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Abstract: Bioremediation involves the use of natural microorganisms for the purpose of
degrading numerous types of industrial and environmental waste. Microorganisms
require carbon, nutrients, and energy to live and multiply as all living organisms do. In
order to obtain energy, such microorganisms break down organic pollutants into simpler
organic compounds like carbon, salts, water, and similar harmless products. This
approach of degrading contaminants using microorganisms has proved much beneficial
and has been proven to be cost-effective and efficient. There are a lot of naturally occurring
microorganisms that have been reported essential in the degradation of organic pollutants.
Different industries use different types of bioremediation methods. Specific
environmental conditions may be required for optimal functioning of microbes e.g., pH,

temperature, humidity, etc. Bioremediation has been proven as an environment-friendly

and cost-effective approach to deal with industrial contaminants. Descriptive information

of microbes involved in bioremediation has been explained in this review.

Keywords: Bioremediation; microorganisms; degradation.

1. Introduction

Environmental pollution is referred to as the incorporation of harmful substances to the
atmosphere. These harmful substances can be from various sources, such as any phase of
matter or any form of energy. Environmental pollution, no matter of what kind it is,
possesses adverse effects on life [1]. Environmental pollution issue has been gaining a lot
of heat lately especially due to climate change. This can be owed to the fact the
environmental pollution is not only limited to developed countries but underdeveloped
countries too which has led to critical long-term negative effects. This deleterious effect
can be observed through the release of vegetation, biological diversity and the vast
quantities of detrimental chemicals are present in the atmosphere, the menace to life
support systems and the heightened risk of environmental accidents [2]. Due to all these
detrimental effects people have been studying pollution from various aspects. It has been

found that it can bee rooted to urban-industrial and technological revolution along with
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speedy exploitation of natural resources such as fossil fuels, the growth rate of exchange
of matter and energy, and raising industrial wastage, urban outflowing, and user goods
[3]. According to Holdgate environmental pollution is introduced by man, in the
surrounding. Pollution is defined by Singh ie. “Disequilibrium condition from
equilibrium condition in any system”. This definition can apply to all sorts of pollution
ranging from physical to religious, social, political and economic. Over the past twenty
years, different sources of contamination were described as modified composition of soil,

water and air [4].

Pollutants can be released by natural substances or energies as well. The only difference
is that they are viewed in sense of contamination when the surpass the natural levels.
Usage of natural resources at a higher rate than nature’s production to regenerate itself

may give results in the shape of pollution in the air, water, and land [5].

In addition to this the ever-increasing rate of human population and anthropogenic
activity has resulted to exploitation of natural resources along with deposition of huge
quantities of waste, all this further contribute to the erosion of Earth’s surface. But this is
not all, constant development in field on science and technology along with advancements
in industrial sector are adding to unconventional waste disposal, such as adding nuclear
waste and infectious wate to sewage. Such measures can have deleterious effects on
survival of human population. Socially disposal techniques which involves digging holes,
dumping sites, heat combustion and contaminated chemical decomposition have been

found to be frowned upon by public, more costly and complex [6].

During the last twenty years, many techniques were lined up in bioremediation to restore
polluted environments effectively at a low rate and with an eco-friendly approach. Many
researchers have formulated various bioremediation methods, on the basis of pollutant’s
category and their nature, till this research, not a single method of bioremediation may
serve as a “silver bullet” to re-establish clean environments [7]. It is believed that
autochthonous microorganisms that live in contaminated habitat can the solution that the
scientists have been looking in regards to environmental issues. Verma and Jaiswal have
elaborated optimum atmosphere to support their development and metabolism.
Moreover, eco-friendly and economic attributes add to the importance of bioremediation
along with physical and chemical methods of remediation. So far, many better
descriptions have been provided to bioremediation with exceptional highlighting one of

the procedures [8].

The ever-growing demands of modern civilization are being fulfilled by global
industrialization at the cost of exposure of the natural environment to numerous
contaminants, which also include heavy metals. These metals are toxic to water and soil
and later their quality and purity. Furthermore, human health is also at danger as these
contaminants penetrate the food chain and reveal their toxic effects even at slight

concentrations. One of the most lethal consequences of these heavy metals on humans is


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/contaminant
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Cancer. Few heavy metals including mercury, lead arsenic and cadmium, which are
nonessential for the human body, are proven to be potent hazards as stated by the United
States Environmental Protection Agency (USEPA) and International Agency for Research
on Cancers (IARC). In order to dump these toxic heavy metals numerous methods have
been employed which include ultra-filtration, chemical and physical methods, reverse
osmosis, ion exchange, excavation, solidification, and reverse osmosis [9, 10]. However,
these methods have not cured the dilemma permanently, instead, these produce
secondary waste products and become incompetent apart from being expensive.
Therefore, there is an inevitable need for alternative remedies for neutralizing these heavy
metals without altering the purity of the natural environment [10]. Bioremediation is a
very practical and handy approach for eliminating lethal heavy metals by making use of
environmental-friendly biological systems which also avoids the production of secondary
pollutants which if produced, are metabolized to much safer and removable substances
[11, 12]. Many fungal, bacterial, and algal species have been described to own the probable
to eliminate heavy metals from commercial effluents and other contaminated units[10];

[13, 14]. Plants have also been reported as efficient bioremediation of heavy metals [12].

