cm?g)
Raw bagasse 3.761 10.08 0.0095
Modified bagasse 3.157 13.06 0.0103
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6.3.2.3. Morphology and elemental analyses

The morphology of raw and modified bagasse was studied using FESEM, and the surface elemental
analysis was examined using the EDX technique. The surface of raw bagasse showed parallel and rough
fibrous surfaces with superficial extractives and pith. After acid treatment and octyl modification, the
surface of thus obtained modified bagasse was comparatively smooth and loose fibers without pith
(Figure 6.4(A) and (B)). The elemental analysis of modified bagasse indicated the increase in C content
and decrease in O content after surface modification. Also, Si was present only in the case of modified
bagasse (Figure 6.4(C) and (D)). It complemented the FTIR results and confirmed the successful

formation of octyl SAMs on the bagasse surface (Hasan and Pandey, 2016; Pandey, 2021).
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Figure 6.4.

/77

FESEM and EDX analyses of (A and C) Raw and (B and D) Modified bagasse
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6.3.3.  Oil adsorption study using biosorbents

Oil removal properties of raw, treated, and modified bagasse are shown in Figure 6.5. It was observed
that the adsorption capacity of oil for all three types of biosorbents reached the maximum within 60 min
of the contact time. After that, the adsorption capacity almost remained unchanged, signifying the
saturation stage. The oil adsorption rate (ka) was estimated by fitting the kinetic data to the first-order

differential equation.

dc _

Si= —ko(C—C.) [C(0) = C(] (6.4)

C(t)=C.— (C.— CO)e_kat (6.5)

Here, Co, C., and C(t) represent the initial oil concentration (g/L), the concentration of oil at equilibrium,
and at a time 't' (h), respectively. The k, value was found to be the maximum for the modified bagasse
(4.47 + 0.2 h'Y) followed by the treated (2.01 + 0.1 h'!) and raw (1.68 = 0.1 h!) bagasse. Likewise,
overall oil removal was increased from ~20 % for raw bagasse to 35 % for acid-treated, further
enhancing ~85 % for the octyl-modified bagasse within 60 min of adsorption.

An improved oil adsorption capacity of acid-treated bagasse than raw bagasse is due to the loss of
hemicellulose content after the acid pretreatment. Loss of peaks at 1733 cm™ and 1043 cm™ in the FTIR
spectra (Figure 6.1), representing the stretching of unconjugated C = O groups, and C-O stretching in
C-O-C linkages of hemicellulose content of bagasse, indicated the decrease in the polar functional
groups after the acid pretreatment (Figure 6.1 (A)) (Chandel et al., 2014; Zhang et al., 2017).
Furthermore, octyl surface modification of bagasse increased the presence of non-polar, hydrophobic
octyl groups on the surface of bagasse, as indicated by the enhanced intensities of peaks in the region
2850-3000 cm™ representing stretching vs-CHs (symmetric) and va-CHs (asymmetric) methyl peaks
(Figure 6.1 (A)) (Hasan and Pandey, 2016). It indicated the significant effect of surface hydrophobicity
in adsorbents' overall oil adsorption ability. Such a change in absorption capacity is because of the
hydrophobic modification of bagasse that improved the oil affinity towards bagasse and improved its
overall adsorption capacity. Various literature also supported the impact of surface hydrophobicity on

oil adsorption ability (Pandey, 2021).
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Figure 6.5. Comparative oil removal capacity in terms of residual oil concentration (g/L) of all three

types of biosorbents: raw (black), acid-treated (red), and acid treated-surface-modified (green) bagasse

6.3.4. Optimization of adsorbate and adsorbent concentrations

For maximizing the removal of oil by modified bagasse, it was further optimized by varying the
concentrations of adsorbent and adsorbate using the RSM-CCD factorial design technique. The
adsorbent and adsorbate concentrations (g/L) were varied in the range 2.5-10 g/L and 7.52 to 75.22 g/L,
respectively, to maximize the oil removal as output parameter using the Design expert RSM-CCD
technique. The 13 experimental setups with respective experimental and predicted response variables
are listed in Table 6.2. The experimental responses were fitted to the quadratic model. Predicted
response values are quite in agreement with the experimental results. ANOVA was applied to the
regression analysis. Correlation coefficient value was R?>0.93. The lesser p-value and the higher F-
value proved the significance of the model. From the model, initial oil concentration (factor B) was
found to be significant (p < 0.05), hence the effect of initial oil concentration on the biodegradation of

oil was further estimated using biodegradation studies.
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Table 6.2. Experimental and predicted values of oil removal (%) for modified bagasse as biosorbent in

