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HIGHLIGHTS

Industrial wastewater contamination is
hazard for biotic and abiotic factors of
the environment.

Co-existence of Cr(VI) and PCBs in in-
dustrial effluents is a global problem.
Numerous microbial species can de-
grade both Cr(IV) and PCBs individually.
Simultaneous biotreatment of co-
contaminated sites will be an effective
bioremediation strategy.
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ABSTRACT

Co-existence of polychlorinated biphenyls (PCBs) and hexavalent chromium (Cr(VI)) in the environment due to
effluent from industries has aggravated the pollution problem. Both contaminants can alter chemical interac-
tions, processes and impair enzymatic activities in the ecosystem that results in negative impacts on aquatic
and terrestrial life. Previously, research has been performed for the fate and transfer of these contaminants indi-
vidually, but simultaneous removal approaches have not received much attention. Cr(VI) exists in a highly toxic
form in the environment once released, whereas location of chlorine atoms in the ring determines PCBs toxicity.
Lower chlorinated compounds are easily degradable whereas as high chlorinated compounds require sequential
strategy for transformation. Microorganisms can develop different mechanism to detoxify both pollutants.
However, occurrence of multiple contaminants in single system can alter the bioremediation efficiency of bacte-
ria. Use of metal resistance bacterial for the degradation of organic compounds has been widely used bioaugmen-
tation strategy. Along with that use of sorbents/bio sorbents, biosurfactants and phytoremediation approaches
have already been well reported. Bioremediation strategy with dual potential to detoxify the Cr(VI) and PCBs
would be a probable option for simultaneous biotreatment. Application of bioreactors and biofilms covered
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Simultaneous
Biotreatment
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organic particles can be utilized as efficient bioaugmentation approach. In this review, biotreatment systems and
bacterial oxidative and reductive enzymes/processes are explained and possible biotransformation pathway has

been purposed for bioremediation of co-contaminated waters.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction water bodies due to extensive usage (Thanikaivelan et al., 2005).

The contaminants polychlorinated biphenyl (PCBs) and hexavalent
chromium Cr(VI) have been extensively applied in electrical equipment,
transformers, flame retardants, plasticizers, petroleum (oil and coal),
pigment oxidants, steel, fertilizers, leather tanneries and paints
(Golding, 2016; Jaishankar et al., 2014). Although banned since 1979
and categorized as “Persistent Organic Pollutant” by the Stockholm Con-
vention, PCBs are still present in the environment due to extensive use
in previous decades, as by product during different natural or industrial
transformation processes and limited treatment in industrial wastewa-
ter (Carpenter, 2006). PCBs belong to the organochlorine family and
possess various properties including inflammability, electrical resis-
tance, insulating properties, and stability against heat and pressure
which causes various human health hazards once released into the en-
vironment. Most common sources of PCBs are improper disposal of
waste, stormwater, sewerage, leaks from electrical equipment etc.
(Tehrani and Van Aken, 2014). Once in the environment, they can be
transported over long distances due to their strong adsorption behavior
with soil. In the environment, PCBs are health hazard to animals, plants
and humans (Robertson and Hansen, 2015). Positioning of the chlorine
atoms along the carbon ring decides persistence and bioconcentration
in environment. The level of toxicity and ability of PCBs to adsorb to sur-
face depends on the location of chlorine atoms in the structure (Anyasi
and Atagana, 2011). PCBs have shown to cause mild liver damage in an-
imals upon long term exposure to feed stock contaminated with PCB
leading to carcinogenic effects and eventually death as well as cause
mortality in seabirds (Borja et al., 2005). Studies suggested that during
egg shell development, PCBs can inhibit calcium deposition which
leads to inadequate strong shells and premature damage (Ma and
Sassoon, 2006). Anti-estrogen effects also shown to harm the male re-
production of birds and animal species (Jeng, 2014).

Cr(VI) also has an extensive application in industries including
plastics, inks and paints. In leather tanning, Cr(VI) is used as preserva-
tive for washing for clearing the skins and hides, which ends up into

Addition of chromates as anticorrosive agents to surface coatings and
electroplated onto metal parts is common practice. Chromium oxida-
tion states varies from —4 to 46 whereas +3 and +6 states are most
frequently observed in the environment due to their stability (Lunk,
2015). The Cr(VI) oxidation state is more toxic and persistent in soil
and aquatic system based on their environmental chemistry including
redox reaction, dissolution and adsorption/desorption (Cheung and
Gu, 2007). Cr(VI) can be actively taken up by plant cells by carrying es-
sential anions whereas the uptake of Cr(Ill) is passive or inactive
(Pereira et al., 2013). Cr(VI) is stable in soil and aquatic system, but it
is reduced to the trivalent state via interaction with organic matter
biota, soil and water.

Co-contamination with both types of pollutants is common
throughout the world. Similarly, different types of pollutants have
independent complex phenomena for their treatment. Which re-
sulted in accumulation of both Cr(VI) and PCBs into different compo-
nents of ecosystem. This also gets complicated by the fact that
presence of heavy metals can halt several microbial processes that
includes bacterial metabolism, growth and aerobic degradation of
several organic compounds (Sandrin and Maier, 2003). Rate of
heavy metal influx into environment is far greater that their reduc-
tion by natural processes which demands a more dynamic strategy
for remediation (Agnello et al., 2016). Coupling the adopted strategy,
to reduce heavy metals, with additional degradation of organic com-
pounds can be an effective way for dealing with multi-contaminated
industrial sites. As the first step in bioremediation of Cr(VI) and
lower chlorinated compounds is reduction process, biotreatment of
both contaminants can be achieved by similar bacterial strains. Cr
(VI) can also act as an electron acceptor in transformation of lower
forms and lower-chlorinated PCB congeners under aerobic condi-
tions. Therefore, reduction of Cr(VI) along with oxidation of mono-
chlorinated biphenyl is possible in single system. This potential
solution needs further evaluation in a simultaneous bioremediation
system of metals and organic compounds. Which can be exploited
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for development of simultaneous approach for such polluted water
bodies. This review will give an overview of the possibility of using
the same strains, enzymatic process or method for the simultaneous
biotreatment of Cr (VI) and PCBs.

2. Toxicity of PCBs and Cr(VI)

Persistence of PCBs in environment along with resistance to metab-
olism and accumulation into lipids have induced concerns related to
their toxicity for biotic components of the ecosystem. The prolonged ex-
posure of PCBs has been reported to cause harmful effects on the aquatic
and terrestrial environment as well human health and wildlife. The tox-
icity of PCB in environment varies among the congeners and placement
of chlorine atoms (Robertson and Hansen, 2015). The high molecular
weight chlorinated compounds bioaccumulate in greater concentra-
tions than low molecular weight ones among animal and human tissues
due to higher KOW values which depend upon the physical characteris-
tics of the sediment i.e., fine sediment particles have higher PCBs con-
centration due to large surface area. Impacts of PCBs on human health
were studied extensively but risk assessment-based studies have not
yet been able to clarify whether the persistence or toxicity of PCBs is
by original molecules or due to its metabolites (Beyer and Biziuk,
2009). As weathering is natural process, risk assessment studies are
based on the standardized procedures adopted for assessment of pollut-
ants at contaminated sites but their effects on human health can only be
defined if the route of exposure is known. PCB can accumulate at higher
concentration in aquatic organisms i.e., fish, plankton, than in the sedi-
ments and particulate matter and consumption of such contaminated
food is the main cause of their accumulation in large aquatic organisms
and humans (Oluoch-Otiego et al., 2016). The productivity of phyto-
plankton is also influenced by PCB exposure along with changes in
their composition and metabolic reaction. The role of PCBs in air-
water exchange through phytoplankton showed that this exchange de-
termined the amount of PCBs that were accumulated in environments
which were not directly experiencing PCB contamination (Dachs et al.,
2000). This showed that global ecosystem is affected by PCBs pollution
(Hdder and Gao, 2015). PCBs have low vapor pressure as well as lower
solubility in water so they can be transported from contaminated sites
to remote areas through water channels, soil weathering, anthropo-
genic activities, or even migration of birds (Beyer and Biziuk, 2009).

Rapid industrialization has increased the number of sites that has be-
come contaminated with metals and other compounds that has led to var-
ious monitoring and remediation studies worldwide. Mexico, Argentina,
Brazil, South Korea, China, India, and Pakistan are among the major
leather producing countries and they use 80-90% chromium(III) salts in
leather processing (Black et al., 2013). Industrial wastewater is often
discharged without prior treatment into nearby streams and ponds in
under developed countries (Saxena et al., 2016). The chromium slat
used is converted to Cr(VI) once dissolve in water. Thus, the wastewater
discharged after the tanning process contains high concentration of chro-
mium metal which is harmful for the environment and human health.
Many workers are potentially exposed to chromium because of higher
concentration in air. High solubility of Cr(VI) also causes ease of perme-
ability through the cell membrane resulting in mutagenicity and carcino-
genicity by interacting with proteins, nucleic acids and fatty acid tissues
(Ackerley et al., 2004b; Eastmond, 2012). It is also stable at ambient pH
and temperature in the aquatic environment and no natural reduction
of Cr(VI) occurs, which help it to persist and remain toxic for longer time.

3. Microbial degradation pathways of PCBs

Extensive studies have been conducted for bioremediation of PCBs
due to their carcinogenic nature and persistence (Sharma et al., 2017).
Different strategies such as biostimulation and/or bioaugmentation
which involves the input of nutrients, oxygen and/or PCB-degrading
bacteria are also efficient for transformation of PCB congeners (Mrozik
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and Piotrowska-Seget, 2010). Although, PCBs are resistant to degradation
but numerous studies have reported their effective bacterial degradation
(Field and Sierra-Alvarez, 2008). Response of bacterial cells to toxic pol-
lutants depends upon the experimental setup and optimized conditions
for degradation in enclosed system that can then be applied for adopting
any bioremediation strategy at large scale (Katarina et al., 2018).

3.1. Aerobic PCB degradation

Biphenyl transformation to less contaminated compounds follows
aerobic degradation and the ability of biphenyl degrading microbes to
transform PCB congeners was first described by Ahmed and Focht
(1973). Various biphenyl degrading strains have shown that lower
chlorinated PCB congeners are easily transformed under aerobic condi-
tions. PCBs congeners having chlorine atom on one aromatic ring are
also easily degradable than the compounds having chlorine atoms on
both rings (Pieper, 2005; Seeger and Pieper, 2010). PCBs degradation
by aerobic processes can occurs in bacteria, birds, mammals and
humans, which leads to the formation of various hydroxylated PCBs.
The enzymes that are responsible for oxidative degradation of PCBs
are: biphenyl dioxygenase (BphA), catalysis the first reaction of biphe-
nyl catabolic pathway and involved in regiospecific of chlorobiphenyl,
dihydrodiol dehydrogenase (BphB) that performs the oxidoreductase
activity by acting on CH-CH group of donors. 2,3-dihydroxybiphenyl
dioxygenase (BphC) is the third enzyme involved in the degradation
of chlorobiphenyl by ring cleavage through oxidative route and 2-
hydroxyl-6-ox0-6-phenylhexa-2,4-dienoic acid hydrolase (BphD) hy-
drolyze the C—C bond to produce benzoic acid during degradation of
aromatic compounds (Petric et al., 2011). Many species of bacteria can
degrade PCBs and produce benzoate, but further degradation of benzo-
ates follow different metabolic pathways and enzymes under aerobic or
anaerobic conditions. Aerobic bacteria further break down the metabo-
lites to non-toxic compounds (Payne et al.,, 2013).

3.2. Anaerobic PCB dechlorination

PCBs serve as the electron acceptor in anaerobic reductive dechlori-
nation which is an energy yielding process where hydrogen serves as
electron donor and water is proton source (Wiegel and Wu, 2000).
Highly chlorinated compounds are not degraded under aerobic condi-
tions as the increase in number of chlorine atoms blocks the enzymatic
sites of action for bacteria. Increase in number of chlorine atoms
decrease the enzymatic action sites for ring cleavage and reduce its bio-
availability by accumulation on sediments (Steliga et al., 2020). Anaero-
bic transformation patterns in sediments have shown that higher PCB
congeners were reductively dechlorinated which results in lower chlo-
rinated congeners accumulation. Highly chlorinated congeners are usu-
ally degraded by anaerobic process.