Figure 1: Microbes and plants can be Bio-remediators

Bioremediation is indeed a revolutionary technique for the eradication of industrial
contaminants employing living organisms including microbes and plants (figure 1). It
helps the natural environment to regain its originality by integrating all such activities
which convert contaminants into harmless materials [15]. Pollutant removal procedures
are chiefly based on the diversity of pollutants under consideration. this includes sewage,
agrochemicals, plastics, chlorinated compounds, nuclear waste, dyes, hydrocarbons,
heavy metals and greenhouse gases. In view of the site of application, techniques of
bioremediation can be characterized as in-situ and ex-situ. (Figure 2). In-situ
bioremediation involves the clearance of water and soil from waste materials at the site of

origin. It is rendered less expensive than ex-situ bioremediation as it does not involve any
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need for transport of the bulk of the material. In-situ bioremediation removes
contaminants by two processes. In the first type of process, intrinsic bioremediation occurs
whereby oxygen and nutrients are transferred to the contaminated site via aqueous
solutions and then the native organisms are prompted to degrade the organic compounds
into non-toxic fractions. Another sort of method involves engineered bioremediation
whereby specific microbes are introduced along with their nutritional supply to amplify
the metabolic activities to break down organic compounds effectively [16]. Example of in
situ bioremediation includes the use of synbiotic relationship of A.sinicu, a leguminous-
plant, and recombinant form of M.haukuii, rhizobia, to remove Cadmium from
contaminated soil. Cadmium was accumulated in the leguminous plant nodules by the
activity of recombinant bacteria [17]. This method is more cost-effective than conventional

methods of cadmium elimination.

Bioaugmentation

RBioattentuation

Fioaccumulation
Biosorption
Bioleachiing

Biopiles

Biotransformation

Bioremidiaiton

Biopreciptation & Biocrystallization

Land Farming

Bioreactors

Figure 2. Schematic diagram of classes of Bioremediation

Bioremediation of contaminated groundwater or soil at a location other apart from site-
of-origin is called Ex-situ bioremediation. The physical-state of contaminants further
categorizes into two types of ex-situ bioremediation; Solid-phase treatment and Slurry-
phase treatment. The solid-phase contaminants comprise domestic, agricultural, manure,
industrial waste, leaves, and sewage-sludge that are treated through landfilling,
compositing, and biopiles. The slurry-phase treatment makes use of bioreactors in which
native microbial activity is enhanced by the treatment of aqueous suspension of polluted
material in a properly regulated environmental condition. Usually, the heavy metals are

eliminated by adsorption, extraction or absorption from the polluted water, sediments, or
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soil, and the resulting samples having less toxicity are released back into the water. The

isolated micro-organisms may be further used for the next samples [18].
2 Bioremediation types

Various kinds of bioremediation techniques are available. Most common technologies

include piles, bio-stimulation, augmentation, attenuation, venting.

2.1 Bioattenuation

Bioattenuation is carried out naturally to clean the surrounding. It includes
biological processes (aerobic & anaerobic biodegradation of pollutants), physical
method (adsorption, volatilization, diffusion, dilution, volatilization, dispersion, etc.),

chemical method (abiotic transformation, complexation, ion exchange,) [19].

Nature uses four methods to eradicate environmental pollution [20]: 1) Microorganisms
that reside in groundwater and soil utilize chemical compounds as their food & digest
them into harmless gases. 2) Pollutants (chemicals) stick on the soil and microbes do not
let them contaminate the groundwater 3) When chemicals from the soil getting mix into
the groundwater it will reduce the pollution 4) Chemicals like solvents and oils when
spilled on the ground they evaporate in the form of gases. Sunlight may destroy them on
the ground surface if the process of bioremediation is not rapid. Bioaugmentation and

biostimulation help in the enhancement of bioremediation [21].

2.2 Biostimulation

By providing a specific amount of nutrients e.g. fertilizers, minerals and other
environmental conditions like optimum pH and temperature, humidity at the site of
contamination will stimulate bacterial growth [22, 23]. Microbes need carbon phosphorus,
nitrogen, etc for their growth. They get all their energy from the nutrients in the form of
biomass. A small amount of contaminants at the site also play the role of a stimulant for
the microbial activity of bioremediation [24].

2.3 Bioaugmentation

The addition of genetically modified/engineered microbes (GEMs) to the contaminated
sites is bioaugmentation. These GEMs have different pathways to digest the pollutants
and transform them into less toxic or harmless forms [25-27]. Naturally occurring
microbes are less efficient than GEMs. They are much faster & have the capability to
biodegrade activated sludge, soil and groundwater contaminations efficiently [28, 29].
2.4 Bioaccumulation

The phenomenon occurs when the rate of absorption of contaminants is higher than
losing it. Therefore the contaminants start accumulating inside the organism [30]. It is a
toxicokinetic process and can affect the sensitivity of the microbe to the compound. Most
organisms have a limit to the concentration of a contaminant that they can take up, once
that limit is crossed the chemical becomes toxic and lethal for the organism itself.