RSM-CCD runs with ANOVA analysis

Bagasse

TR N I i i
1 2.50 7.52 91.14 80.45
2 10.00 7.52 98.14 103.23
3 2.50 75.22 14.12 -1.37
4 10.00 75.22 42.37 42.67
5 0.95 41.37 8.75 25.09
6 11.53 41.37 78.21 72.21
7 6.25 0 100.00 102.24
8 6.25 89.24 4.72 13.44
9 6.25 41.37 44,73 43.85
10 6.25 41.37 44.39 43.85
11 6.25 41.37 42.57 43.85
12 6.25 41.37 44.39 43.85
13 6.25 41.37 43.67 43.85
ANOVA for Response Surface Quadratic Model
Source si]uurZrce)L df  Mean square F value p-value
Model 11817.96 5 2363.59 21.57 0.0004
A-Bagasse concentration 357.66 1 357.66 3.26 0.1138
B-Initial Oil Concentration 861.13 1 861.13 7.86 0.0264
AB 112.92 1 112.92 1.03 0.3439
A? 41.31 1 41.31 0.38 0.5586
B2 571.71 . 571.71 5.22 0.0563
Residual 767.12 7 109.59 - -
Lack of Fit 764.14 3 254.71 342.08 < 0.0001
Pure Error 2.98 4 0.74 - -
Cor Total 12585.08 12 - - -
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The response data (oil removal, %) against the input parameters (adsorbent and adsorbate
concentrations) in Figure 6.6. The response was related to input variables by a quadratic model as

follows:

Oil removal (%)

=+78.45+49.63A4—26.74 B+ 10.63 AB+9.74A* +9.97 B>  (6.6)

Here A is the concentration of biosorbent (g/L), and B is the initial oil concentration (g/L). The R? and
p-values of the model were 0.93 and < 0.05, respectively. It indicated the significance of the above
model equation. The optimized conditions for the maximum oil removal were predicted to be 10 g/L of
the adsorbent and 7.52 g/L of the adsorbate. Hence, further experiments were conducted at these

optimized conditions.
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Figure 6.6. Optimization studies at pH 7, 37 °C, and 8 h of the contact time using various concentrations

of bagasse (A) and Initial oil (B) as projected by Design-Expert software
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6.3.5. Adsorption isotherm study

For determining the maximum oil adsorption capacity (gm) of the modified bagasse, biosorption
experiments were performed at a varying concentration of oil (7.52 to 150.4 g/L) and the obtained data
were fitted to the Langmuir isotherm, which suggests the involvement of homogenous adsorption
energy causing the monolayer adsorption on the adsorbent (Sharma et al., 2018; Tiwari et al., 2017).

This equation is preferably considered to determine the gm of an adsorbent.

_ 9mKC.
qe = 1+K,C, (6.7)

Where C. stands for the concentration of oil (g/L), ge stands for the equilibrium adsorption capacity of
adsorbent (g/g), and Ky is the Langmuir adsorption constant (L/g), signifying the binding affinity. The
fitted and experimental data are shown in Figure 6.7 (A). The Langmuir isotherm fitted reasonably well
to the experimental data with R? > 0.97. A significantly high qm of 6.9 + 0.3 g/g was obtained for the
modified bagasse, three folds higher than the raw bagasse (i.e., 2.5 £ 0.2 g/g). The Langmuir adsorption
constant (L/g) was found to be 0.025 + 0.002 and 0.018 + 0.002 for the raw and modified bagasse,
respectively. Such high adsorption capacity is the first report using low-cost bagasse as biosorbent for
crude oil adsorption studies. The gm value of the modified bagasse is better than the reported data using

similar biosorbents (Abdelwahab et al., 2017; Behnood et al., 2016; Guilharduci et al., 2017).
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6.3.6. Adsorbent stability/reusability analysis

The prepared biosorbent was analyzed for the ability to adsorb oil upon reuse. After batch 1, the
adsorbent was washed twice with hexane to remove adsorbed oil and dried in the oven overnight.
Afterward, the same adsorbent was used for cycle 2. After repetitive adsorption-desorption till 5
consecutive cycles, up to 14 % (q. = 650 mg/g) loss in adsorption ability was observed (Figure 6.7 (B)).
It also indicated the stability of the modified sorbent due to the formation of covalently linked octyl
SAMs. After repetitive usage, such strength and stability of the modified biosorbent suggested its

potential applicability as a low-cost adsorbent for controlling and managing oil-contaminated sites.

6.3.7.  Biosorption assisted biodegradation strategy

The crude oil biodegradation ability of P. aeruginosa was studied with varying oil concentrations at 37
°C for 6 days to explore the maximum concentration of oil that could be utilized efficiently by the
bacterium. A decrease in biomass growth was observed with an increase in initial oil concentration, as
shown in Figure 6.8. The typical concentrations of the crude oil spills in a river fall in the range of 0.2
to 5 mg/L (Ifelebuegu et al., 2017), while marine spills contribute to the concentration of about 50-100
Mg/L (ppb) in seawater (Saadoun, 2015). This indicated the suitability of the P. aeruginosa for the
remediation of oil-contaminated sites as ~ 40 % oil was biodegraded at 750 mg/L initial oil
concentration. However, there was a slight decrease in the biomass growth up to 3.76 g/L (0.5 %, v/v)
of oil.