Energy produced during cell respiration under anaerobic conditions is
gained by bacteria to reduce PCBs and its rate, route and extent of degra-
dation depends upon the amount of electron donors available in the sys-
tem. Addition of nitrate, sulfate, H, bromoethan sulfonic acid, ferric
oxyhydroxide, sodium sulfate or individual PCB can act as electron accep-
tors in anaerobic processes and also helps in bacterial growth (Wiegel and
Wu, 2000; Zwiernik et al., 1998). Mono-chlorinated biphenyl, the final
product of anaerobic dechlorination, decreased further to dechlorinated
hydrocarbon (2H-CB) under aerobic conditions. Many bacterial species
have been reported to involve in anaerobic dehalogebtion of PCB
compunds namely Dehalococcoids sp., Ochrobactrum sp., Parasegetibacter
sp., Thermithiobacillus sp., Phenylobactrum sp., Dehalobium chlorocoercia
and Sphingomonas sp. (Li et al,, 2016; May et al., 2008; Park et al.,, 2011).

4. Biological metabolisms for Cr(VI) transformation

Cr(VI) resilient microorganisms are comprised of bacteria, algae,
fungi, streptomyces and earthworms that can survive in chromium
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contaminated sites due to their genetic makeup and production of en-
zymes for direct removal (El-Naggar et al., 2020). Microbial resistance
and reduction of chromium are independent characteristics and these
mechanisms differ from group to group. So, Cr(VI) reduction and resis-
tance among microbial species is a shared ability not exclusive to any
specific group of microorganisms (Ahemad, 2014). This specific selec-
tion can be explained by horizontal gene transfer among microbes as
well as concentration of contaminants that are present in the metal pol-
luted sites (Francisco et al., 2002). However, the development of Cr(VI)
reduction or resistance among microorganisms depends upon their ca-
pability for genetic mutation, adsorption capacity or environmental
conditions like available of substrate. Microorganisms having these ca-
pabilities are considered for adopting any bioremediation approach on
site or in-situ, after isolation under controlled conditions. Heavy metal
resistance bacteria also has antibiotic resist potential (Mahmud et al.,
2015). It has been observed that distribution of antibiotic resistance
genes can also be influenced by metal contamination at a site (Knapp
et al., 2017). So it is necessary to consider the multi metals contami-
nated sites when working on antibiotic resistance as this will further
improves the understanding of the relationship between both phenom-
ena (Chen et al,, 2019).

Several bacteria can persist in metal-polluted environments by dif-
ferent mechanisms like DNA methylation, adsorption or uptake and
metal biotransformation (Pei et al., 2009). Chromate reducers and
non-resistant can transform Cr(VI) depending upon the concentration
of chromate in an environment. In case of non-resistant species, growth
is inhibited at higher concentrations so not well renowned for degrading
ability. Examples of Cr(VI) resistant bacteria are Pseudomonas aeruginosa
(Xu et al., 2009), Enterobacter cloacae (Nahar et al., 2015), Salmonella
(Ghosh et al., 2000), Bacillus (Kamala-Kannan and Lee, 2008) and
Acinetobacter sp. (Pei et al., 2009). So, the microbes with the property
of both Cr(VI) resistance and transformation are considered effective
in adopting bioremediation strategy (Soni et al., 2013). This resistance
of microorganisms is naturally occurring among the species living in
metal contaminated sites so proximity of finding the most effective bac-
terial strains are higher in those areas (Das et al., 2014).

4.1. Biological accumulation and sorption of Cr(VI)

Accumulation and sorption of chromium have been demonstrated
as an effectual bioremediation strategy. The main mechanism of chro-
mium sorption involves electrostatic interactions between sorbate and
the surface of the sorbent. Being a surface phenomenon, sorption gener-
ally increases with an increase in the surface of the sorbent (Salvestrini
etal., 2017). Other factors, particularly pH and surface charge of the sor-
bent, may play a major role in the process (Shi et al., 2009). In which,
various plants (including aquatic plants and marine algae) and microor-
ganisms (bacteria, fungi, yeasts, and algae) have been recognized as op-
erative bioabsorbent agents (ElI-Naggar et al., 2020; Jacob et al., 2018).
Various mechanisms have been proposed for microbial biosorption of
heavy metals, e.g. transport across the cell membrane, biosorption by
cell walls and entrapment in extracellular capsules, precipitation,
complexation and oxidation-reduction reactions (Singh et al., 2013).
Through removal processes by microorganisms, chromium can be erad-
icated during three main processes, that is, biotransformation, bioaccu-
mulation and biosorption, the latter is superior to others, with high
selectivity depending on the binding capacity of biological materials
used as biosorbents (Joutey et al., 2015; Karthik et al., 2017).

The biosorption capacity varies among inactivated and living cells
depending upon the detoxification mechanism adopted by bacteria.
Use of living or dead microbial cells for biosorption of metals is poten-
tially a cheaper source for bioremediation as compared to use of con-
ventional bio sorbents (Chaudhary et al., 2017). Living microbial cells,
however, require additional nutrients for growth and metabolism that
can increase the biological and chemical oxygen demand of the me-
dium. They are also more exposed to hazardous effects of metals so
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selection of the specific microbe is essential to design a remediation
study (Khoo and Ting, 2001). On the other hand, dead microbial cells
provide the advantage of no additional nutrient requirement and/or
toxic effects of the metal ions. So, dead cells require less maintenance
and can be regenerated and reused for further experimentation
(Kotrba, 2011; Rezaei, 2016; Sen and Dastidar, 2010). The process of
bio-elimination by microorganisms is innovative, low-cost and ecologi-
cally beneficial (Karthik et al., 2017).

4.2. Cr(VI) biotransformation through enzymes

Enzymatic biotransformation of Cr(VI) by bacterial metabolism
occur by catalysis involving soluble cytoplasmic enzymes (Nguema
etal, 2014). Common enzymes involved in the transformation process
are reductase, DT-diaphorase, cytochrome, oxidoreductases, hydroge-
nases, iron reductase, flavin reductases, aldehyde oxidase, and quinone
reductases (Montes, 2018; Patra et al., 2010). The type of enzymes in-
volved in Cr(VI) reduction depends upon category of bacterial species
involved in the bio-transformation like iron and sulfate reducing bacte-
ria will transform Cr(VI) by enzymes that can be dissimilar to those re-
sponsible for the transformation of other metals by NADH/NADPH
reductases (Kanmani et al. 2012). Chromate acts as the electron accep-
tor in cytoplasmic or cytosolic reduction processes. Enzymes responsi-
ble for Cr(VI) transformation are present in aerobic, anaerobic and
facultative bacteria (Cheung and Gu, 2007; Huang et al., 2021). Mem-
brane bound enzymes under anaerobic conditions are responsible for
chromate reduction whereas in case of aerobic reduction enzymes are
confined as soluble cytosolic proteins. Different reductases (ChrR, YieF,
LpDH, etc.) are involved in Cr(VI) transformation by transferring the
electrons and production of reactive oxygen species (ROS) (Ackerley
et al,, 2004a). These enzymes can be the cytoplasm or stuck to the bac-
terial membrane cells. For bioremediation of metals, soluble enzymes
are more suitable than membrane bound as they are more beneficial
in developing biocatalysts and adjust well with the environmental con-
ditions (Baldiris et al., 2018). Other than above mentioned details, sev-
eral research studies have stated the ability of bacterial strains to
transform both contaminants individually as shown in Table 1. Fig. 1 is
showing the bacterial transformation pathways of lower chlorinated bi-
phenyls and Cr(VI).

5. Environmental conditions affecting PCBs and Cr(VI)
biotransformation

Environmental factors impact on growth and metabolic activities
of different microorganisms is pronounced. Environmental factors
like carbon source, electron donor, electron acceptor, temperature
and pH effect the amount and rate of the PCB and Cr(VI) degradation.
Optimization of these factors for accelerated degradation is vital role
to adopt an effective bioremediation strategy (Joutey et al., 2013a;
Wiegel and Wu, 2000).

5.1. pH and temperature

The bio-availability of PCBs depends upon the balance between its
solubility and adsorption to carbon based matter and pH plays vital
role in this mechanism (Lavandier et al., 2013). Optimum pH of PCB
degrading bacteria under aerobic condition was found to be 6.5-8.3,
and acidic pH (4.0) would inhibit their growth (Liu, 2004). The biodeg-
radation efficiencies of total PCBs were pH dependent and found to be
33.5,27.8,19.6,and 11.3% at pH 4.0, 6.0, 7.0, and 8.0. The biodegradation
effect on the individual congener decreased with increasing number of
chlorine molecules (Chen et al,, 2015). Temperature also has substantial
effect on microbial growth and enzymatic activity for breakdown of ar-
omatic compounds (Simcik et al., 1999). The importance of conducting
studies at varying temperatures can never be neglected since tempera-
ture influences the microbial growth, enzymatic activities as well as



M.W. Yasir, M.BA. Siddique, Z. Shabbir et al.

Science of the Total Environment 779 (2021) 146345

Table 1
Bacterial strains testified for PCBs and Cr(VI) transformation.
Name of species Isolation source/conditions/medium Concentration Reduction percentage References
enriched
PCBs degrading bacterial spp.
Alcaligenes xylosoxidans Soil/anaerobic/DMA medium with biphenyl as PCB DELOR Alcaligenes xylosoxidans 55-60% (Murinova et al., 2014)
Pseudomonas stutzeri carbon source 103100 mg L~! Pseudomonas stutzeri 45-45%
Ochrobactrum anthropic Ochrobactrum anthropic 35-40%
Pseudomonas veronii Pseudomonas veronii 30-45%
Pseudomonas alcaliphila Soil/aerobic & anaerobic Plant-microbe 1079 mg L' Pseudomonas alcaliphila 37.6% in (Kurzawova et al., 2012)
Pseudomonas interaction/mineral mediums with biphenyl as + 14.1 nightshade & 32% in tobacco
plecoglossicida carbon source Pseudomonas plecoglossicida 21.7% in
Ochrobactrum anthropic nightshade & 52.8 in tobacco
Ochrobactrum anthropic 46.7% in
nightshade & 24.7% in tobacco
Rhizobium meliloti Liquid/aerobic/LB & HM minimal PCB 1242 Degradation upto 5 chlorine atoms was  (Damaj and Ahmad, 1996)
(Rhizobium) medium/biphenyl as carbon source 100 mg L~! 26-40%
Sinorhizobium meliloti Soil microcosms/anaerobic/YMA & YMB/biphenyl 40 mg L~ of 21 10% inocula 5.4% to 59.8% (Tuet al,, 2011)
(GM Rhizobium strain) PCBs mixture 20% inocula 11.8% to 62.3% for all 21 PCBs
Burkholderia xenovorans Liquid culture/anaerobic/LB medium/biphenyl PCB Aroclor 1242 Consortium 80-100% in for di, tri and (Wittich et al., 2013)
Cupriavidus necator 1000 mg L~! tetra chloro PCB congeners
Pseudomonas
pseudoalcaligenes
Cr(VI) reducing bacterial spp.
Bacillus subtilis Liquid/aerobic/minimal medium-trisodium citrate 0.1 to 1 mM 100% (Garbisu et al., 1998)
and dehydrate glucose
Pseudomonas putida Liquid/anaerobic/Luria-Bertani-citric 1 mM 100% (Park et al., 2000)

acid-Tris-acetic acid/MSM

Shewanella alga Liquid/aerobic-anaerobic/M9, TSB, BBHIB broth

Klebsiella pneumoniae Tannery/aerobic/BHIB

4.836,10, 37.125,
260 mg L1

20, 40, 60, 80 and

100% reduction of lower concertation in
2 days in all three medium

More than 10 days for complete
reduction at 260 mg L~!

Tolerant to 100 mg L' Cr(VI)

(Guha et al., 2001)

(Sanjay et al., 2020)

Mangrovibacter 100 mg L~!
yixingensis
Arthrobacter sp. SUK 1201~ Chromate mine/aerobic/PYEG 50-800 pM 100% in 48 h at 100 uM (Dey et al., 2014)

Arthrobacter sp. SUK 1205
Pseudomonas putida
Corynebacterium
paurometabolum
Providencia sp. Soil-liquid/aerobic-anaerobic/Luria broth
(tryptone-yeast extract)

Industrial site/anaerobic/Luria Broth;
glucose-lactate

Dying industry/aerobic/glucose

Achromobacter sp.
Ochrobactrum sp.