However, the level of sensitivity varies among organisms and depends upon the
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contaminant involved. Apart from this, bioaccumulation candidates can also exhibit high
potential for biotransformation of toxic contaminants into non-toxic types [31]. These
capabilities make them practically and economically very beneficial. It often utilizes the
ATP dependent transport system of heavy metals. The influx system of heavy metals
throughout the cell membrane of bacteria consists of channels, ions pumps, endocytosis,
carrier-mediated transport, and lipid permeation. Different microbes possess transport
system for different heavy metals, e.g. Thiobacillu ferrooxidans transports silver,
Pseudomonas putida transports cadmium, Pseudomona aeruginosa transports uranium,
Aspergillus niger transports thorium, Citrobacter species transports lead and cadmium,
and Saccharomyce cerevisiae transport uranium [31].
2.5 Biosorption
It involves heavy metal ions binding non-specifically to the cell surface polysaccharides
or proteins. It may even occur in cells that are inactive or dead. Biosorption may be active
or passive and depends upon a particular species. Active biosorption is slower,
metabolism-dependant, and sensitive to environmental changes as compared to passive
which is relatively quick and reversible and doesn't depend on environmental
circumstances e.g., pH. Bacteria, fungi, yeast, and algae have cell walls that are potential
metal-sorbents. Moreover, gram-positive bacteria have a thicker peptidoglycan layer that
enhances their biosorbent ability when compared to gram-negative bacteria. Therefore,
micro-organisms render a renewable and cost-effective sorbent for heavy metal ions.
Furthermore, these biosorbents , can be easily regenerated by treatment with an acid or
chelating agent [32]. Many bacteria, yeast, and fungi excrete biopolymers known as Extra-
cellular Polymeric Substances (EPS) which consist of polysaccharides, proteins, or
mucopolysaccharides. EPS have negatively charged functional groups that readily
interact with metal cations and get adsorbed readily. Therefore, secondary treatment of
wastewater makes great use of this technique [18, 19]. For instance 45 milligram/gram
cadmium and 80 milligrams per gram zinc were absorbed by Extra-cellular Polymeric
Substances extracted from the active sludge waste [19]. Similarly, purple non-sulphur
bacteria Rhizobium marinum NW16 and Rhodobacter sphaeroides KMS24 which were isolated
from shrimp pond-water depicted a 90% to 97% efficiency of removal of cadmium, copper,
lead [20]. Cloacibacterium normanense produces EPS which were efficient enough to remove
73% of Aluminium in 60 minutes, 71% of Iron in 30 minutes, and 36% of copper in 720
minutes from primary treated wastewater. Hence the great ability of EPS to complex and
eliminate heavy metals plays an essential role in bioremediation [21].

2.6 Bioleaching

Bioleaching is characterized by the solubilization of sediments of the sulphur fraction
containing heavy metals. Most bioremediation methods make use of bioleaching or
bioaugmentation processes with Acidithiobacillus species and Leptospirillum species of
bacteria (Chemiautotrophic Bacteria) which are efficient at oxidizing elemental sulfur and
ferrous ions in an acidic environment and thus solubilize the heavy metals. Many heavy
metals like mercury, nickle, arsenic, and chromium have been extracted using acidophilic-

chemoautotrophic iron/sulphur-oxidizing bacteria [22]. They are used as biological means
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of leaching metals in the biohydrometallurgy industry. Apart from the above-mentioned
metals, you can also recover antimony, bismuth, zinc, cobalt, gold, copper, molybdenum,
vanadium, and uranium. However, only copper, gold, and uranium are leached on a
commercial level using this method. More studies are being conducted which indicate that
fungi hold potential for the bioleaching process. They do so by two main processes:
production of organic acid or secretion of complexion agents. Fungi with bioleaching
properties that have been discovered so far include Aspergillus sp., Penicillium sp., Rhizopus
sp., Mucor sp., Alternaria sp., and Cladosporiun sp. The mentioned fungi have also shown
resistance towards factors such as pH and temperature. However, fungi are only used

when chemical methods or bacterial leaching is not possible [33].

2.7 Bioventing

Venting of oxygen to the soil is provided by means of wells and through injections to the
contaminated sites. This will stimulate or enhance the biological activity of naturally
occurring bacteria in soil and groundwater. This method is suitable for aerobic
biodegradation [34, 35].

2.8 Biopiles

Biopiles are used to reduce petroleum contaminations. Biopiles are also known as bioheaps
and biocells. Oxygen is supplied to the ground where the contaminants are present via

pumps and underground pipes for aerobic biodegradation [36].
2.9 Biomineralization

In biomineralization, metals are precipitated in the form of carbonates, phosphates, and
sulphides using anions that are released by microorganisms. For instance, Neurospora

crassa has been used for the bioremediation of metal-carbonates [23].
2.10Biotransformation

In this specific process, the enzymatic system of microbes is involved in the conversion of
toxic heavy metals into non-toxic form through a plethora of chemical reactions including
reduction, oxidation, methylation, and demethylation. It has been reported that gram-
positive microbes isolated from tannery waste can reduce toxic chromium (VI) to lesser
toxic for chromium (III) [37]. Similarly, microscopic fungi and bacteria can be used to
transform metal ions into metallic forms, the reaction can occur inside the vacuole of the
microbe, on the cell surface, or even extracellularly [37, 38]. This characteristic can be

further utilized for metal recovery, especially that of valuable gold and silver.
2.11Bioprecipitation and Biocrystallization