Further increment in the initial oil concentration caused a sharp decline, i.e., poor oil degradation ability
of microbes. It could be due to the inhibitory effect of higher initial oil concentration on the
biodegradation ability of the bacteria, as evidenced by the decrease in the biomass concentration with
an increase in the oil concentration. Similar toxicity effects of oil were also deciphered in literature (Jiao
et al., 2016; Vigneshwaran et al., 2018). Hence, there is a need to provide microbes with oil in such an
amount that it does not cause toxicity. Sustainable substrate availability is enough for microbial
metabolism and should be given more attention. In this regard, a novel conjugative biosorption-aided

biodegradation-based strategy was investigated.
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Figure 6.8. Effect of initial oil concentrations on biodegradation ability of P. aeruginosa P7815

6.3.7.1. Biosorption assisted microbial biodegradation strategy

The intolerance of bacterium to a high oil concentration was reduced primarily by incorporating
biosorbents with an enormous oil adsorption capacity to minimize the bio-toxicity of oil. Initially, crude
oil (1.5 g/L) was pre-adsorbed on the modified bagasse (10 g/L) followed by incubation of P.
aeruginosa. The effect of biosorption on microbial oil degradation ability was analyzed by performing
the oil degradation batch experiments with and without biosorbent. It was observed that, in the set
containing 8 h pre-adsorbed biosorbent, there was improved cell growth, oil degradation, and
biosurfactant concentration (Figure 6.9 (B)) in comparison to control (only bacteria without bagasse)
(Figure 6.9 (A)). The p was found to be 0.12 + 0.01 h™ in case of the integrated process (Figure 6.9
(B)) i.e. 1.5 folds higher than control (0.08 + 0.01 h'*) (Figure 6.9 (A)).

Similarly, there was a rapid decrease in residual oil up to 8 h due to the adsorption, which was further
utilized through microbial biodegradation. The overall oil degradation in the integrated process was

achieved as ~ 65 %, which was 4 folds greater than the control (~ 16 %). Biomass is reported to
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synthesize the surface-active agents during the remediation of oils. A decrease in surface tension
indicated biosurfactant synthesis (active surface metabolite). The biosurfactant profile was also
monitored (Sharma et al., 2020), a growth-associated product. The maximum biosurfactant
concentration for the integrated process was 0.82 g/L, while the control was 0.37 g/L. Biosurfactants
are also reported to enhance the bioavailability of crude oil to microbes (Sharma et al., 2020).
Biodemulsifiers were found to increase the degradation potential of hydrocarbon-degrading bacteria in
ecosystems and petroleum decontamination in the marine environment (Silva et al., 2018). These
observations complemented the greater oil degradation in the case of the integrated strategy.

Furthermore, the rate of microbial oil biodegradation (kq) (Figure 6.9 (A)) was estimated by fitting

Monod's equation stated as follows.

dC _ —kgXC _ —kqXC

dt ~ ke+C kg [€(0) = Cy] (6.8)

—kgXt

Here, C(t) stands for concentration of oil (g/L) at any time, t (h); Co refers to initial oil concentration; X
refers to the concentration of biomass (g/L), and ks represents half-saturation constant (g/L). The
experimental data fitted equation 6.9 with an R? value of 0.90. The value of ky and k, was found to be
0.038 + 0.001 h'* and 17.25 + 1 g/L, respectively. Further, to confirm the synergistic effect of the
biosorption and biodegradation, the oil degradation data (Figure 6.9 (B)) were fitted by combining

equations 6.5 and 6.9 to predict the rates of the integrated process as follows.

dc kqXC

— _ _kaCeks ColkakgthgX)) —UakstkgX)
€O = Gakria) [(1 B W) e & -1 (6.11a)
-zt
C(t) - kll—(;e kS X [(1 - kacgezks) ek_S - 1] [kaks + kdX = Z] (611b)
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Here, ka explains the rate of oil degradation due to adsorption, and kq refers to the rate of oil
biodegradation. The experimental data fitted very well to the above-combined expression (equation
6.10) with an R? value of 0.99. The values of ka, kg and kgwere estimated to be 2.15 + 0.3 h?, 0.66 +
0.08 htand 3.27 + 0.7 g/L, respectively. The rate of oil biodegradation k, was enhanced by 17 folds in
the case of biosorption-assisted microbial biodegradation strategy compared to only microbial
biodegradation, which also agreed to 1.5 folds greater p value in the integrated process.