Serratia proteamaculans Cr contaminated/anaerobic/MS medium

100-400 mg L~!

Decrease with increasing concertation

100% (Thacker et al., 2006)

2-8 mM 100% in 150 min for highest (Zhu et al., 2008)
concentration

100-1500 pg mL™! 100% reduction at 200-721 pg mL™'in  (Sultan and Hasnain, 2007)
72-96 h

100-400 mg L~!  100% for 100 mg L~ decrease to 15% for (Joutey et al., 2014)
400 mg L™!

bioavailability of PCBs (Wiegel and Wu, 2000). Fluctuation in day and
night temperature can affect different microbes under natural condi-
tions, then those studied under controlled conditions.

Temperature and pH significantly affect growth and metabolic activ-
ities of Cr(VI) reducing bacteria (Kanmani et al. 2012). E. coli and Entero-
bacter cloacae has varied temperature range (10-50 °C) for Cr(VI)
reduction while optimum temperature of 36 °C and 30 °C is most suit-
able. Between the pH range of 6-10 and 1000 ug mL™' Cr(VI) concen-
tration, Bacillus cereus achieved maximum reduction (72%) at pH 8.0
while only 60-70% reduction was observed with other conditions
(Singh et al., 2013). Temperature of 30-37 °C is reported optimum for
Cr(VI) transformation (Cheung and Gu, 2007) whereas enzymatic stud-
ies for Cr(VI) reduction showed that Cr reductase enzyme had an activ-
ity maximum in the 25-37 °C temperature range and 7 pH (Xiao et al.,
2008). Cr(VI) transformation is most efficient under acidic conditions
as higher pH values enhance chromium removal but neutral pH is still
the most affective in supporting the bacterial growth (Silva et al,,
2009). Clostridium sp. isolated form activated sludge was studied for
chromium resistance and detoxification of 50 mg L~! Cr(VI) concentra-
tion. At pH 7 maximum reduction was noticed with 30 °C temperature
at maximum concertation of 40 mg L™ ! after which reduction rate de-
creases under aerobic conditions (Nguema and Luo, 2012).

5.2. Carbon sources/co-substrate

Carbon substrates plays significant role in transformation of recalci-
trant compounds as they can provide the necessity for survival of micro-
organisms (Kumar and Gopal, 2015). Different organic and plant
mediated metabolites seems to effect PCB dechlorination depending
upon prevailing conditions. Co-metabolism is the major condition for
PCB degradation mostly, as soil microbes cannot use it as growth sub-
strate. Under anaerobic conditions however, higher chlorinated PCBs
act as electron acceptors as they are highly oxidized and undergo reduc-
tive dechlorination (Vasilyeva and Strijakova, 2007). Acetate, propio-
nate, butyrate and hexanoic acid have been shown to be available in
nutrient limited organic soils, whereas glucose, acetate, methanol etc.
are mostly available in organic rich soils (Wiegel and Wu, 2000). Vari-
ous inducers are also proposed to enhance the degradation capability
of bacteria. Biphenyl is frequently used as inducer and growth substrate
due to their structural resemblance to PCB congeners (Luo et al., 2007;
Pham et al,, 2015). Ease of availability and utilization of glucose makes
it an efficient carbon source for most microorganisms.

Biphenyl is a naturally occurring compound and many bacterial spe-
cies have enzymes required to break bonds of one of the benzene rings
thus destabilizing the compound for further degradation. Studies have
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Fig. 1. Dissipating the biphenyl dioxygenase pathway for reduction for biphenyl and lower-chlorinated biphenyl under aerobic conditions (left). As similar enzymes are responsible to
degrade biphenyl and lower-chlorinated biphenyl into different intermediate by products, figure is presenting biphenyl dioxygenase pathway for both contaminants in single frame.
Aerobic and anaerobic reduction pathway of Cr(VI) involving cytochrome oxidase and cytochrome respectively (right) with the production of sugar, fatty acids, amino acids, and

conversion of ADP into ATP.

shown that biphenyl in addition to serving as an enrichment substrate
can also be a co-metabolite that can enhance the rate of dechlorination
(Vergani et al., 2017). Under anaerobic conditions, PCBs are reduced to
lower chlorinated compounds through reductive dehalogenation, but
biphenyl structure is not broken down. Under aerobic conditions,
lower chlorinated compounds are detoxified along with breakdown of
biphenyl structure (Garrido-Sanz et al., 2018). One problem with
using biphenyl as a field enrichment compound is that biphenyl is
toxic and cannot be released into the environment (Selesi and
Meckenstock, 2009). This has led to thoughts about alternative com-
pounds such as aromatic flavenoids and terpenes produced naturally
by many plant species (Aken et al. 2009). Flavenoids plays their role in
plant and fruit pigmentation which helps in attracting pollination or-
ganisms. Bioaugmentation and bio stimulation strategies were adopted
for the degradation of long term contaminated PCB site with two iso-
lates Achromobacter xylosoxidans and Stenotrophomonas maltophilia
using ivy leaves (Dudasova et al., 2016). The highest bioaugmentation
potential was shown by Achromobacter sp. Ochrobactrum sp. and
Rhodococcus sp., since they showed faster growth on biphenyl and PCB
used as sole carbon source (Dudasova et al., 2014). Priming with PCBs
can enhanced their degradation as the organisms involved in the reac-
tion grow better but it largely depends upon environmental factors
and electron availability (Field and Sierra-Alvarez, 2007).

Several studies were designed on microbial reduction of Cr(VI)
but only few studies have been conducted on carbon source effects
among microbial communities responsible for Cr(VI) transformation
(Desai et al., 2008). Using sodium acetate and sucrose as carbons
sources for Cr(VI) transformation in batch reactors at concentration
of 6, 13, 30 and 115 mg L™~ ! showed that reduction increased by
1.3-2.1 folds. Microbial community analysis showed that presence
of multiple species from i.e., Actinobacter sp., Defluvibacter sp.,
Psedoxanthomonas sp. (Tekerlekopoulou et al., 2010). Scientists
have described that Cr(VI) reducing ability of microbes is signifi-
cantly affected by use of different carbon sources (Baldiris et al.,
2018). Different types of carbon sources i.e., lactose, glucose, citrate,

cheese whey and acetate, acting as electron donor in batch reactor @
25 mg L™ Cr(VI) concentration, suggested cheese whey as most ef-
fective of Cr(VI) transformation (Orozco et al., 2010).

5.3. PCBs and Cr(VI) concentration

Heavy metals and organic compounds concertation influences
the composition of soil microbial groups (Sobolev and Begonia,
2008; Tang et al., 2014). Mixture of pollutants can adversely affect
the microbial diversity and enzyme activity of soils under higher
levels of contamination (Thavamani et al., 2012). For PCBs dechlori-
nation, an observed concentration at contaminated site may vary
from several hundreds to 1000 ppm. Increased adsorption of PCBs
on mineral compartments of soil may decrease dechlorination pro-
cess if the concentration of PCB is low (Lehtinen, 2010). Low concen-
trations of PCBs also affect the degradation process as microbial
activity may not even start (Borja et al., 2005).

Bacteria residing in contaminated soil or water can tolerate toxic-
ity posed by Cr(VI) (Thatheyus and Ramya, 2016). Bacillus coagulans
uses soluble enzymes for Cr(VI) transformation in company of ma-
late (0.8 g L™! concentration) as electron donor. Bacillus coagulans
was able to degrade 32 Cr(VI) and tolerated 512 mg L™ ! concentra-
tion within 72 h. Increasing the toxicity of the medium, decreased
the reduction rate in combination with lead at 128 mg L™!
(Belapurkar et al., 2016). Bacterial genera such as Aeromonas,
Mycobacterium, Corynebacterium and Bacillus also contained bio-
degradative pathways with regards to chromium (Mrozik et al.,
2003). Cr(VI) transformation by Bacillus sp. KSUCr5 was noticed at
10-300 mg L™ concentration. The bacterial strains rapidly reduced
40 mg L= Cr(VI) in 24 h whereas 80-100 mg L~! concentration
was totally removed in 48-72 h. At higher concentration
(150-300 mg L™ 1), however, reduction ability significantly decrease
to 44% with more time to achieve reduction (Ibrahim et al., 2011).
Tannery effluents have been reported to contain multiple pollutants
including Cr(VI) and PCBs (Korpe et al., 2019; Tadesse et al., 2017).
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5.4. Metal ions and electron complexes

Role of metal ions and electron complexes on PCBs degradation have
not clearly been understood. Role of metal ions in microbial activity in-
hibition including dehalogenation and reductive dechlorination is pre-
dominant factor in adopting to a bioremediation strategy. However,
the role of metal ions on microbial degradation of organic contaminants
has not clearly been studied. The only studies present till date are re-
lated to organic contaminants degradation in presence of metal ions
(Sandrin and Maier, 2003). A PCB degrading and metal tolerant specie,
Pseudomonas pseudoalcaligenes KF707 can effectively detoxify both
under optimized conditions even the toxicity level is high (Tremaroli
et al,, 2010). For effective dehalogenation, different studies have
discussed the critical role of dehalorespiration and dissimilatory iron re-
duction (Li et al., 2008). In dehalorespiration, halogen-free compounds
and halogenated congeners are accumulated as halogenated com-
pounds and play the role of electron acceptors (Hiraishi, 2008).

Electron shuttles play a vital part in transformation of Cr(VI) and ac-
tivities of microbes. In absence of oxygen, Cr(VI) act as electron acceptor
for large number of electron donors which includes fats, hydrogen, car-
bohydrates, and proteins (Joutey et al,, 2015). Presence of metal ions in
tannery effluents, due to extensive manufacturing processes and in-
volvement of different chemicals, can affect the treatment processes
negatively (Shah, 2014; Tariq et al., 2006). The interference of trace
metals, with the proteins or enzymes involved in the redox reaction,
form strong complex with the protein molecules and helps in reduction
or completes detoxification of pollutant by deactivating the enzyme ac-
tivity (Jadhav et al,, 2012). Trace metals, under anaerobic conditions, act
as electron acceptor, but they are not soluble at neutral pH thus affecting
the transfer of electron needed for bacterial growth. Organic com-
pounds on the other hand can act as electron shuttling compounds
and fast-track the electron transmission from a primary donor to accep-
tor (Joutey et al.,, 2013b; Leewis et al., 2016).

Role of electron shuttles and metallic ions in simultaneous detoxifi-
cation of azo dye and Cr(VI) was observed using Pseudomonas putida in
tannery effluent. Mineral salts medium was enriched with Cr(VI)
(2 mg L™ concentration and azo dyes (100 mg L~'). The percentage
biotransformation for simultaneous removal was increased from 68%
to 96% with the inclusion of electron shuttles hydroquinone and uric
acid as electron shuttles at 1 mM concentration. 100% dye and 97% Cr
(VI) was removed in 12-18 h, whereas other organic compounds
i.e., mannitol, EDTA and sodium benzoate inhibits the simultaneous bio-
transformation of both contaminants (Mahmood et al,, 2015a). Soil en-
richment studies evaluated the correlation between electron donors
and Cr(VI) reduction. Glucose addition with formate and hydrogen as
electron donors increased the bioavailable hydrogen and augmented
Cr(VI) transformation in soils in comparison to acetate, benzoate and
lactate (Marsh and McInerney 2001).

6. Simultaneous approaches for biotransformation of Cr(VI)
and PCBs

Co-existence of metal ions and organic compounds in industrial ef-
fluent stimulated the idea for simultaneous treatment as a viable option
especially for the developing countries where treatment systems are
not properly installed. Previously no studies are reported for the simul-
taneous detoxification of both contaminants. Various bacterial species
can degrade the both PCBs and chromium individually. So simultaneous
bioremediation strategy for removal of multi contaminants form indus-
trial effluents can be eco and cost friendly technique.