This is rather an interesting phenomenon. The activities of the microbes can lead to the
precipitation of heavy metals. This can transform the toxic metal into forms that are non-
toxic or less toxic [39, 40]. Such processes have been observed to take place in

biogeochemical cycles such as the formation of microfossils, mineralization of silver and
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manganese along deposition of iron and manganese. This precipitation of metals can be
extracellular or intracellular depending upon the pathway used. Bioprecipitation or
biocrystallization can be bought about through direct enzymatic reaction or can result from

galactosis of secondary metabolites [38].
3 Factors affecting bioremediation

The tendency of heavy metals to be inhibitory or stimulatory to the microbes is mainly
established by the chemical form of heavy metal, total metal-ion concentration, and redox
potential. Environmental conditions like pH, temperature, low molecular weight, organic
acids, and humidity, may modify the valence state of metals, heavy metal bioavailability
to microbes, and transportation (figure 3). At lower pH, heavy metals tend to exist as ionic
forms. At acidic pH, there exists a more positive charge at the adsorbent site which
reduces the interaction between metal cations and adsorbent, hence increasing the toxicity.
The microbic bioremediation process primarily depends upon enzymatic activity of
microbial enzymes that are used to degrade the pollutants. Which guides the
bioconversion of toxic pollutants to nontoxic substances? Moreover, using native
microbes can prove to be more beneficial since they are already adapted to grow and
develop in that specific condition. Because the development of microbes depends upon
various factors including pH, temperature, oxygen, soil structure, moisture, and suitable
level of nutrients, low bioavailability of contaminants, and presence of other toxic
substances, which limit the use of other exogenous organisms for the treatment of polluted
sites because it is impossible to externally optimized all these factors. [41]. In addition to
this, researchers have been able to identify and characterize microbes biochemically and
on the basis of genetics too, which have display excellent resistance towards heavy metals,

can accumulate them internally or even transform them [5].
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Figure 3. Factors affecting bioremediation
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Heavy metal adsorption is invariably dependant on temperature. At higher temperatures
increase in the rate of adsorbate being diffused through the external layer is observed.
Bioavailability of heavy metals increases as a result of increased solubility at higher
temperatures [42]. On the other hand, microorganisms are viable and increase their
activity within a narrow range of temperature rise by enhancing enzyme activity which
in turn increases the rate of bioremediation. The stability of the configuration of the
microbial cell membrane and cell wall and the stability of the metal-microbe complex is
highly temperature-dependant. Table 1 shows the factors affecting on bioremediation of

heavy metals.

Table 1: Factors affecting the bioremediation of heavy metals (29)

Factors Activities
1. Enzyme Induction
Microbial 2. Mutations and Horizontal gene
transferring
3. Toxic metabolite Production
1. Chemical configuration of pollutants
Substrate 2. Extremely low Pollutant concentration
3. Degree of toxicity of pollutants
1. Lack of nutrients for microbial survival
Environmental 2. Hostage and inhibitory environmental
condition
3. Substrate depletion
1. Nutrient’s diffusion
Mass-transfer limitations 2. Oxygen solubility and diffusion
3. Miscibility with water
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1. Microbial competition

Co-metabolism vs Growth Substrate 2. Microbial interaction
Biological Anaerobic vs Aerobic process 1. Redox Potential and electron acceptors
availability,

4 Principles of bioremediation and role of microbes

A lot of microorganisms have developed resistance to heavy metals which ensure their
survival in an atmosphere contaminated with heavy metals. They do so in two ways. One
is the development of the inherent ability to survive by binding of heavy metal to extra
polymeric substances (EPS) or precipitation of metals outside or within the cell. Second is
the development of a specific mechanism of detoxification of metals on exposure to a
heavy metal-contaminated environment. For instance, reduction, active efflux or
sequestration of mercury is an example of a specific adopted mechanism of heavy metal
resistance [43, 44]. Genes responsible for resistance to heavy The genes involved in the
heavy metal resistance may be localized to bacterial plasmids, transposons, or
chromosomes [45]. Some important mechanisms by which microbes become resistant to

heavy metals include:

a) Extra-cellular barriers to halt the entry of heavy metal.

b) Extra-cellular sequestration.

¢) Intra-cellular sequestration with proteins.

d) Reduction and conversion of metal ions into less toxic conformation.
e) Active efflux of metal ions.

f) Reducing the cell sensitivity of the cell to metal ions [46].

Arsenic-resistant bacteria have ATPase and arsenate reductase which actively pump
arsenic out of the cell and reduce Arsenic to reduced form respectively [47]. Likewise,
bacteria develop resistance to cadmium via antiports, ATPase for efflux mechanism [48].
Similarly, resistance to mercury was attained by bacteria via mercuric reductase which
reduced mercury to elemental form [49]. Resistance to Zinc is conferred by extracellular
as well as intracellular sequestration and accumulation by P-type ATPase efflux

mechanism also known as metallothionein [32].
5 Microbes involved in bioremediation

In nature, several kinds of microbes are present which help in biodegradation of
contaminants in several ways. Bioremediation can be done by different microbes such as
bacteria, algae, fungi, and yeast, etc., and the term of bioremediation modified according

to the type of microbes used. In table 2 some common examples of microbes are given.
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Table 2: Examples of microbes along with the compounds they act on.