These observations confirmed the synergistic effect of both processes. Fulazzaky et al. reported a
similar synergistic effect of the biosurfactant producing ability of S. marcescens SA30 on the
biosorption ability of granular sludge as biosorbent. Meng et al. also established a positive correlation
of biosorption of petroleum hydrocarbons in the biodegradation ability of Pseudomonas synxantha
LSH-7, suggesting a linear relationship (R?> 0.90) between biosorption of tetradecane, hexadecane,

phenanthrene, and pyrene with their respective biodegradability (Meng et al., 2019).
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Figure 6.9. Oil degradation ability of P. aeruginosa within 32 h of incubation, (A) without and; (B)

with bagasse. (Dotted line represents fitted data for the depletion of residual oil).
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6.3.7.2. Molecular weight analysis of crude biosurfactant

The crude biosurfactant was characterized using MALDI-TOF analyses using sinapinic acid as a matrix.
The mass spectra revealed the presence of a mixture of mono- and di- rhamnolipid congeners. As
depicted in Figure 6.10. The monorhamnolipid molecules observed included Rha—C10—C1o ([M+Na]",
m/z =527; [M+K]*, m/z 543), Rha—C1—C14 ([M+Na]*, m/z =611; [M+K]*, m/z 626) and Rha—C14—Ci4
(IM+Na]*, m/z =639; [M+K]*, m/z 655). Similarly, the dirhamnolipid molecules observed included
Rha-Rha—C1—C1o ([M+Na]*, m/z =673; [M-H+ Naz]*, m/z 695), and Rha-Rha—C1,-Ci2 ([M+Na]*, m/z
=712) which is in concordance to various reported rhamnolipids peaks (Irorere et al., 2018; Mishra et

al., 2021; Rooney et al., 2009; Scoma et al., 2017; Trudgeon et al., 2020).
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Figure 6.10. Mass spectroscopic analysis of crude biosurfactant using MALDI-TOF-MS

6.3.7.3. GC-FID analyses of residual oil
The GC-FID chromatograms at different time intervals in the cases of bagasse alone, microbe alone,

and their conjugation on the overall oil degradation activity are shown in Figure 6.11. The
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chromatograms presented the amount of residual oil at different time intervals, i.e., 0 h (raw crude oil),
8 h (after adsorption), and 32 h (after microbial biodegradation), during the integrated process in
comparison to the control. It was observed that the crude oil used for the study was composed of long
hydrocarbon chains varying from Cs to Cso (Figure 6.11 (A) and (B)). Microbes were found to
effectively biodegrade smaller carbon chains (C7 to Cy) with retention time (RT, 5-15 min) within the
initial 8 h (Figure 6.11 (C)). However, in the case of long hydrocarbon chains (Czoto Cso), the presence
of peaks for RT > 20 min showed ineffective microbial remediation (Figure 6.11 (D)). In the case of
the integrated strategy, it was observed that the maximum reduction in peak intensity occurred for
hydrocarbon chains (C7to Cso) after bagasse biosorption within 8 h of incubation (Figure 6.11 (E)).
Besides, such reduced concentrations of long-chained hydrocarbons were effectively utilized by
microbes exhibiting even lower peak intensities after 32 h of incubation (Figure 6.11 (F)). Hence,
almost complete elimination of oil in the case of the integrated strategy was observed, which agreed

with the percentage of the overall oil degradation.
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Figure 6.11. GC-FID chromatograms for integrated biosorption - biodegradation study. Standard (A);
crude oil at t = 0 h (B); crude oil after microbial biodegradationt = 8 h (C), and t = 32 h (D), crude oil
after bagasse biosorption att =8 h (E), and crude oil after biosorption assisted microbial biodegradation

att=32h (F)

6.3.8. Insights into the integrated strategy

The synergistic effect of biosorption and biodegradation is explained in the section 6.3.9 in terms of
improved biomass, biosurfactant yield, and overall oil degradation ability of the residing microbes. This
section examined the interactions between the microbes and bagasse based on FESEM and fluorescence
images. Adhered bacterial cells were observed on the bagasse surface (Figure 6.12 (A)). FESEM image
revealed the rod-shaped morphology of bacteria, and the average size of microbes was 1.03 + 0.08 um
(Figure 6.12 (B)). It ascertained the presence of normal P.aeruginosa cells. The bacterial cells attached
to the bagasse were blue in fluorescence images Figures 6.12 (C and D). Qil was seen adsorbed on the
bagasse surface (red color in Figures 6.12 (C) and (D)) in the vicinity of microbes. The bagasse surface

was fully covered by oil. It revealed that oil was quickly adsorbed on the bagasse surface due to the
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faster adsorption (6.1 ht) and later was slowly utilized (degraded) by the adhered microbes (0.01 h%).
Hence, the bagasse-coupled microbes exhibited a commensalism relationship between biosorption and
biodegradation. The oil pre-adsorbed bagasse encouraged adherence of bacterial cells due to the
improved bioavailability of the oil. VVarious literature also has supported the improvement in cell growth
and metabolism in the presence of the biocompatible carrier (Dashti et al., 2017; Dashti et al., 2019).