Individual and simultaneous treatment of phenol and chromium
by two indigenous bacterial strains, Pseudomonas putida and
Escherichia coli, respectively under optimized conditions (30 °C tem-
perature, pH 7) suggested that Pseudomonas putida effectively
degrades a maximum 1000 mg L~ ! phenol in 72 h and Escherichia
coli degrades a maximum 40 mg L~! Cr(VI) in 42 h individually
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(Debadatta and Susmita, 2012). For simultaneous degradation of
both Cr(VI) at 5, 10, and 15 mg L~! and phenol at 500 and
750 mg L' concentration using the co-culture of microorganisms
was studied. Both strains can efficiently reduce the contaminants to
acceptable limits. Cr(VI) and phenol detoxification of was also ob-
served with Bacillus sp. and Pseudomonas putida under optimized
conditions simultaneously (Liu et al., 2008). Bacillus sp. utilized the
degradation products of phenol as source of energy and electron do-
nors in reducing Cr(VI). Significant Cr(VI) (15 mg L™!) transforma-
tion was observed at 150 mg L~! concertation of phenol and it was
noticed that phenol degradation was higher than Cr(VI) reduction
but it was independent of the Bacillus sp. cell content.

Lactobacillus paracase, native to sea sediments of North Atlantic, was
capable of reducing Cr(VI) and black dye instantaneously. Under opti-
mum aerobic conditions of pH (5-7), temperature (25-30 °C) and salt
concentration (0-60%) NaCl, Lactobacillus paracase reduced 95.8% of Cr
(VI) and degraded 92.3% of dye at initial concentration of 100 mg L™},
individually. Simultaneously, detoxification ability of the strain was re-
duced to 58.5% Cr(VI) and 51.9% dye, respectively (Huang et al., 2015).
Another study used Brevibacterium casei, isolated form sewage sludge
samples of dye industry, for simultaneous transformation of different
dye acid orange 7 and Cr(VI), under the optimal conditions (3.0 g L~!
(NH4),S04, 0.24 g L™ glucose, and 0.2 g L™! peptone) with pH 7 at
35 °C temperature, suggested maximum transformation, 83.4% and
40.7% of Cr(VI) and dye respectively (Ng et al., 2010). Pentachlorophe-
nol (PCP) and Cr(VI) were simultaneously treated with strains isolated
from treated tannery effluent (Tripathi and Garg, 2013).

Simultaneous bioremediation of Cr(VI) with chloro-organics and de-
colorization of dyes was observed with native Bacillus cereus isolate in
tannery effluents (Tripathi and Garg, 2014). The samples were distrib-
uted into diluted (3:1) and undiluted concentrations. Upon microbial
treatment, dechlorination, decolorization and Cr(VI) remediation was
substantial in diluted samples. Maximum microbial growth, dechlorina-
tion, decolorization and Cr(VI) bioremediation was attained at 8.1 pH
within 72 h. The results indicated 42.5% decolorization, 74.1% dechlori-
nation and 34.2% Cr(VI) remediation which improves in bioreactor by
3.3 to 7.5% Cr(VI) reduction. Co-culture of immobilized Bacillus cereus
isolate and Pseudomonas putida enhanced Cr(VI) remediation by 10.2%
under lab conditions.

Biodegradation of PCBs is very complex due to various physicochem-
ical factors involved. They are particularly transformed through reduc-
tive dechlorination under the action of different microorganisms (Wu
et al., 2002). Relative proportion of some congeners increased or de-
creased through microbial metabolism. It has been observed that the
lower-CBs compounds are easily volatilized and biodegrades as well
as more soluble in water whereas, highly-CBs are more resistant to deg-
radation, volatilization along with high sorption affinity to soils and sed-
iments (Beyer and Biziuk, 2009). The complex nature of higher
chlorinated and less polychlorinated biphenyl degradation under anaer-
obic and aerobic conditions have induced several characteristics that are
similar in reduction of metal ions. As PCBs are two rings attached to each
other so initial process in case of monochlorinated biphenyl is reduction
which is comparable to that of heavy metals. It is also interesting to that
there are similar bacterial species that can reduce Cr(VI) and degrade
PCBs individually in separate studies. Pseudomonas aeruginosa was
found suitable for simultaneous biotransformation of Cr(VI) and phenol
(Song et al., 2009). In another study Pseudomonas aeruginosa was also
able to degrade 1.0 ug mL™" concentration of PCB Aroclor 1260 in 96 h
(Mathews and Sithebe, 2018). Similarly, Stenotrophomonas maltophilia
(Baldiris et al., 2018; Dudasova et al., 2016; Somaraja and Gayathri,
2016), Pseudomonas sp. (Hirose et al., 2019; Wani et al., 2019) and
Bacillus sp. (Li et al., 2020; Sun et al., 2018) have been reported to
bio transform both contaminants individually in separate studies.
Due to reduction similarity and co-existence of both contaminants
under alike environmental conditions, simultaneous approach may
give a new understanding in microbial metabolism for recalcitrant
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Table 2
Different bioreactor systems adopted for transformation of Cr(VI) and PCBs.
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Bacterial species Bioreactor

Cr(VI)
Bacillus megaterium-ASNF3 Soil bioreactor
Bacillus sp. Packed-bed bioreactor

Packed-column microcosm
reactors

Bacillus drentesis

Bacillus thuringiensis

Enterobacter sp.

Lysinibacilus sphaericus

Consortium (Proteobacteria, Actinobacteria,
Firmicutes)

Consortium (Cyanobacteria, Proteobacteria,
Bacteroidetes)

Pseudomonas putida (Simultaneous Azo Dyes + Cr
(V)

Consortium (A. junii, E. coli, B. subtilis)

Bacillus sp.

Acinetobacter haemolyticus

Anaerobic sludge bed reactor

Biochar packed bioreactor

Packed bed bioreactor
Packed bed bioreactor
ChromeBac system

PCBs

Consortium Moving-bed biofilm reactor

Rodococcus, Pseudoxanthomonas, Agromycess and
Pseudomonas

Sequencing biofilm reactor

Burkholderia xenovorans LB400 Biphasic bioreactors
Rhodococcus spp., Pseudomonas spp.,

Pseudoxanthomonas spp. reactor

Plant microbe fuel cell bioreactor

Aerobic sequencing batch biofilm

Concentration used Removal Reference
percentage
1000 mg L™! 86% in 60 days (Aslam et al., 2016)
10-200 mg L~! 100% (Chirwa and Wang, 1997)
40 mg L™! Almost 100% (Molokwane and
Nkhalambayausi-Chirwa, 2009)
50 mg L' 90% in 70 days (Qian et al., 2016)
19 mg L~! 99% in 250 h (Habibul et al., 2016)
2-10 mg L! 98% 24 h (Mahmood et al., 2015b)
100 mg L™! 24% (Samuel et al., 2013)
300 mg L' 100% (Kathiravan et al., 2010)
81 mglL! 100% in 10 days (Ahmad et al., 2010; Wan et al., 2010)

PCB770-8 ug L' 73% anaerobic
84.4% aerobic in

7h

(Dong et al., 2015)

PCB 1242 99% in 250 days (Teimouri et al., 2015)

PCB 1254 with

3pgL!

Aroclor 1242 90%in 120 h (Rehmann and Daugulis, 2008)
30pg L!

20-700 pg L1 92-99% (Nabavi et al,, 2013)

compounds. Table 2 exhibiting various bioreactors system used for
Cr(VI) reduction and PCBs degradation under different conditions.

7. Bioaugmentation strategies for biotransformation of Cr(VI)
and PCBs

Bioaugmentation, the addition of pollutant degrading microbes into
the water treatment system, is an efficient method for the removal of
organic compounds and metal ions with and without oxygen (Nzila
et al.,, 2016). The perspective of using consortia of microorganism that
degrade different pollutants is the best possible solution to adopt for si-
multaneous treatment of all the pollutants in a single system
(Providenti et al., 1993). Application of bioremediation strategy through
bioaugmentation and potential of microbes involve in the system are
key factors for the degradation of pollutants (Tyagi et al., 2011). Couple
of strategies that are involved in application of bioaugmentation strat-
egy are through bioreactors and biofilm covered material as vehicle de-
livery system for remediation. Earlier is lot more mechanical and used
previously at many remediation approaches whereas later is fairly a
new concept in adoption for biodegradation. Effectiveness of both biore-
mediation strategies depend upon biofilm growth and adhesiveness,
environmental factors, and engineering structure for reducing the
metals and organic pollutants at the application site (Asri et al., 2018).

Toxic effects of Cr(VI) have been minimized using membrane biore-
actors and helped in the reduction to less toxic chromium using agar-
agar films immobilized cells of Pseudomonas (Konovalova et al., 2003).
A continuous H, fed fixed bioreactor was developed for the reduction
of chromium and sulfate starvation, inoculated with bacterial consor-
tium of Desulfomicrobium norvegicum (Battaglia-Brunet et al., 2007).
Presence of sulfate in feed stock increased the chromate reduction
whereas chromate reduction decreases in absence at 500 mg L™!
concertation in absence of sulfate feedstock. Cellulomonas sp. was ob-
served in columns fixed bioreactor. The analysis of effluents showed
that iron was continuously spotted in the effluent Fe (III) form and
was reduced into Fe (II) form, which resulted in protracted abiotic re-
duction of Cr(VI). The study suggested that Cellulomonas sp. formed a

penetrable reactive barricades to reduce Cr(VI) and Fe (IIl) even if elec-
tron donors are absent (Viamajala et al., 2008).

Biofilm covered activated carbon particles are efficient in removing
organic pollutants form wastewater treatment system as they are not
only absorbing the pollutants form the environment, degrading them
and making them unavailable to be suspended in the soil and aquatic
system. Use of bacterial biofilm, grown on activated carbon, has widely
been used in wastewater cleaning, potable water purification, and re-
moval of organic contaminants. Previously, aerobic granular biofilms
have been observed to remove metallic compounds through
biosorption. So, biofilm-based Cr(VI) reduction can be an efficient biore-
mediation strategy as the biofilm bound cells are highly resistant to in-
creasing concentrations and allow easy separation of microbial biomass
form water (Nancharaiah et al., 2010). Treatment of PCBs contaminated
sediments with granular activated carbon (GAC) demonstrated 62%
degradation of PCBs by a GAC column (Jing et al., 2018). Bioaugmenta-
tion of PCBs in liquid phase using biofilm covered material as vehicle de-
livery system serves dual purpose i.e., accumulation of organic
compounds into the surface along with degradation through microbes.
So, simultaneously PCBs degrading Burkholderia xenovorans LB400 and
DF1 biofilms were grown on a 3% activated carbon material under
aerobic and anaerobic condition respectively (Kjellerup and Edwards,
2013). Grown biofilms covered activated carbon material were
transferred to sediment medium with 50 ppm concentration of A1248
in a mesocosm study and samples were taken after 0,28, 60, 80, 135,
160 and 200 days. Results suggested that dichlorination was less
extensive with anaerobically grown DF1 as compared to aerobic
grown Burkholderia xenovorans LB400. Simultaneous biotreatment of
multiple contaminant sites can be achieved using any possible bioreme-
diation strategy which can have dual purpose approach of adsorption
and degradation at same time. Fig. 2 illustrates the possible mechanism
for simultaneous transformation of PCBs and Cr(VI). Cr(VI), act as
an electron acceptor in transformation to lower forms and
lower-chlorinated PCB congeners can serve as electron donors for
many bacteria under aerobic conditions. Therefore, with the occurrence
of an electron donor and accepter in single medium, reduction of Cr(VI)
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Fig. 2. Possible mechanism for simultaneous degradation of both Cr(VI) and PCBs contaminants in one system. Cr(VI) acts as electron acceptor in reduction to Cr Il and aerobically as
growth substrates, lower-chlorinated congeners can serve as electron donors (energy sources) for many bacteria. The quantity of Cr(VI) in bacterial culture reduces may be due to
immobilization of Cr(VI) and reduced by the enzymatic reaction inside the bacteria. When Cr(VI) is reduced to Cr I, oxygen atoms are released which can/may be utilized for
oxidation of mono-chlorinated biphenyls to degraded by-products. The assumption that reduced Cr III will get oxidized to Cr(VI) again in aerobic conditions remains unclear as that

oxygen might have been used for the oxidation of mono-chlorinated biphenyls.

along with oxidation of mono-chlorinated biphenyl is possible. This po-
tential solution needs further evaluation in a simultaneous bioremedia-
tion system of metals and organic compounds. Secondly, Cr(VI) can
become immobilized by bacterial species followed by enzymatic reduc-
tion. When Cr(VI) is reduced, oxygen is released, which may be utilized
for oxidation of mono-chlorinated biphenyls. It was noticed that Cr(VI)
is readily transformed in three-five days, whereas degradation of
mono-chlorinated biphenyls can take weeks. Whether reduced Cr(III)
will become oxidized to Cr(VI) again under aerobic conditions remains
unclear as oxygen might have been utilized for the oxidation of mono-
chlorinated biphenyls and other easily degradable organic compounds.
Thus, a competition for the utilization of oxygen in a single system is oc-
curring, which may lead to less or no oxygen in system for dissolved
chromium oxidation. Subsequently, the first step for transformation of
Cr(VI) and PCBs is the reduction, it is therefore possible that the resilient
bacteria can metabolize both contaminants simultaneously. As the bac-
terial transformation of both contaminants is mostly dependent upon
presence of specific enzymes and functional genes, further research re-
garding the genetic changes and horizontal gene transfer in microor-
ganisms having resistance to multiple contaminants can be an
interesting study. Also, effects of multi-contaminated sites on microbial
community structure of soil/sediments along with role of changing cli-
mate on microorganisms involved in bioremediation especially those
having resistance to metals and organic compounds must be studied.