Microbes Compound References
Bacillus cereus A diesel [50]
Arthobactersp & Bacillus sp Crude oil [51]
Penicillium ochrochloron Industrial dyes [52]
Listeria  denitrificans, icrococcus | Textile Azo Dyes [53]
luteus & Nocardia atlantica

Saccharomyces cerevisiae Pb, Hg, Ni [64-56]
Geobacter spp. Fe (IIT), U (VI) [57]
Pseudomonas sp., Photobacterium sp. | chlorpyrifos and methyl | [18]

& Acenetobactor sp. parathion

Enterobacter Chlorpyrifos [58]
Acinetobacter sp. And Arthrobacter sp. | Chromium [59]
Micrococcus luteus Lead [59]
Bacillus  subtilus,  B.megaterium, | Lead, Chromium, and | [60]
Aspergillus niger, Penicillium sp, B. | Cadmium

megaterium

Desulfovibrio desulfuricans Chromium, copper, nickel | [61]
Bacillus altituinis MT422188 Zinc [62]
Bacillus cereus strain XMCr-6 Chromium [63]
Kocuria flava Copper [64]
Bacillus cereus Chromium [64, 65]
Sporosarcina ginsengisoli Arsenic (IIT) [64, 66]
Pseudomonas veronii Cadmium, zinc, copper [64, 67]
Pseudomonas putida Chromium [68]
Enterobacter cloacae B2-DHA Chromium [69]
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Bacillus substilis Chromium [68]

Pseudomonas stutzeri Naphthalene [70]

5.1 Role of Fungi in bioremediation

Fungi are among environment’s most overwhelming specialists for the decay of squander
material and are fundamental components of the soil nourishment web [50]. The key living
being for decomposing the leaf litter is organisms. Undoubtedly, organisms are the as it
were life forms on soil able of breaking down timber. The mycelium of parasites radiates
capable extracellular chemicals and acids competent of breaking down lignin and cellulose,
which are the fundamental elements of plant fibre. A wealthy fabric called humus is
shaped as the organism degrade timber and takes off. Within the common environment of
soils, a domain of living beings from diverse kingdoms make their ambush on distinctive
substrates and the rate of corruption gets to be maximal on sufficient supply of N, P, K,
and other basic inorganic components [51]. While they regularly work alongside
microscopic organisms and clusters of microorganisms, it is the parasite that handles

decomposition of the biggest atoms displayed in the environment [52].

Aspergillus and other molds are profoundly effective in breaking down starches,
hemicelluloses, celluloses, pectins, and other sugar such as fats, oils, chitin, and keratin
[51].

Distinctive degradation pathways have been examined in parasities for the purpose of
bioremediation. These research studeies are of extraordinary significance for
comprehending the downstream pathways for bioremediation of toxins and the
instruments included within the responses. Different databases like MetaCyc database are
accommodated in depicting metabolic pathways and proteins for angles like
bioremediation [71]. Retention onto the parasitic biomass has been proposed to be one
instrument of toxin evacuation in expansion to the activity of chemicals such as laccases as
appeared amid a change of endosulfan to endosulfan sulfate and a small sum of
endosulphan in the nearness of white-rot organisms Tinea. Versicolor and Pleurotus
Ostreatus [54]. Electron shower ionization investigation shows that the key instrument of
parasitic decolonization of engineered colour included N-demethylation [55]. Apart from
this, change of anthracene by Armillaria sp. happened through two elective courses
which were laccase intervened ring cleavage responses, to begin with comprising of
oxidation of anthracene to anthraquinone, benzoic corrosive and moment changing over

anthracene to other items, 2-hydroxy-3-naphthoic corrosive and coumarin [56].

Aspergillus sp. has also been found to hold immense potential to remove chromium from
wastewater. It has been observed that it can remove about 85% of chromium at pH 6 in a
bioreactor system while having 65% efficiency in tanner wastewater. The reduction in

efficiency can be owed to the presence of organic pollutants since fungi are better at
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adhering to inorganic chemicals. More studies have been conducted to understand fungi's
role in bioremediation. A study shows that Coprinopsis atramentari holds 76% efficiency to
bioaccumulate cadmium and 94.7% potential for accumulating lead so it's seen as a
significant microbe for bioremediation of heavy metals [72]. Even dead fungi like
Aspergillus niger, Rhizopus orzyae, S.cerevisiae, and Penicillium chrysogenum can convert
chromium (VI) into a less toxic form. While Candida sphaerica can remove Fe, Zn, and Pb
[73, 74].

5.2 Role of algae in bioremediation

As of late, there has been expanding intrigued on utilizing algae to expel, debase or render
safe natural toxins in oceanic frameworks. There are numerous distinctive types of algae

that can be utilized for the decomposition of organic pollutants.

Bio-remediation can moreover be utilized for the expulsion of overwhelming metals from
the atmosphere [75, 76]. Algae can dispense with overwhelming metals in two forms:
bioaccumulation and biosorption. Biosorption is dessicbed as the evacuation of
overwhelming heavy metals by the inactive official to non-living biomass from watery
arrangements. Algae are alluring because utilizing then is an environment-friendly
preparation with no auxiliary contamination provided that the biomass delivered is reused
[58, 77]. The biomass created amid the bioremediation strategy has awesome potential as
feedstock for biofuel generation [78]. In this way, phycoremediation may be a cost-effective,
eco-friendly, and comparatively secure handle. It can viably diminish the supplement

stack of wastewater subsequently lessening add up to broken up solids.