An improved interfacial interaction is expected to affect the sub-cellular bacterial machinery. AH is one
of the key enzymes of oil degradation produced by bacteria (extracellularly and intracellularly). The
activity of extracellular AH is greatly influenced by substrate availability in the culture. In the case of
crude oil pre-adsorbed bagasse, the formation of a substrate bed improved the oil availability for the
microbes. Likewise, from Figure 6.9 (A), it was observed that there were two-folds improved AH
activity (0.69 mM/mL/min) than the control (Figure 6.9 (B)). It was due to the improved oil availability
in the case of pre-adsorbed bagasse, which enhanced the activity of AH, as explained in the reported

literature (Elumalai et al., 2017; Kochius et al., 2018).
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Figure 6.12. Microscopic studies of the interaction between oil pre-adsorbed bagasse and microbes (A-B) FESEM; and (C-D) Fluorescence imaging (Nile red

for oil adhered bagasse and DAPI for bacteria)
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6.3.9. Integrated fed-batch oil biodegradation study

Microbial degradation is considered to be one of the eco-friendly approaches for bioremediation. The
microbes are equipped with well-organized machinery to survive in an extreme environment, utilize
different substrates, and produce value-added metabolites. However, complex hydrocarbons like crude
oil are poorly biodegradable and toxic to microbes. Thus, the remediation of oil-contaminated sites is
still a challenge due to the slower degradation rate and susceptibility of microbes to a higher
concentration of oil. Biodegradation of crude oil was performed in fed-batch mode using an oil-degrader
Pseudomonas aeruginosa to address the issue of substrate toxicity.

Further, the slower biodegradation was integrated with a faster biosorption process for the effective
remediation of crude oil. Highly fibrous and porous sugarcane bagasse was used as adsorbent and was
further surface modified with hydrophobic octyl groups to improve the surface-oil interactions. The
results are discussed in two parts: (i) Fed-batch biodegradation and (ii) Biosorption coupled fed-batch
biodegradation.

A fed-batch study was opted to improve the biodegradation ability of the bacteria. The ability of bacteria
to utilize crude oil as the sole carbon source was previously explored using a batch study wherein an
initial crude oil concentration of 1.5 g/L was added to BH media with a 5 % (v/v) inoculum and allowed
to incubate at 37°C and 180 rpm (Sharma and Pandey, 2021). The growth curve showed the bacteria

exhibited a pi value of 0.052 h™. The biosurfactant yield (Y5 ,5) and gp values were found to be 1.47 and

0.011 g/g/h, respectively. The substrate utilization rate was estimated to be 0.02 g/L/h'i.e., 0.48 g/L/day
The overall oil degradation in 24 h was 15 £ 2 % (Sharma and Pandey, 2021).

Based on batch data, a substrate concentration was fixed at 0.5 g/L/day in the fed-batch study. A regular
oil feed was performed to maintain cells in the exponential phase. A typical microbial growth profile
was observed in Figure 6.13 (A), where In X initially increased and remained constant after that with
regular feeding of oil up to 26 days, reflecting the extended stationary phase. However, the specific
growth rate, u, started slightly declining after 2" day, which presumably corresponded to the decrease
in dilution factor (Figure 6.13 (B)). Thus, in this strategy, a total of 11 g/L of crude oil was remediated
compared to 1.5 g/L in the batch study. Also, the overall oil degradation was 34.72 * 2.8 %, enhanced
by more than 2 folds. Summarily, in the fed-batch oil biodegradation strategy, the oil degradation ability
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was enhanced due to adequate bioavailability of oil for uplifting the bacterial metabolism and oil
degradation machinery. However, constant feeding for an extended duration results in excess
bioavailability, which may cause an inhibitory effect on the bacterial metabolic activity (Sharma et al.,

2020; Sharma et al., 2019).
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Figure 6.13. Effect of intermittent oil feeding on biodegradation ability of P. aeruginosa P7815 (A)

Biomass growth curve (Red arrows represents oil feed time intervals), and (B) Specific growth rate (1)

with time
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6.3.9.1. Biosorption coupled fed-batch biodegradation

The previous fed-batch strategy improvised biosorption coupled microbial oil degradation to diminish
the inhibitory effect of high initial oil concentration on bacterial growth and biodegradation activity.
Herein, the initial oil was preliminarily subjected to adsorption using octyl-modified hydrophobic
bagasse for the first 8 h. Next, the bacteria were inoculated to this oil-adsorbed bagasse in BH media,
and aregular oil feeding of 0.5 g/L was performed. Such a biosorption-assisted biodegradation approach
kept the microbes metabolically more active, allowing them to grow ~ 1.5 folds higher than without a
biosorbent fed-batch study (Figure 6.14 (A)). The specific growth rate p followed a typical fed-batch
pattern (Figure 6.14 (B)). A total of 11 g/L of crude oil was remediated, similar to that of fed-batch
without biosorption. However, this integrated strategy enhanced the overall oil biodegradation to 54.87
+ 2.1 %. During constant oil feeding in the presence of biosorbent, the continuous adsorption
accompanied sustained bioavailability of the oil. This approach thus improved biomass growth and
resulted in better oil degradation.