8. Future challenges

Water scarcity is a concern in developing countries due to an in-
crease in population, diminishing natural resources and increased per
capita water use. Rapid urbanization and industrial developments
demand large amount of clean water for meeting these needs. Industrial
processes lead to production of a large amount of wastewater

discharged into the environment, which is unsafe for use due to pres-
ence of pollutants and contaminants. Reuse of wastewater for irrigation
and domestic purposes through efficient wastewater treatments sys-
tems is a widespread practice in developed countries. Resource con-
straints, poor management and policy issues are often obstacles in the
development of such wastewater treatment facilities in under develop
countries. An industrial shift from developed to developing countries
in the last few decades has increased the calamity of this issue and
proper remediation strategies are required. Adapting to a biologically
friendly and cost-effective remediation strategy to treat polluted
water is essential not only for human health and food security but also
for future clean development programs. Research findings presented
above regarding the microbial transformation of Cr(VI) and PCBs in
water and soil systems are among the different adopted strategies that
can be progressive for the quality of life and ensure food security long-
term. Bacterial assisted phytoremediation, sorption-desorption studies,
degradation of metabolites and enzymatic studies need more focus for
adopting a bioremediation strategy. A large amount of work has been
conducted and published for individual microbial treatment and enzy-
matic transformation of both contaminants individually, but a simulta-
neous approach has never been adopted. It is interesting to note that
sources and presence of both pollutants might be different, but many in-
dustrial areas in developing countries are mixed with many types of in-
dustries at one place with a single outlet and drainage system. So, a
bioremediation approach effective in addressing the multi contami-
nated site with various types of indigenous bacteria working together
can be much useful in resource constraint countries.

9. Conclusion

The paper reviewed the sources of Cr(VI) and PCBs in the
environment, their toxicity to the biotic components, bacterial
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mechanism for biotransformation of both contaminants individually
and simultaneous biotreatment potential for both contaminants.
Complexity of PCB compounds and their chemical and physical prop-
erties effects its transport and fate in environment. This ultimately
effects the choice to select appropriate remediation approaches. On
the other hand, multi-purpose application of Cr(VI) has made it
one of the most common pollutant in industrial wastewater.
Biotransformation of both contaminants is dependent upon the envi-
ronmental factors like pH, temperature, redox conditions, carbon
and nitrogen source and concentration in the medium. Individual
bioremediation of both Cr(VI) and PCBs by bacterial strains have
been discussed in the paper with example of species which can
degrade both contaminants in separate studies. This is the focus of
this review paper and possible mechanism for simultaneous
biotreatment has been explained. Evaluation of simultaneous
biotreatment potential still needed more work for enzymatic and
metabolic reactions and that also depends upon the type of bioreme-
diation strategy adopted at any site. Bioreactors and biofilm covered
materials are proven and sustainable treatment solutions, but
successful treatment not only depends on the appropriate selection
of the most effective remediation technology, it is also needs to
consider the environmental and human health impacts as well as
cost effectiveness. The findings in this review suggest that there is
a possibility of transforming both hexavalent chromium and
polychlorinated biphenyl under a sequential aerobic-anaerobic bio-
remediation system and it is a suitable technology for the treatment
of both contaminants simultaneously. Therefore, a simultaneous
approach would be beneficial and effective for co-removal of such
metals and organic compounds in one system.

Declaration of competing interest

The authors confirm that there are no known conflicts of interest as-
sociated with this manuscript and there has been no significant financial
support for this work that could have influenced its outcome.

References

Ackerley, D., Gonzalez, C., Keyhan, M., Blake, R., Matin, A., 2004a. Mechanism of chromate
reduction by the Escherichia coli protein, NfsA, and the role of different chromate re-
ductases in minimizing oxidative stress during chromate reduction. Environ.
Microbiol. 6, 851-860.

Ackerley, D., Gonzalez, C., Park, C., Blake, R., Keyhan, M., Matin, A., 2004b. Chromate-
reducing properties of soluble flavoproteins from Pseudomonas putida and
Escherichia coli. Appl. Environ. Microbiol. 70, 873-882.

Agnello, A.C,, Bagard, M., van Hullebusch, E.D., Esposito, G., Huguenot, D., 2016.
Comparative bioremediation of heavy metals and petroleum hydrocarbons co-
contaminated soil by natural attenuation, phytoremediation, bioaugmentation
and bioaugmentation-assisted phytoremediation. Sci. Total Environ. 563,
693-703.

Ahemad, M., 2014. Bacterial mechanisms for Cr (VI) resistance and reduction: an over-
view and recent advances. Folia Microbiol. 59, 321-332.

Ahmad, W.A, Zakaria, Z.A., Khasim, AR., Alias, M.A., Ismail, S.M.H.S., 2010. Pilot-scale re-
moval of chromium from industrial wastewater using the ChromeBacTM system.
Bioresour. Technol. 101, 4371-4378.

Ahmed, M,, Focht, D., 1973. Degradation of polychlorinated biphenyls by two species of
Achromobacter. Can. J. Microbiol. 19, 47-52.

Aken, B.V., Correa, P.A., Schnoor, ].L., 2009. Phytoremediation of polychlorinated biphe-
nyls: new trends and promises. Environ. Sci. Technol. 44, 2767-2776.

Anyasi, R, Atagana, H., 2011. Biological remediateion of polychlorinated biphenyls
(PCB) in the environment by microorganisms and plants. Afr. J. Biotechnol. 10,
18916-18938.

Aslam, S., Hussain, A., Qazi, ]I, 2016. Dual action of chromium-reducing and nitrogen-
fixing Bacillus megaterium-ASNF3 for improved agro-rehabilitation of chromium-
stressed soils. 3 Biotech 6, 125.

Asri, M., Elabed, S., Koraichi, S.I,, El Ghachtouli, N., 2018. Biofilm-based systems for indus-
trial wastewater treatment. In: Hussain, C.M. (Ed.), Handbook of Environmental Ma-
terials Management. Springer, Cham, pp. 1-21.

Baldiris, R., Acosta-Tapia, N., Montes, A., Hernandez, J., Vivas-Reyes, R., 2018. Reduction of
hexavalent chromium and detection of chromate reductase (ChrR) in
Stenotrophomonas maltophilia. Molecules 23, 406.

Battaglia-Brunet, F., Michel, C,, Joulian, C, Ollivier, B., Ignatiadis, 1., 2007. Relationship be-
tween sulphate starvation and chromate reduction in a H,-fed fixed-film bioreactor.
Water Air Soil Pollut. 183, 341.

10

Science of the Total Environment 779 (2021) 146345

Belapurkar, P., Goyal, P., Kar, A., 2016. In vitro evaluation of bioremediation capacity of a
commercial probiotic, Bacillus coagulans, for chromium (VI) and lead (II) toxicity.
J. Pharm. Bioall. Sci. 8, 272.

Beyer, A, Biziuk, M., 2009. Environmental fate and global distribution of polychlorinated
biphenyls. Reviews of Environmental Contamination and Toxicology. Vol 201.
Springer, pp. 137-158.

Black, M., Canova, M., Rydin, S., Scalet, B.M., Roudier, S., Sancho, L.D., 2013. Best available
techniques (BAT) reference document for the tanning of hides and skins. Eur. Comm.
Database 46, 2013.

Borja, ., Taleon, D.M., Auresenia, ]., Gallardo, S., 2005. Polychlorinated biphenyls and their
biodegradation. Proc. Biochem. 40, 1999-2013.

Carpenter O, D, 2006. Polychlorinated biphenyls (PCBs): routes of exposure and effects on
human health. 21, 1-24. Rev. Environ. Health 21, 1-24.

Chaudhary, P., Chhokar, V., Choudhary, P., Kumar, A., Beniwal, V., 2017. Optimization of
chromium and tannic acid bioremediation by Aspergillus niveus using Plackett-
Burman design and response surface methodology. AMB Expr. 7, 1-12.

Chen, F., Hao, S, Qu, ], Ma, J,, Zhang, S., 2015. Enhanced biodegradation of polychlorinated
biphenyls by defined bacteria-yeast consortium. Ann. Microbiol. 65, 1847-1854.
Chen, J., Li, J., Zhang, H., Shi, W,, Liu, Y., 2019. Bacterial heavy-metal and antibiotic resis-
tance genes in a copper Tailing Dam Area in Northern China. Front. Microbiol. 10,

1916.

Cheung, K., Gu, J.-D., 2007. Mechanism of hexavalent chromium detoxification by micro-
organisms and bioremediation application potential: a review. Int. Biodeter. Biodegr.
59, 8-15.

Chirwa, E.M., Wang, Y.-T., 1997. Hexavalent chromium reduction by Bacillus sp. in a
packed-bed bioreactor. Environ. Sci. Technol. 31, 1446-1451.

Dachs, J., Eisenreich, S.J., Hoff, R.M., 2000. Influence of eutrophication on air— water ex-
change, vertical fluxes, and phytoplankton concentrations of persistent organic pol-
lutants. Environ. Sci. Technol. 34, 1095-1102.

Damaj, M., Ahmad, D., 1996. Biodegradation of polychlorinated biphenyls by rhizobia: a
novel finding. Biochem. Biophys. Res. Commun. 218, 908-915.

Das, S., et al., 2014. Investigation on mechanism of Cr (VI) reduction and removal by Ba-
cillus amyloliquefaciens, a novel chromate tolerant bacterium isolated from chromite
mine soil. Chemosphere 96, 112-121.

Debadatta, D., Susmita, M., 2012. Simultaneous reduction of phenol and chromium
from textile industry effluent using mixed culture of microorganisms.
J. Environ. Res. Dev. 7.

Desai, C,, Jain, K., Madamwar, D., 2008. Hexavalent chromate reductase activity in cyto-
solic fractions of Pseudomonas sp. G1DM21 isolated from Cr (VI) contaminated in-
dustrial landfill. Proc. Biochem. 43, 713-721.

Dey, S., Pandit, B., Paul, A., 2014. Reduction of hexavalent chromium by viable cells
of chromium resistant bacteria isolated from chromite mining environment.
J. Min. 2014.

Dong, B., Chen, H.Y., Yang, Y., He, Qb, Dai, X.H., 2015. Biodegradation of polychlorinated
biphenyls using a moving-bed biofilm reactor. CLEAN-Soil Air Water 43, 1078-1083.

Dudasova, H., Lukacova, L., Murinova, S., Puskarova, A., Pangallo, D., Dercova, K., 2014.
Bacterial strains isolated from PCB-contaminated sediments and their use for bioaug-
mentation strategy in microcosms. J. Basic Microbiol. 54, 253-260.

Dudésova, H., Laszlova, K., Lukacova, L., Balas¢akova, M., Murinova, S., Dercova, K., 2016.
Bioremediation of PCB-contaminated sediments and evaluation of their pre-and
post-treatment ecotoxicity. Chemical Papers 70, 1049-1058.

Eastmond, D.A., 2012. Factors influencing mutagenic mode of action determinations of
regulatory and advisory agencies. Mutat. Res./Rev. Mutat. Res. 751, 49-63.

El-Naggar, N.E.-A,, El-Khateeb, A.Y., Ghoniem, A.A., El-Hersh, M.S., Saber, W.L, 2020. Inno-
vative low-cost biosorption process of Ct°" by Pseudomonas alcaliphila NEWG-2. Sci.
Rep. 10, 1-18.