Algae can destroy natural toxins in two forms: bioaccumulation and biodegradation.
Bioaccumulation may be a handle that permits living beings to require up and store certain
organic and inorganic substances interior the cell [79, 80], while biodegradation could be
a characteristic prepare by which natural substances are deteriorated by algae or other life
forms into easier substances such as carbon dioxide and water. Natural toxins can be
changed and debased primarily by organic forms, with debasement coming about some of
the time to mineralization. Oceanic silt, since of their inalienably anaerobic conditions and
copious carbon and vitality sources tends to have adequate microbial biomass and
differing qualities [81] which are possibly able to debase natural toxins. Bioremediation by

algae is broadly recommended for the treatment of petrochemical wastewater [57, 82, 83].

Numerous algae got to utilize hydrocarbons as their carbon and source of vitality in their
digestion system. Moreover, they tend to have low nutrient requirements as compared to
microbial biosorbents yet they produce more biomass which makes them a more
preferable choice for bioremediation [1]. They have been found to hold immense potential
for treating heavy metal environmental pollutants with high sorption capacity [84]. They

do so by either adsorption of heavy metal effluent or integration of cells[1].



Pakistan Jounal of Biochemistry and Biotechnology 2021, 2 (2), 140-176

153 of 176

This use of algae and cyanobacteria for the purpose of bioremediation can collectively be

referred to as phycoremediation. It is widely used to either remove or degrade toxins [84]

[1]. Algae tend to have metal binding moieties such as hydroxyl, carboxyl, amide, and

phosphate attached to their surface which help in bioremediation [84]. A study even

utilized dead Chlorella vulgaris cells to remove copper cadmium and lead ions from

wastewater and was found to be a highly effective technique. Some results of similar

studies have been summarized in Table 3.

Table 3: Examples of algae and substrate they act on

Rhizoclonium spp.

Algae Substrate References

Spirogyra hyalina Cadmium, mercury, lead, | [85]
arsenic, and cobalt

Nostoc commune Selenium [86]

Chlorella minutissima Chromium [87]

Cyanobacteria Benzene, toluene, naphthalene, | [88]
phenanthrene, pyrene

Chliorella sp. Toxaphene, methoxychlor [88]

Cylindrotheca sp. DDT [88]

Euglena gracilis DDT, parathion, phenol [88]

Spirogyra spp. and Cladophora | Lead (II), Copper (II) [64, 89]

spp.

Spirogyra spp. and Spirullina | Cr, Cu, Fe, Mn, Zn [64, 90]

spp.

Hydrodictylon, Oedogonium and | As [64, 91]

5.3 Role of yeast in bioremediation

Yeast can play a significant role in understanding the interaction of heavy metals and

eukaryotes at molecular level in terms of physiological mechanism. Comparison of yeast,

fungi and microalgae indicates that yeasts are superior in treating heavy-steel ion from
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waste water via biosorption. This higher rate of biosorption can be owed to the yeast

increased blooming capacity and cell wall structure [15].

Studies have show that the yeast cell was has phosphate and carboxyl groups present on
it, to which the heavy metal ion bind hence making the cellular surface of the cell wall a
major factor in determining its efficiency. Researchers say that it's the electrostatic
interaction between heavy metals and the binding determinant that enhances the process

of biosorption [16].

It has also been found that there are other metallic binding chemical group present of the
cell wall surface of yeast which facilitate in heavy metal interaction, these groups are amine,
imidazole, phosphate, sulphate, sulfhydryl, and hydroxyl, [17]. Inaddition to this, yeasts
are greater than others microorganisms and may physically intertwine the

mycelia/pseudomycelia to shape floes [18].

Yeast biomass is also economical, and there is no hurdle in identifying yeast producing
source. It can be effortlessly cultivated in cheap boom media, and it can be cost-effectively
accessible in desirable portions from fermentation industries for wastewater remediation
[19, 20]. Many commercial waste-biomass sorts have been evaluated for their her
biosorptive capabilities. Those include the yeasts, S cerevisiae, from the meals and beverage

enterprise, and Candida albicans, a scientific isolate [13].

Similar to their resistance, [26] said that yeast traces are able to remove extensive portions
of pollutants. Other studies have also confirmed that, upon steel exposure, the principal
purpose of the yeast mobile is to defend and detoxify the environment by means of
rendering the metal ions unavailable to promote cytotoxic consequences. Moreover, in
comparison with bacteria which most effectively use the active metabolizing competencies,
yeasts have the attributes of getting used whether they may be alive or dead to get rid of
these contaminants [23, 27, 28].

This technique is influenced by multiple factors which also effect the growth of microbes
such as the composition of medium, pH, temperature, challenging environment due to
presence of pollutants and sometimes even growth inhibitors and surfactants. Metabolic
sports which include respiratory, utilization of nutrients, and release of metabolites tends
toi alter the microenvironment around the cells which may additionally have an effect on

mechanisms worried in bioaccumulation [92].

The biosorption method has not only been tested on laboratory scale but also on pilot
plant-scale research as well. Researchers tested this process the usage of C. elegans biomass
in two hundred L of pilot plant installation for dye elimination. Acquired outcomes
confirmed that biosorption turned into an effective procedure for the elimination of

different pollutants from spent baths and wastewaters [93].
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A report has indicated that ores that cannot be processed using high-temperature smelting
such as arsenic-containing ores and low-grade ore can be utilized using bioleaching

techniques. Two kinds of bioleaching techniques exist:

1) Bioleaching in stirred tank reactors (STR), which is dedicated to high-grade ores
due to the rather high charges of investments, and

2) heap leaching, which is dedicated to low-grade ores.