In addition, the biosurfactant production profile of the bacteria was also investigated. Biosurfactants
improve the oil surface area by mobilization, emulsification, or solubilization and thus enhance its
bioavailability for microbial biodegradation. They are also known to improve the bacterial cell surface
hydrophobicity, which increases its affinity towards oil for effective utilization (Sharma et al., 2020;
Tahseen et al., 2016). An improvement in oil biodegradation with the increase in biosurfactant
concentration was evidenced. While the biosurfactant concentration was obtained as 0.35 g/L in the
batch study (Sharma and Pandey, 2021), an increment of ~3 folds (1.02 £ 0.08 g/L) was obtained during
the fed-batch mode of operation. It was further improved by ~ 5 folds (1.7 £ 0.07 g/L) in the integrated
fed-batch approach, establishing the positive role of biosurfactant in microbial oil degradation activity.
Table 6.3 summarizes the overall oil degradation and biosurfactant production in all three modes of

operations.
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Figure 6.14. Effect of intermittent oil feeding on biosorption coupled biodegradation ability of P.
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Table 6.3. Overall oil degradation and biosurfactant production in the batch mode of oil feeding, after

30 days of incubation

Oil Degradation Biosurfactant production
Experimental setup  Total oil feed  Degradation Yeis Concentration
(g/L) (%) (9/9) (/L)
Batch 15 15+25 1.47 0.35+0.03
Fed-batch without
11.0 34.72+2.8 0.27 1.02 +0.08
biosorbent
Fed-batch with
11.0 5487+1.1 0.28 1.7 £0.07
biosorbent

Hence, biosorption facilitated the better utilization of oil by microbes as the overall oil degradation rate
was increased by 150 % compared to the fed-batch without biosorption. Various literature supports the
aerobic exterior and anoxic interior of bagasse as the unique feature for microbial niche development
and improved metabolic activities, yet, the studies are limited to heavy metals and single hydrocarbons
(Mazzeo et al., 2020; Nie et al., 2018). However, the synergistic effect of bagasse on microbial
biodegradation in crude oil, a complex mixture of long chains of hydrocarbons was examined in this
chapter.

Similar biosorption coupled microbial biodegradation of crude oil has been reported using sawdust as
an oil sorbent. The study reported the crude oil (0.25 %, w/v) biodegradation ability of inherent sawdust
harboring bacteria such as Actinobacterium sp. SDB1, Micrococcus luteus SDB2, Rhodococcus
erythropolis SDB3, and Rhodococcus opacus SDB4 as 35, 38, 37, and 48 %, respectively, after 10 days
of incubation (Ali et al., 2011). Dashti et al. also reported crude oil (1 %, w/v) biodegradation activity
by the inherent microbial consortium, ranging from 34 to 45 % in 8 months when incubated with moist

sorbents such as wheat straw and corn cobs (Dashti et al., 2017).
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6.4. Conclusions

The oil adsorption capacity of bagasse as a low-cost model biosorbent was improved by modifying its
surface by forming octyl SAMs. The kinetics of surface modification was studied using FTIR, and
successful modification was achieved in 8 h. The modified bagasse was characterized using FTIR, BET,
and XRD analyses. The gm value of modified bagasse was enhanced by two folds (6.8 g/g) than raw
bagasse. Pseudomonas aeruginosa effectively biodegrade crude oil up to 0.75 g/L (0.1 % v/v). An
integrated biosorption coupled biodegradation approach was implemented for effective crude oil
bioremediation. A kinetic model was proposed for oil degradation, confirming simultaneous biosorption
and biodegradation. Hydrophobically modified bagasse supported the improved bacterial adhesion and
enhanced the oil bioavailability as confirmed using the microscopic techniques. This biosorption
coupled biodegradation strategy exhibited 17 folds higher oil degradation than microbial degradation.
The biodegradation of crude oil was also confirmed by synthesizing biosurfactants and lowering surface
tension. Greater biosurfactant production and extracellular alkane hydroxylase activity also correlated
with the synergistic effect of biosorption and biodegradation.

A fed-batch strategy was opted to further improve the oil biodegradation ability. A 2-folds improved
oil degradation and 3-folds increased biosurfactant production was achieved when bacteria were grown
in fed-batch mode than batch. With the integrated strategy, enhanced oil degradation by 150 % with 5
folds improved biosurfactant production was obtained. Conclusively, the enhanced microbial growth,
biosurfactant production, and oil degradability show the potential role of using sugarcane bagasse as a
sorbent for oil remediation. Insights into the change in microbial growth, substrate (oil) utilization, and
product formation are deciphered. Such setup shows potential suitability in the oil refinery effluent
treatment, soil-washing amendments, tertiary water treatment, and other biosorption-assisted
remediation applications. Conclusively, the octyl-modified bagasse is proven to be an economic, eco-
friendly, and efficient biosorbent for crude oil bioremediation and other environmental applications.
The surfaces of natural biosorbents being used for the remediation can be modified by forming
hydrophobic SAMs to improve their performances for the treatments of oil spillage and contaminated

soils.
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Chapter 7

Overall Conclusions and Future Scopes of the Work

This chapter describes the key inclusive inferences of studies performed in the present dissertation.