Field, ]., Sierra-Alvarez, R., 2007. Biodegradability of chlorinated aromatic compounds. Sci-
ence Dossier Euro Chlor, pp. 15-33.

Field, J.A., Sierra-Alvarez, R., 2008. Microbial transformation and degradation of
polychlorinated biphenyls. Environ. Pollut. 155, 1-12.

Francisco, R., Alpoim, M., Morais, P., 2002. Diversity of chromium-resistant and-reducing
bacteria in a chromium-contaminated activated sludge. ]J. Appl. Microbiol. 92,
837-843.

Garbisu, C,, Alkorta, I, Llama, M.J., Serra, J.L., 1998. Aerobic chromate reduction by Bacillus
subtilis. Biodegradation 9, 133-141.

Garrido-Sanz, D., Manzano, ]., Martin, M., Redondo-Nieto, M., Rivilla, R., 2018.
Metagenomic analysis of a biphenyl-degrading soil bacterial consortium reveals the
metabolic roles of specific populations. Front. Microbiol. 9, 232.

Ghosh, A., Singh, A., Ramteke, P., Singh, V., 2000. Characterization of large plasmids
encoding resistance to toxic heavy metals in Salmonella abortus equi. Biochem.
Biophys. Res. Commun. 272, 6-11.

Golding, E.L., 2016. A History of Technology and Environment: From Stone Tools to Eco-
logical Crisis. Taylor & Francis.

Guha, H,, Jayachandran, K., Maurrasse, F., 2001. Kinetics of chromium (VI) reduction by a
type strain Shewanella alga under different growth conditions. Environ. Pollut. 115,
209-218.

Habibul, N., Hy, Y., Wang, Y.-K., Chen, W., Yu, H.-Q., Sheng, G.-P., 2016. Bioelectrochemical
chromium (VI) removal in plant-microbial fuel cells. Environ. Sci. Technol. 50,
3882-3889.

Hader, D.-P., Gao, K., 2015. Interactions of anthropogenic stress factors on marine phyto-
plankton. Front. Environ. Sci. 3, 14.

Hiraishi, A., 2008. Biodiversity of dehalorespiring bacteria with special emphasis on
polychlorinated biphenyl/dioxin dechlorinators. Microb. Environ. 23, 1-12.

Hirose, J., et al.,, 2019. Biphenyl/PCB degrading bph genes of ten bacterial strains isolated
from biphenyl-contaminated soil in Kitakyushu, Japan: comparative and dynamic
features as integrative conjugative elements (ICEs). Genes 10, 404.


http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0010
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0010
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0010
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0015
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0015
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0015
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0015
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0020
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0020
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0025
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0025
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0025
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0030
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0030
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0035
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0035
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0040
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0040
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0040
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0045
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0045
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0045
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0050
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0050
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0050
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0055
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0055
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0055
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0060
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0060
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0060
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0060
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0065
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0065
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0065
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0075
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0075
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0075
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0080
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0080
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf9000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf9000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0085
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0085
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0085
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0090
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0090
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0095
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0095
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0095
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0100
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0100
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0100
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0105
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0105
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0110
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0110
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0110
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0115
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0115
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0120
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0120
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0120
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0125
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0125
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0125
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0135
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0135
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0135
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0140
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0140
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0145
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0145
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0150
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0150
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0155
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0155
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0160
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0160
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0160
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0160
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0165
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0165
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0170
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0170
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0175
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0175
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0175
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0180
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0180
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0185
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0185
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0190
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0190
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0190
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0195
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0195
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0200
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0200
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0200
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0205
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0205
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0205
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0210
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0210
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0215
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0215
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0220
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0220
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0220

M.W. Yasir, M.BA. Siddique, Z. Shabbir et al.

Huang, G., Wang, W., Liu, G., 2015. Simultaneous chromate reduction and azo dye
decolourization by lactobacillus paracase CL1107 isolated from deep sea sediment.
J. Environ. Manage. 157, 297-302.

Huang, Y., Zeng, Q., Hy, L., Zhong, H., He, Z., 2021. Bioreduction performances and
mechanisms of Cr (VI) by Sporosarcina saromensis W5, a novel Cr (VI)-reducing
facultative anaerobic bacteria. J. Hazard. Mater. 413. https://doi.org/10.1016/J.
JHAZMAT.2021.125411.

Ibrahim, A.S., El-Tayeb, M.A., Elbadawi, Y.B., Al-Salamah, A.A., 2011. Bioreduction of Cr
(V1) by potent novel chromate resistant alkaliphilic Bacillus sp. strain KSUCr5 isolated
from hypersaline Soda lakes. Aft. ]. Biotechnol. 10, 7207-7218.

Jacob, ]J., Varalakshmi, R., Gargi, S., Jayasri, M.A., Suthindhiran, K., 2018. Removal of Cr (III)
and Ni (Il) from tannery effluent using calcium carbonate coated bacterial
magnetosomes. NPJ Clean Water 1 (1), 1-10.

Jadhav, S.B,, Surwase, S.N., Kalyani, D.C,, Gurav, R.G., Jadhav, ].P., 2012. Biodecolorization of
azo dye Remazol Orange by Pseudomonas aeruginosa BCH and toxicity (oxidative
stress) reduction in Allium cepa root cells. Appl. Biochem. Biotechnol. 168,
1319-1334.

Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B.B., Beeregowda, K.N., 2014. Toxicity,
mechanism and health effects of some heavy metals. Interdiscip. Toxicol. 7, 60-72.

Jeng, H.A., 2014. Exposure to endocrine disrupting chemicals and male reproductive
health. Front. Publ. Health 2, 55.

Jing, R, Fusi, S., Kjellerup, B.V., 2018. Remediation of polychlorinated biphenyls (PCBs) in
contaminated soils and sediment: state of knowledge and perspectives. Front. Envi-
ron. Sci. 6. https://doi.org/10.3389/fenvs.2018.00079.

Joutey, N.T., Bahafid, W., Sayel, H., El Ghachtouli, N., 2013a. Biodegradation: involved mi-
croorganisms and genetically engineered microorganisms. Biodegradation-Life of
Science. InTech.

Joutey, N.T., Bahafid, W., Sayel, H., El Ghachtouli, N., 2013b. Biodegradation: involved mi-
croorganisms and genetically engineered microorganisms. Biodegrad.-Life Sci.
289-320.

Joutey, N.T., Bahafid, W., Sayel, H., Ananou, S., El Ghachtouli, N., 2014. Hexavalent chro-
mium removal by a novel Serratia proteamaculans isolated from the bank of Sebou
River (Morocco). Environ. Sci. Pollut. Res. 21, 3060-3072.

Joutey, N.T., Sayel, H., Bahafid, W., El Ghachtouli, N., 2015. Mechanisms of hexavalent
chromium resistance and removal by microorganisms. Reviews of Environmental
Contamination and Toxicology. Volume 233. Springer, pp. 45-69.

Kamala-Kannan, S., Lee, K.J., 2008. Metal tolerance and antibiotic resistance of Bacillus
species isolated from Sunchon Bay sediments, South Korea. Biotechnology 7,
149-152.

Kanmani, P., Aravind, J., Preston, D., 2012. Remediation of chromium contaminants using
bacteria. Int. J. Environ. Sci. Technol. 9, 183-193.

Karthik, C., Barathi, S., Pugazhendhi, A., Ramkumar, V.S., Thi, N.B.D., Arulselvi, P.I., 2017.
Evaluation of Cr (VI) reduction mechanism and removal by Cellulosimicrobium
funkei strain ARS8, a novel haloalkaliphilic bacterium. J. Hazard. Mater. 333, 42-53.

Katarina, D., Slavomira, M., Hana, D., Katarina, L., Hana, H., 2018. The adaptation mecha-
nisms of bacteria applied in bioremediation of hydrophobic toxic environmental pol-
lutants: how indigenous and introduced bacteria can respond to persistent organic
pollutants-induced stress? Persistent Organic Pollutants. IntechOpen

Kathiravan, M.N., Rani, RK., Karthick, R., Muthukumar, K., 2010. Mass transfer studies on
the reduction of Cr (VI) using calcium alginate immobilized Bacillus sp. in packed bed
reactor. Bioresour. Technol. 101, 853-858.

Khoo, K.-M,, Ting, Y.-P., 2001. Biosorption of gold by immobilized fungal biomass.
Biochem. Eng. J. 8, 51-59.

Kjellerup, B., Edwards, S., 2013. Application of Biofilm Covered Activated Carbon Particles
as a Microbial Inoculum Delivery System for Enhanced Bioaugmentation of PCBs in
Contaminated Sediment. Goucher Coll, Baltimore, MD.

Knapp, CW., Callan, A.C,, Aitken, B., Shearn, R., Koenders, A., Hinwood, A., 2017. Relation-
ship between antibiotic resistance genes and metals in residential soil samples from
Western Australia. Environ. Sci. Pollut. Res. 24, 2484-2494.

Konovalova, V.V., Dmytrenko, G.M., Nigmatullin, R.R., Bryk, M.T., Gvozdyak, P.I,, 2003.
Chromium (VI) reduction in a membrane bioreactor with immobilized Pseudomonas
cells. Enzyme Microb. Technol. 33, 899-907.

Korpe, S., Bethi, B.,, Sonawane, S.H., Jayakumar, K., 2019. Tannery wastewater treatment
by cavitation combined with advanced oxidation process (AOP). Ultrason. Sonochem.
59, 104723.

Kotrba, P., 2011. Microbial biosorption of metals—general introduction. Microbial
Biosorption of Metals. Springer, pp. 1-6.

Kumar, B.L, Gopal, D.S., 2015. Effective role of indigenous microorganisms for sustainable
environment. 3 Biotech 5, 867-876.

Kurzawova, V., et al., 2012. Plant-microorganism interactions in bioremediation of
polychlorinated biphenyl-contaminated soil. New Biotechnol. 30, 15-22.

Lavandier, R., Quinete, N., Hauser-Davis, R.A., Dias, P.S., Taniguchi, S., Montone, R., Moreira,
I., 2013. Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers
(PBDESs) in three fish species from an estuary in the southeastern coast of Brazil.
Chemosphere 90, 2435-2443.

Leewis, M.-C,, Uhlik, O., Leigh, M.B., 2016. Synergistic processing of biphenyl and benzo-
ate: carbon flow through the bacterial community in polychlorinated-biphenyl-
contaminated soil. Sci. Rep. 6, 1-12.

Lehtinen, T., 2010. Bioremediation Trial on PCB Polluted Soils. A Bench Study in Iceland.

Li, F., et al,, 2008. Enhancement of the reductive transformation of pentachlorophenol by
polycarboxylic acids at the iron oxide-water interface. ]. Colloid Interface Sci. 321,
332-341.

Li, G, Xiong, J., Wong, P.K,, An, T., 2016. Enhancing tetrabromobisphenol A biodegradation
in river sediment microcosms and understanding the corresponding microbial com-
munity. Environ. Pollut. 208, 796-802.

11

Science of the Total Environment 779 (2021) 146345

Li, M.-h,, et al., 2020. Isolation and identification of chromium reducing Bacillus cereus
species from chromium-contaminated soil for the biological detoxification of chro-
mium. Int. J. Environ. Res. Publ. Health 17, 2118.

Liu, K., 2004. Aerobic and Anaerobic Process for PCBs Removal from Aqueous and Oil
Phases. University of Hawaii at Manoa.

Liu, Y.-G,, et al., 2008. Simultaneous removal of Cr (VI) and phenol in consortium culture
of Bacillus sp. and Pseudomonas putida Migula (CCTCC AB92019). Trans. Nonferrous
Metals Soc. China 18, 1014-1020.

Lunk, H.-],, 2015. Discovery, properties and applications of chromium and its compounds.
ChemTexts 1, 6.

Luo, W., D’Angelo, E.M., Coyne, M.S., 2007. Plant secondary metabolites, biphenyl, and
hydroxypropyl-pB-cyclodextrin effects on aerobic polychlorinated biphenyl removal
and microbial community structure in soils. Soil Biol. Biochem. 39, 735-743.

Ma, R,, Sassoon, D.A., 2006. PCBs exert an estrogenic effect through repression of the
Wnt7a signaling pathway in the female reproductive tract. Environ. Health Perspect.
114, 898.