Bench-scale columns have been extensively utilized with ore in Australia within the
duration from 1964 to 1968. Industrial-scale bioleaching of refractory gold concentrates

started practice in South Africa, Brazil, Australia, Ghana, Peru, China, and Kazakhstan [93].

The application of bio-augmentation in unique international locations around the sector
turned into extensively pronounced the usage of bacteria. Several works counselled using
yeast lines as capability equipment for bio-augmentation systems. Although, an
impending gap between laboratory trials and on-discipline studies become detected.
Hence, further efforts need to be deployed by way of a medical network for a higher-scale
utility. A successful business utility of bioaugmentation requires the utility of techniques
customized for the particular environmental conditions of the contaminated websites. For
this reason, many studies were performed to take advantage of this treatment technology

for industrial utility, as it is cheap and environmentally pleasant remediation way [7].

5.4 Role of plants in bioremediation

Phytoremediation involves the removal of harmful metals from groundwater or soil by the
growth of plants that accumulate heavy metals and produce a lot of biomasses. The metals
thus accumulated by the plant tissues are later removed by various methods like a
transpiration of volatile compounds like mercury or trapping or immobilizing in the
roots[92, 94]. Phytoremediation comprises five major processes which include
phytostabilization,  rhizofiltration,  phytovolatilization, = phytodegradation, and
phytoextraction [95].

Phytoremediation is possibly appropriate to an assortment of contaminants, counting a
few of the foremost critical ones, such as petroleum hydrocarbons, chlorinated solvents,
metals, radionuclides, supplements, pentachlorophenol (PCP), and polycyclic fragrant
hydrocarbons (PAHs). Phytoremediation advances are getting to be recognized as
economical strategies for fixing locales sullied with harmful metals at a division of the
fetched of customary innovations such as soil substitution, cementing, and washing
procedures[57, 96, 97].

Some of the studies conducted on plants involved in phytoremediation and the pollutant

they remove have been summarized in table 4.
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Table 4. Plants used for bioremediation and the substrates

Plants Substrate Reference
Ludwigia octovalvis Gasoline [98]
Aegiceras corniculatum Brominated diphenyl ethers [99]
Eichhorina crassipes Heavy metals (iron, zinc, | [100]

cadmium, copper, boron,

chromium)
Plectranthus amboinicus Lead [101]
Sparganium sp. Polychlorinated biphenyls [102]
Amaranthus paniculatus Nickel [93]
Carex pendula Lead [103]
Berkheya coddii Ni [104]
Helianthus annuus Pb, Cd, Zn [105, 106]
Alyssum bertolonii Ni [107]
Alyssum murale Ni [108]
Arabidopsis halleri Zn, Cd [109]
Arabidopsis halleri Ccdcd [110]
Minuartia verna Zn, Cd, Pb [111]
Sedum alfredii Pb [112,113]
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Euphorbia cheiradenia Cu, Fe, Pb, Zn [114]
Astragalus racemosus Se [115]
Medicago sativa Pb [112]
Spartina argentinensis Cr [116]
Pteris vittata As [117-119]
Pteris vittata Hg [119]
Viola boashanensis Pb, Zn, Cd [120]
Azadirachta indica Cu, Ni, Zn [121]

5.5 Role of Biofilms

Biofilm is a community of microbes adhered to either biological, inert, or self-synthesized
surfaces. They have been gaining a lot of attention as an emerging in situ technology for
combating environmental pollutants. Biofilms often comprise various microbes with
various metabolic pathways hence they can degrade several pollutants either collectively

or individually at the same time [122].

They are believed to hold more potential as bioremediation agents compared to planktonic
cells. Since they have higher resistance to environmental stress, other microbial agents, UV
light, desiccation, solvents, toxic chemicals and pollutants, shear stress, acid stress, and
predation because they are protected by matrices giving them higher adaptability and
better chances of survival[123, 124].

It has been observed that the constituents of biofilm are influenced by the type of solid
matrix added during enrichment. This technique can be used to proliferate microbes that

cannot be otherwise isolated via conventional shaken-liquid procedures [125].

Biofilms are majorly opted for treating wastewater[126-128], transforming heavy metals
into non-toxic forms [129, 130] degradation of hydrocarbons, and are even being explored
to treat plastic waste contaminating seas and oceans [59, 131, 132]. Apart from this, the use
of biofilm has been taken to the next level with useful protein secretion capabilities. A
study described the production of programmable biofilm based on TasA amyloid export

machinery if Bacillus substilis that has natural viability and self-regeneration capacities.
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At the same time, it has been found that many bacteria that produce siderophores have

iron chelation capacities, while some can detoxify environmental catechol as well. Biofilm

contains sulphate-reducing bacteria that can scavenge metals that can later be precipitated.

Similarly, Pseudomonas sp. is believed to release phenazine-1,6-dicarboxylic acid (PDC)

which seems to hold a lot of potential for bioremediation [133].

Many studies are being conducted to study the composition of microbes in biofilm on the

various substrates and their role in bioremediation some of them have been mentioned in

Table 5.