Furthermore, the chapter also prospects future research in this direction.

7.1. Overall conclusions

Remediation of petroleum and oil-contaminated sites using microbial biodegradation ability is the most
sustainable and eco-friendly approach; however, studies are required to improve the biodegradation rate
and amend the poor affinity of microbes to oil. Minimizing the bacterial exposure to excess
contaminants using immobilization within carrier or oil sorbents can mitigate the biotoxicity challenges.
Biosurfactants are surface-active molecules that are well reported for their surface-active property
significant for oil emulsification, mobilization, and solubilization.

The present dissertation explored potential inherent oil-degrading bacterial strains for their hydrocarbon
biodegradation ability by focussing on improving their biosurfactant production ability. Three major
factors driving the bacterial biosurfactant production were optimized: pH, Temperature, C source, N
source and their C/N ratio. Using OFAT based optimization tool, Agrobacterium fabrum SLAJ 731
exhibited a maximum biosurfactant production of 5.77 + 0.3 g/L under optimal parameters: pH 6 and
30 °C using glucose and yeast extract as C and N sources in a mass ratio of 2:1. The crude oil
biodegradation ability of A. fabrum under maximized biosurfactant production condition was further
studied by supplementing bacteria with 1% crude oil. The study revealed an approximately 1.5 folds
high crude oil biodegradation of 58 + 5 % and simultaneous 1.5 folds increased biosurfactant production
at a concentration of 4.15 + 0.2 g/L within 6 days of incubation. The study hypothesized that the bacteria
showed improved growth in the presence of Glucose, which led to improved biosurfactant production,
revealing it to be growth associated product. Similarly, Glucose also enhanced AH enzyme activity by
maintaining the redox potential, thus leading to improved crude oil degradation. Insights into crude oil

biodegradation and biosurfactant production showed they are directly related under optimized growth
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conditions. Chapter 3 concluded that bacterial biosurfactant production could be considered a critical
factor in enhancing its biodegradation ability

Another inherent sludge bacterium, Bacillus subtilis RSL 2, was optimized for maximum biosurfactant
production in the presence of sole crude oil as a C source and YE as N source. The pH, Temperature,
and crude oil concentration optimization were performed using the RSM-CCD technique. The study
revealed that a maximum biosurfactant production of 3.6 £ 0.3 g/L was obtained at optimized pH 4,
25°C and 1 g/L crude oil concentration. The obtained crude biosurfactant was used as a biostimulant
for further biodegradation study. When used as a simultaneous inoculant with bacteria, the biosurfactant
increased the CSH improving the oil and microbe interactions and bioavailability of the oil. The
biosurfactant-mediated biodegradation under optimized conditions enhanced overall oil degradation
and biosurfactant production by 1.6 folds. Chapter 4 concluded that bacterial biosurfactants could be
used as a biostimulant to uplift the crude oil biodegradation efficiency above the optimal value.

To diversify the bacterial catabolic activities and thus improve overall oil biodegradation efficiency, a
consortium was prepared using three potential inherent oil-degrading bacterial strains, A. fabrum, P.
aeruginosa and B. subtilis, in Chapter 5 of the dissertation. The bacteria were studied for the
biodegradation of sole aliphatic (HEX), aromatic (PHE), or their binary mixture (HEX+PHE) as axenic
and consortium. The study revealed the consortium's mode of interaction and substrate utilization
behaviours. An integrated model combining first-order exponential decay and Monod equation fitted
well to the biodegradation data. Parallel assimilation of HEX and serial assimilation of PHE was
experienced in the consortium. The study concluded that the designed microconsortium achieved a
biodegradation efficiency for sole HEX at 92.4 %, PHE at 88.7 %, HEX = 97.2 %, and PHE = 91.9 %
in the binary mixture. Increased biodegradation at a lower initial concentration highlighted the
biotoxicity effect of hydrocarbon on biodegradation efficacy; thus, next chapter focussed on mitigating
such limitations.

A biosorption-mediated biodegradation strategy was opted to decrease the toxicity of high oil
concentration exposure to bacteria in Chapter 6. Sugarcane bagasse surface was hydrophobically
modified using octyl SAMs improving its gm value of bagasse by two folds (6.8 g/g). The modified
bagasse was used as a pre-treatment to adsorb the oil before bacterial biodegradation as an integrated
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bioremediation approach. A kinetic model fitted well for the integrated process, stating the occurrence
of simultaneous biosorption and biodegradation where modified bagasse improved bacterial-oil
interactions, exhibiting a 17-fold higher oil degradation than sole microbial degradation. Higher
biosurfactant production and AH enzyme activity confirmed biosorption and biodegradation synergistic
effect. This strategy was further extended to the fed-batch mode of operation to increase the bacterial
biosurfactant production ability while being exposed to increased oil concentration in the presence and
absence of biosorbent. A 2-fold and 3-fold increased oil degradation and biosurfactant production,
respectively, was obtained for fed-batch than the batch biodegradation study. Concludingly, the
integrated fed-batch strategy achieved a 150 % increased oil degradation and 5 folds improved
biosurfactant production.