Mahmood, S., Khalid, A., Arshad, M., Ahmad, R., 2015a. Effect of trace metals and electron
shuttle on simultaneous reduction of reactive black-5 azo dye and hexavalent chro-
mium in liquid medium by Pseudomonas sp. Chemosphere 138, 895-900.

Mahmood, S., Khalid, A., Mahmood, T., Arshad, M., Loyola-Licea, J.C., Crowley, D.E., 2015b.
Biotreatment of simulated tannery wastewater containing Reactive Black 5, aniline
and CrVI using a biochar packed bioreactor. RSC Adv. 5, 106272-106279.

Mahmud, J., Chowdhury, M.K,, Sami, A.B., Akhand, A.A., Ahsan, N., 2015. Co-resistance to
chromium and antibiotics in bacteria isolated from tannery wastes Dhaka University.
J. Pharm. Sci. 14, 193-197.

Marsh, T.L, McInerney, MJ., 2001. Relationship of hydrogen bioavailability to chromate
reduction in aquifer sediments. Appl. Environ. Microbiol. 67, 1517-1521.

Mathews, S., Sithebe, P., 2018. The role of bacteria on the breakdown of recalcitrant
polychlorinated biphenyls (PCBs) compounds in wastewater. Wastewater and
Water Quality, pp. 139-152.

May, H.D., Miller, G.S., Kjellerup, B.V., Sowers, K.R., 2008. Dehalorespiration with
polychlorinated biphenyls by an anaerobic ultramicrobacterium. Appl. Environ.
Microbiol. 74, 2089-2094.

Molokwane, P.E., Nkhalambayausi-Chirwa, E.M., 2009. Microbial culture dynamics and
chromium (VI) removal in packed-column microcosm reactors. Water Sci. Technol.
60, 381-388.

Montes, A., 2018. Reduction of Hexavalent Chromium and Detection of Chromate Reduc-
tase (ChrR) in Stenotrophomonas maltophilia. vol 23. https://doi.org/10.3390/
molecules23020406.

Mrozik, A., Piotrowska-Seget, Z., 2010. Bioaugmentation as a strategy for cleaning up of
soils contaminated with aromatic compounds. Microbiol. Res. 165, 363-375.

Mrozik, A., Piotrowska-Seget, Z., Labuzek, S., 2003. Bacterial degradation and bioremedia-
tion of polycyclic aromatic hydrocarbons. Pol. J. Environ. Stud. 12.

Murinova, S., Dercova, K., Dudasova, H., 2014. Degradation of polychlorinated biphenyls
(PCBs) by four bacterial isolates obtained from the PCB-contaminated soil and PCB-
contaminated sediment. Int. Biodeter. Biodegr. 91, 52-59.

Nabavi, B.F., Nikaeen, M., Amin, M.M., Hatamzadeh, M., 2013. Isolation and identifi-
cation of aerobic polychlorinated biphenyls degrading bacteria. Int. J. Environ.
Health Eng. 2, 47.

Nahar, N, et al., 2015. Bioremediation of hexavalent chromium (VI) by a soil-borne bac-
terium, Enterobacter cloacae B2-DHA AU - Rahman, Aminur. J. Environ. Sci. Health Pt
A 50, 1136-1147. https://doi.org/10.1080/10934529.2015.1047670.

Nancharaiah, Y., Dodge, C., Venugopalan, V., Narasimhan, S., Francis, A., 2010. Immobiliza-
tion of Cr (VI) and its reduction to Cr (IIl) phosphate by granular biofilms comprising
a mixture of microbes. Appl. Environ. Microbiol. 76, 2433-2438.

Ng, T.W., Cai, Q. Wong, C.-K., Chow, A.T., Wong, P.-K., 2010. Simultaneous chromate re-
duction and azo dye decolourization by Brevibacterium casei: azo dye as electron
donor for chromate reduction. J. Hazard. Mater. 182, 792-800.

Nguema, P., Luo, Z,, Jing Lian, J., 2014. Enzymatic Chromium (VI) Reduction by Cytoplas-
mic and Cell Membrane Fractions of Chromate-reducing Bacterium Isolated From
Sewage Treatment Plant. vol 6. https://doi.org/10.5539/ijb.v6n2.

Nguema, P.F,, Luo, Z., 2012. Aerobic chromium (VI) reduction by chromium-resistant bac-
teria isolated from activated sludge. Ann. Microbiol. 62, 41-47.

Nzila, A, Razzak, S.A., Zhu, ]., 2016. Bioaugmentation: an emerging strategy of industrial
wastewater treatment for reuse and discharge. Int. J. Environ. Res. Publ. Health 13,
846.

Oluoch-Otiego, J., et al., 2016. PCBs in fish and their cestode parasites in Lake Victoria. En-
viron. Monit. Assess. 188, 483.

Orozco, A.F., Contreras, E.M,, Zaritzky, N.E., 2010. Cr (VI) reduction capacity of activated
sludge as affected by nitrogen and carbon sources, microbial acclimation and cell
multiplication. ]. Hazard. Mater. 176, 657-665.

Park, C., Keyhan, M., Wielinga, B., Fendorf, S., Matin, A., 2000. Purification to homogeneity
and characterization of a novel Pseudomonas putida chromate reductase. Appl. Envi-
ron. Microbiol. 66, 1788-1795.

Park, J.-W., et al, 2011. The effect of co-substrate activation on indigenous and
bioaugmented PCB dechlorinating bacterial communities in sediment microcosms.
Appl. Microbiol. Biotechnol. 89, 2005-2017.

Patra, R.C,, Malik, S., Beer, M., Megharaj, M., Naidu, R., 2010. Molecular characterization of
chromium (VI) reducing potential in Gram positive bacteria isolated from contami-
nated sites. Soil Biol. Biochem. 42, 1857-1863.

Payne, R.B., Fagervold, S.K.,, May, H.D., Sowers, KR., 2013. Remediation of polychlorinated
biphenyl impacted sediment by concurrent bioaugmentation with anaerobic
halorespiring and aerobic degrading bacteria. Environ. Sci. Technol. 47, 3807-3815.

Pei, Q.H., Shahir, S., Raj, A.S., Zakaria, Z.A.,, Ahmad, W.A., 2009. Chromium (VI) resistance
and removal by Acinetobacter haemolyticus. World ]. Microbiol. Biotechnol. 25,
1085-1093.


http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0225
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0225
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0225
https://doi.org/10.1016/J.JHAZMAT.2021.125411
https://doi.org/10.1016/J.JHAZMAT.2021.125411
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0235
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0235
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0235
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf8000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf8000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf8000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0240
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0240
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0240
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0240
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0245
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0245
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0250
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0250
https://doi.org/10.3389/fenvs.2018.00079
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0260
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0260
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0260
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0265
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0265
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0265
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0270
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0270
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0270
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0275
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0275
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0275
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0280
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0280
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0280
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0285
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0285
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0290
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0290
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0300
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0300
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0300
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0305
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0305
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0310
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0310
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0310
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0315
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0315
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0315
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0320
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0320
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0325
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0325
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0325
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0330
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0330
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0335
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0335
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0340
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0340
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0345
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0345
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0345
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0350
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0350
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0350
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0355
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0360
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0360
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0360
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0365
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0365
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0365
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0370
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0370
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0370
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0375
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0375
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0380
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0380
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0380
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0385
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0385
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0390
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0390
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0390
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0395
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0395
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0395
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0400
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0400
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0400
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0405
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0405
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0410
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0410
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0410
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0415
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0415
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0420
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0420
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0420
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0425
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0425
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0425
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0430
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0430
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0430
https://doi.org/10.3390/molecules23020406
https://doi.org/10.3390/molecules23020406
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0440
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0440
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0445
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0445
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0450
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0450
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0450
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0455
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0455
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0455
https://doi.org/10.1080/10934529.2015.1047670
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0465
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0465
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0465
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0470
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0470
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0470
https://doi.org/10.5539/ijb.v6n2
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0480
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0480
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0485
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0485
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0485
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0490
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0490
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0495
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0495
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0495
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0500
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0500
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0500
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0505
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0505
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0505
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0510
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0510
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0510
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0515
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0515
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0515
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0520
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0520
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0520

M.W. Yasir, M.BA. Siddique, Z. Shabbir et al.

Pereira, M., Bartolomé, M., Sanchez-Fortin, S., 2013. Bioadsorption and bioaccumulation
of chromium trivalent in Cr (IIl)-tolerant microalgae: a mechanisms for chromium
resistance. Chemosphere 93, 1057-1063.

Petri¢, I, Hr3ak, D., Fingler, S., Udikovi¢-Koli¢, N., Bru, D., Martin-Laurent, F., 2011. Insight
in the PCB-degrading functional community in long-term contaminated soil under
bioremediation. J. Soils Sed. 11, 290-300.

Pham, T.T.M,, Rodriguez, NJ.P., Hijri, M., Sylvestre, M., 2015. Optimizing polychlorinated
biphenyl degradation by flavonoid-induced cells of the rhizobacterium Rhodococcus
erythropolis U23A. PLoS One 10, e0126033.

Pieper, D.H., 2005. Aerobic degradation of polychlorinated biphenyls. Appl. Microbiol.
Biotechnol. 67, 170-191.

Providenti, M.A., Lee, H., Trevors, ].T., 1993. Selected factors limiting the microbial degra-
dation of recalcitrant compounds. J. Ind. Microbiol. 12, 379-395.

Qian, J., Wei, L, Liu, R, Jiang, F., Hao, X., Chen, G.-H., 2016. An exploratory study on the
pathways of Cr (VI) reduction in sulfate-reducing up-flow anaerobic sludge bed
(UASB) reactor. Sci. Rep. 6, 23694.

Rehmann, L., Daugulis, A.J., 2008. Bioavailability of PCBs in biphasic bioreactors. Biochem.
Eng. ]. 38, 219-225.

Rezaei, H., 2016. Biosorption of chromium by using Spirulina sp. Arab. J. Chem. 9,
846-853.

Robertson, LW., Hansen, L.G., 2015. PCBs: Recent Advances in Environmental Toxicology
and Health Effects. University Press of Kentucky.

Salvestrini, S., Vanore, P., Bogush, A., Suseeladevi, M., Campos, L.C., 2017. Sorption of Met-
aldehyde using granular activated carbon. J. Water Reuse. Desal. 7 (3), 280-287.
Samuel, J., Pulimi, M., Paul, M.L., Maurya, A., Chandrasekaran, N., Mukherjee, A., 2013.
Batch and continuous flow studies of adsorptive removal of Cr (VI) by adapted bac-

terial consortia immobilized in alginate beads. Bioresour. Technol. 128, 423-430.

Sandrin, T.R., Maier, R.M., 2003. Impact of metals on the biodegradation of organic pollut-
ants. Environ. Health Perspect. 111, 1093-1101.

Sanjay, M.S., Sudarsanam, D., Raj, G.A., Baskar, K., 2020. Isolation and identification of
chromium reducing bacteria from tannery effluent. J. King Saud Univ. Sci. 32 (1),
265-271.

Saxena, G., Chandra, R, Bharagava, R.N,, 2016. Environmental pollution, toxicity profile
and treatment approaches for tannery wastewater and its chemical pollutants.
Reviews of Environmental Contamination and Toxicology. Volume 240. Springer,
pp. 31-69.

Seeger, M., Pieper, D., 2010. Genetics of biphenyl biodegradation and co-metabolism of
PCBs. Handbook of Hydrocarbon and Lipid Microbiology.

Selesi, D., Meckenstock, R.U., 2009. Anaerobic degradation of the aromatic hydrocarbon
biphenyl by a sulfate-reducing enrichment culture. FEMS Microbiol. Ecol. 68, 86-93.

Sen, M., Dastidar, M.G., 2010. Chromium removal using various biosorbents. Iran.
J. Environ. Health Sci. Eng. 7, 182-190.

Shah, M., 2014. Microbial degradation of acid orange dye by an application of Pseudomo-
nas spp. ETL-1979 isolated from the textile dye effluent: an environmental
bioremedial approach. Biotechnology 3, 3.

Sharma, ].K,, Gautam, R.K., Nanekar, S.V., Weber, R,, Singh, B.K, Singh, S.K,, Juwarkar, A.A.,
2017. Advances and perspective in bioremediation of polychlorinated biphenyl-
contaminated soils. Environmental Science and Pollution Research, pp. 1-21.