Table 5. Example of biofilm used in bioremediation

Biofilm Usage References
Lactobacillus casei and Pichia | Cu2+ in industrial wastewater | [128]
pastoris biomass streams
Thermophilic bacterial | Iron into ferrous/ferric oxide [134]
communities (nine
thermophilic bacterial strains of
Bacillus and Geobacillus
Algal biofilm Phosphorus removal [127]
Bacillus Cereus and Aspergiluus | Biodegradation of | [135]
flavus biofilm hydrocarbons (hexadecane)
Psedomonas putida KI2440 strain | Degradation of c-diGMP is used | [136]
to genetically engineer biofilm
for bioremediation
Arsenite oxidizing bacteria Biodegradation of arsenic from | [137]
groundwater
Acidovorax and Undibacterium | Degradation of poly  (3- | [138]
biofilm hydroxybutyrate-co-3-
hydroxyhexonate)
Alcanivorax borkumensis Degradation of hydrocarbon [139, 140]
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6 Significance of microorganisms in bioremediation

6.1 Advantages of bioremediation

Bioremediation is a natural process & takes little time to degrade pollutants. It degrades
the harmful pollutants into less harmful substances & converts them into the water,
carbon dioxide & biomass. Microbes utilize the pollutants for their own growth &
development [77]. It can be done on-site without causing any harm to humans & the
environment. Some microbes require a specific temperature & pH to do their work & are
provided in industrial & municipality bioreactors. It is more feasible & cost-effective than
other conventional treatments. It is the most effective method for oil bioremediation [78].
Bioremediation is easy to implement but requires a skilled person. It can degrade
biological compounds naturally [96]. Bioremediation is Cheap and less laborious [97]. It
is sustainable & eco-friendly, as the degraded products also belong to the natural
environment [75]. But Sometimes bioremediation takes longer than other conventional
methods e.g. excavation and removal of soil or incineration [58].

6.2 Limitations of Bioremediation

Bioremediation, at the present level of improvement of technology, has its impediments.
The biggest restriction is the failure of microorganisms to adequately assault everything
that’s discharged into the environment. The analysts have demonstrated that DDT (a
broadly utilized pesticide) and PCBs (polychlorinated biphenyls) are a few of the
chemicals that are safe for microbial attack. As a result, the bioaccumulation of these
chemicals happens in living beings at higher levels of the environmental nourishment
web. Another confinement is postured by the biomass itself. Although immobilized
microalgae offer impressive potential for changed applications, they endure destitute cell
maintenance. Such cell spillage on a commercial scale might cause serious issues. In
expansion, numerous of the immobilized frameworks, e.g., alginate or polyacrylamide
tend not to be exceptionally strong and drop separated beneath certain conditions,
numerous of which are found in mechanical situations (Das and Chandran, 2010; Karigar
and Rao, 2011).

Another practical impediment of the frameworks utilizing effectively developing algae is
that the development is restrained by tall metal concentrations or when significant
amounts of metal particles are biosorbed by algae. Such frameworks tend to perform best

in warm, sunny climates where algal development is empowered (Mehta and Gaur, 2005).

Hence the complexity of bioremediation innovations requires that each treatment be
adjusted to the personal circumstance of the sullied locations. Subsequently, earlier to the
treatment of a sullied location, a crucial investigation of the organic, geographical, and
hydro-geological realities are basic for the fruitful realization of bioremediation
innovation. Thus, to fully exploit this better approach to clean up the environment, it will
be essential to embrace a multidisciplinary approach in which chemists, scholars, and

engineers work together.


https://pubmed.ncbi.nlm.nih.gov/?term=Mehta+SK&cauthor_id=16294830
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7  Future prospect of bioremediation

Environmental elements such as temperature and coffee nutrient concentrations and
other elements which are not without difficulty controlled can hamper their usage and

the effectiveness of the bioremediation method (Banat et al., 2015).

Scientist have been making laborious efforts to save horizontal gene switch from
transgenic microbes to wild type indigenous one. In this attempt they have used various
technologies such as anti-feel RNA and suicidal genes along with the use of antibiotic
gene as a pick in position markers must be discontinued and replaced with other picks in
position markers. This all is done to prevent the antibiotic resistant gene from accidentally

getting induced to a different soil microbe.

However, more extensive research is required to completely understand the metabolic
pathways of transgenic plant life and microbes used in bioremediation with the intention
to confirm their effectiveness and possible facet consequences if used for bioremediation
(Azubuike et al., 2016).

Hyper accumulator plant life with high biomass production must be identified and
enhanced through genetic engineering to effectively extract heavy metals from the
surroundings via the technique of phytoextraction, which has verified to be an effective
phytoremediation system. The capacity of the microorganisms utilized in bioremediation
to compete with the indigenous microbial population is vital for the achievement of

bioremediation (Gupta et al., 2017).
8 Conclusion

Microbes can be used at different sites to eliminate pollutants. As they have the potential
to eradicate the contamination from the environment, but they also have some
disadvantages. But their advantages are more & long-lasting than disadvantages.
Different types of remediation at different sites are used. Some microbes need specific
conditions like temperature, pH, humidity, etc to perform their work. If specific
environmental conditions do not provide, they may not biodegrade the contaminants.
Most importantly they are good in the bioremediation of petroleum compounds.
Bioremediation always gives carbon dioxide, water & biomass which is used by the plants.
microbes could digest the metals & degrade the hydrocarbons. Microbes also produce
different kinds of enzymes which can also be used in the food industry as well as in

bioremediation.
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