To summarize, biosorbent aided biosurfactant producing bacterial biodegradation is a promising
solution to in-situ bioremediation of oil spills and other hydrocarbons contaminated site bioremediation
such as oil refinery effluent treatment, soil-washing amendments, tertiary water treatment, and other

biosorption-assisted remediation applications.

7.2. Future Scopes

Presently, crude oil spilled sites take months to years to achieve a significant microbial load to accelerate
biodegradation. While various expensive biostimulants and genetically engineered strains have shown
promising results for in-situ bioremediation applications, exploration of inherent oil-degrading bacterial
strains and optimizing their growth parameters and nutrient requirements could be a more economically
sustainable solution. Design of synergistically growing microbial consortium will aid in achieving high
microbial load in no time and simultaneously provide diverse catabolic enzymes that will also accelerate
the biodegradation rates by many folds. To further improve the present research inferences, detailed

studies are required.

7.2.1. Exploration of metabolic pathways involved in mixed hydrocarbon biodegradation
Understanding the metabolic pathways involved in bacteria while utilizing hydrocarbon as the sole C
source will help prepare a consortium where by-products of one bacterium can act as co-substrate for
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the other, thus preventing the accumulation of toxic by-products and starvation phenomenon that are

often limiting factors in bacterial growth.

7.2.2. Exploring kinetic model predicting the effect of biosurfactant concentration on
hydrocarbon biodegradation

Studies have revealed the synergistic effect of biosurfactant concentration on bacterial hydrocarbon
biodegradation; however, deducing these findings as a kinetic model predicting the minimum
biosurfactant concentration required to achieve maximum biodegradation will aid in strategizing feed

dosage and recovering extra biosurfactant for other potential applications.

7.2.3. Exploring light-weight biosorbent and tunning its hydrophobicity using biosurfactant
conjugation

Apart from chemically modified bagasse, few naturally occurring hydrophobic substrates such as
Kapok fiber can also be further explored for oil remediation studies. The surface of these fibers can be
tunned using amphiphilic biosurfactants, acting as a bridge for floating hydrophobic substrate and
aqueous suspended bacteria. These fibers have a hollow lumen that imparts natural floatability, thus
increasing the contact time and area to spilled oils. Studies revealed that these natural fibers harbor
many microbes. Hence, designing a suitable oil-degrading consortium and immobilizing them into such
low-cost natural carriers is a sustainable, low-cost, and eco-friendly approach towards oil

bioremediation.

7.2.4. Scale-up of integrated biosurfactant-modified-biosorbent coupled microbial
biodegradation of crude oil and enhanced biosurfactant production

The integrated biosorbent coupled biodegradation study can be further scaled up to increase tolerance
of microbial consortium to high crude oil concentration and simultaneously increase biosurfactant
production. The biosurfactant can be maintained within the bioreactor using a continuous fill and draw

set up to recover the biosurfactant-rich froth. Biosurfactant is precipitated, whereas the residual nutrient-
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rich broth is sent back to the bioreactor. The recovered biosurfactant can be used for antibacterial, soil

washing, and other bioremediation and biomedical applications (Figure 7.1).

207
TH-2720_166106008



Re-circulate biosurfactant free broth

Hydrophobic Hydrophilic head
tail '/"',‘

i
1
1
[}
5,

~——

Biosurfactant

Precipitation
of
biosurfactant

Biosurfactant modified
biosorbent

s 1)

MR (LU
;’up i 'd*“'

Al

Collect extra
biosurfactant Biosurfactant modified biosorbent

from the improves affinity of microbes towards oil
K / culture adsorbed biosorbent
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Appendices
Appendix 4A

Production of biosurfactant by Bacillus subtilis RSL-2 isolated from sludge and biosurfactant

mediated degradation of oil

S4-1. Results and discussion

S4-1.1. Estimation of residual crude oil using GC-FID

The GC-FID chromatograms for the recovered residual oil after biosurfactant-assisted biodegradation
studies are represented in Figure S4-1. Complete degradation of small chains of hydrocarbons
represented as RT= 0-15 min, in all the experimental cases. An almost 50 % reduction was obtained in
peak intensities for long chains of hydrocarbons (RT = 15-51 min). In the case of simultaneous
biosurfactant and oil feeding (B+C), the maximum decrease in peak intensities (degradation) was

observed.
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Appendix 5A

Biodegradation kinetics of binary mixture of hexadecane and phenanthrene by the bacterial

microconsortium
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Figure S5-4. The proposed hexadecane biodegradation pathway by the selected bacteria
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