Shi, T., Wang, Z,, Liu, Y., Jia, S., Changming, D., 2009. Removal of hexavalent chromium
from aqueous solutions by D301, D314 and D354 anion-exchange resins. J. Hazard.
Mater. 161 (2-3), 900-906.

Silva, B.AN.A, Figueiredo, H., Neves, I.C., Tavares, M., 2009. The role of pH on Cr (VI) re-
duction and removal by Arthrobacter viscosus. Int. ]. Chem. Biol. Eng. 2, 100-103.

Simcik, M.F., Basu, I., Sweet, CW., Hites, R.A., 1999. Temperature dependence and tempo-
ral trends of polychlorinated biphenyl congeners in the Great Lakes atmosphere.
Environ. Sci. Technol. 33, 1991-1995.

Singh, N., Verma, T., Gaur, R., 2013. Detoxification of hexavalent chromium by an indige-
nous facultative anaerobic Bacillus cereus strain isolated from tannery effluent. Afr.
J. Biotechnol. 12.

Sobolev, D., Begonia, M., 2008. Effects of heavy metal contamination upon soil microbes:
lead-induced changes in general and denitrifying microbial communities as evi-
denced by molecular markers. Int. J. Environ. Res. Publ. Health 5, 450-456.

Somaraja, P., Gayathri, D., 2016. Biodegradation study of a novel biphenyl-degrading bac-
terial isolate GS-008. Ind. J. Sci. Technol. 9.

Song, H., Liy, Y., Xu, W,, Zeng, G., Aibibu, N., Xu, L., Chen, B., 2009. Simultaneous Cr (VI)
reduction and phenol degradation in pure cultures of Pseudomonas aeruginosa
CCTCC AB91095. Bioresour. Technol. 100, 5079-5084.

Soni, S.K,, Singh, R,, Awasthi, A,, Singh, M., Kalra, A., 2013. In vitro Cr (VI) reduction by cell-
free extracts of chromate-reducing bacteria isolated from tannery effluent irrigated
soil. Environ. Sci. Pollut. Res. 20, 1661-1674.

Steliga, T., Wojtowicz, K., Kapusta, P., Brzeszcz, J., 2020. Assessment of biodegrada-
tion efficiency of polychlorinated biphenyls (PCBs) and petroleum hydrocarbons
(TPH) in soil using three individual bacterial strains and their mixed culture.
Molecules 25, 709.

Sultan, S., Hasnain, S., 2007. Reduction of toxic hexavalent chromium by Ochrobactrum
intermedium strain SDCr-5 stimulated by heavy metals. Bioresour. Technol. 98,
340-344.

12

Science of the Total Environment 779 (2021) 146345

Sun, J., Pan, L, Zhu, L, 2018. Formation of hydroxylated and methoxylated
polychlorinated biphenyls by Bacillus subtilis: new insights into microbial metabo-
lism. Sci. Total Environ. 613, 54-61.

Tadesse, G.L.,, Guya, T.K,, Walabu, M., 2017. Impacts of tannery effluent on environments
and human health: a review article. Adv. Life Sci. Technol. 54, 10.

Tang, X., Hashmi, M.Z,, Long, D., Chen, L., Khan, M.L, Shen, C., 2014. Influence of heavy
metals and PCBs pollution on the enzyme activity and microbial community of
paddy soils around an e-waste recycling workshop. Int. ]. Environ. Res. Publ. Health
11,3118-3131.

Tariq, S.R., Shah, M.H., Shaheen, N., Khalique, A., Manzoor, S., Jaffar, M., 2006. Multivariate
analysis of trace metal levels in tannery effluents in relation to soil and water: a case
study from Peshawar. Pak. J. Environ. Manage. 79, 20-29.

Tehrani, R,, Van Aken, B., 2014. Hydroxylated polychlorinated biphenyls in the environ-
ment: sources, fate, and toxicities. Environ. Sci. Pollut. Res. 21, 6334-6345.

Teimouri, F., Nikaeen, M., Amin, M.M., 2015. Biodegradation performance of sequencing
batch biofilm reactor for polychlorinated biphenyls in transformer oil. J. Biodivers.
Environ. Sci. (JBES) 6, 65-74.

Tekerlekopoulou, A.G., Tsiamis, G., Dermou, E., Siozios, S., Bourtzis, K., Vayenas, D.V., 2010.
The effect of carbon source on microbial community structure and Cr (VI) reduction
rate. Biotechnol. Bioeng. 107, 478-487.

Thacker, U., Parikh, R., Shouche, Y., Madamwar, D., 2006. Hexavalent chromium reduction
by Providencia sp. Proc. Biochem. 41, 1332-1337.

Thanikaivelan, P., Rao, J.R., Nair, B.U., Ramasami, T., 2005. Recent trends in leather making:
processes, problems, and pathways. Crit. Rev. Environ. Sci. Technol. 35, 37-79.

Thatheyus, AJ., Ramya, D., 2016. Biosorption of chromium using bacteria: an overview.
Sci. Int. 4, 74-79.

Thavamani, P., Malik, S., Beer, M., Megharaj, M., Naidu, R., 2012. Microbial activity and di-
versity in long-term mixed contaminated soils with respect to polyaromatic hydro-
carbons and heavy metals. J. Environ. Manage. 99, 10-17.

Tremaroli, V., Vacchi Suzzi, C,, Fedj, S., Ceri, H., Zannoni, D., Turner, RJ., 2010. Tolerance of
Pseudomonas pseudoalcaligenes KF707 to metals, polychlorobiphenyls and
chlorobenzoates: effects on chemotaxis-, biofilm-and planktonic-grown cells. FEMS
Microbiol. Ecol. 74, 291-301.

Tripathi, M., Garg, S.K., 2013. Co-remediation of pentachlorophenol and Cr°* by free and
immobilized cells of native Bacillus cereus isolate: spectrometric characterization of
PCP dechlorination products, bioreactor trial and chromate reductase activity. Proc.
Biochem. 48, 496-509.

Tripathi, M., Garg, S.K., 2014. Dechlorination of chloroorganics, decolorization, and simul-
taneous bioremediation of Cr®* from real tannery effluent employing indigenous
Bacillus cereus isolate. Environ. Sci. Pollut. Res. 21, 5227-5241.

Tu, C, et al., 2011. Potential for biodegradation of polychlorinated biphenyls (PCBs) by
Sinorhizobium meliloti. J. Hazard. Mater. 186, 1438-1444.

Tyagi, M., da Fonseca, M.M.R., de Carvalho, C.C., 2011. Bioaugmentation and biostim-
ulation strategies to improve the effectiveness of bioremediation processes.
Biodegradation 22, 231-241.

Vasilyeva, G., Strijakova, E., 2007. Bioremediation of soils and sediments contaminated by
polychlorinated biphenyls. Microbiology 76, 639-653.

Vergani, L., et al., 2017. Phyto-rhizoremediation of polychlorinated biphenyl contami-
nated soils: an outlook on plant-microbe beneficial interactions. Sci. Total Environ.
575, 1395-1406.

Viamajala, S., Peyton, B.M., Gerlach, R., Sivaswamy, V., Apel, W.A., Petersen, J.N., 2008.
Permeable reactive biobarriers for in situ Cr (VI) reduction: bench scale tests using
Cellulomonas sp. strain ES6. Biotechnol. Bioeng. 101, 1150-1162.

Wan, AA, Zainul, A.Z., Ali, RK,, Muhamad, A.A,, Shaik, I, 2010. Pilot-scale removal of chro-
mium from industrial wastewater using the ChromeBacTM system. Bioresour.
Technol. 101, 4371-4378.

Wani, P.A., Wahid, S., Khan, M.S.A., Rafi, N., Wahid, N., 2019. Investigation of the role
of chromium reductase for Cr (VI) reduction by Pseudomonas species isolated
from Cr (VI) contaminated effluent. Biotechnol. Res. Innov. 3, 38-46.

Wiegel, ], Wy, Q., 2000. Microbial reductive dehalogenation of polychlorinated biphenyls.
FEMS Microbiol. Ecol. 32, 1-15.

Wittich, R.-M.,, Lang, E., Hernandez-Sanchez, V., 2013. The three-species consortium of ge-
netically improved strains Cupriavidus necator RW112, Burkholderia xenovorans
RW118, and Pseudomonas pseudoalcaligenes RW120 grows with technical
polychlorobiphenyl, Aroclor 1242. Front. Microbiol. 4, 90.

Wu, Q., Watts, J.E., Sowers, K.R., May, H.D., 2002. Identification of a bacterium that specif-
ically catalyzes the reductive dechlorination of polychlorinated biphenyls with dou-
bly flanked chlorines. Appl. Environ. Microbiol. 68, 807-812.

Xiao, W., Wang, L., Li, Z,, Zhang, S., Ren, D., 2008. Mechanisms and enzymatic characters of
hexavalent chromium reduction by Bacillus cereus S5. 4. Huan Jing Ke Xue =
Huanjing Kexue 29, 751-755.

Xu, W.-H,, Liy, Y.-G., Zeng, G.-M.,, Li, X., Song, H.-X,, Peng, Q.-Q., 2009. Characterization of
Cr(VI) resistance and reduction by Pseudomonas aeruginosa. Trans. Nonferr. Metals
Soc. China 19, 1336-1341. https://doi.org/10.1016/S1003-6326(08)60446-X.

Zhu, W., Chai, L,, Ma, Z., Wang, Y., Xiao, H., Zhao, K., 2008. Anaerobic reduction of
hexavalent chromium by bacterial cells of Achromobacter sp. strain Ch1. Microbiol.
Res. 163, 616-623.

Zwiernik, M., Quensen, J.F., Boyd, S.A., 1998. FeSO, amendments stimulate extensive an-
aerobic PCB dechlorination. Environ. Sci. Technol. 32, 3360-3365.


http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0525
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0525
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0525
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0530
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0530
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0530
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0535
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0535
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0535
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0540
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0540
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0545
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0545
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0550
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0550
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0550
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0555
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0555
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0560
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0560
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0565
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0565
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf6000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf6000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0570
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0570
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0575
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0575
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0580
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0580
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0580
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0585
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0585
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0585
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0585
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0590
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0590
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0595
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0595
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0600
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0600
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0605
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0605
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0605
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0610
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0610
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf4000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf4000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf4000
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0615
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0615
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0620
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0620
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0620
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0625
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0625
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0625
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0630
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0630
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0630
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0635
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0635
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0640
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0640
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0640
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0645
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0645
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0645
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0650
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0650
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0650
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0650
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0655
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0655
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0655
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0660
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0660
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0660
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0665
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0665
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0670
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0670
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0670
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0670
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0675
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0675
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0675
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0680
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0680
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0685
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0685
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0685
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0690
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0690
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0695
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0695
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0700
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0700
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0705
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0705
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0710
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0710
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0710
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0715
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0715
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0715
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0715
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0720
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0720
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0720
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0720
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0720
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0725
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0725
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0725
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0725
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0730
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0730
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0735
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0735
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0735
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0740
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0740
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0745
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0745
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0745
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0750
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0750
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0755
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0755
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0755
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0760
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0760
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0760
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0765
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0765
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0770
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0770
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0770
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0770
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0775
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0775
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0775
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0780
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0780
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0780
https://doi.org/10.1016/S1003-6326(08)60446-X
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0790
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0790
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0790
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0795
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0795
http://refhub.elsevier.com/S0048-9697(21)01413-3/rf0795

	Biotreatment potential of co-�contaminants hexavalent chromium and polychlorinated biphenyls in industrial wastewater: Indi...
	1. Introduction
	2. Toxicity of PCBs and Cr(VI)
	3. Microbial degradation pathways of PCBs
	3.1. Aerobic PCB degradation
	3.2. Anaerobic PCB dechlorination

	4. Biological metabolisms for Cr(VI) transformation
	4.1. Biological accumulation and sorption of Cr(VI)
	4.2. Cr(VI) biotransformation through enzymes

	5. Environmental conditions affecting PCBs and Cr(VI) biotransformation
	5.1. pH and temperature
	5.2. Carbon sources/co-substrate
	5.3. PCBs and Cr(VI) concentration
	5.4. Metal ions and electron complexes

	6. Simultaneous approaches for biotransformation of Cr(VI) and PCBs
	7. Bioaugmentation strategies for biotransformation of Cr(VI) and PCBs
	8. Future challenges
	9. Conclusion
	Declaration of competing interest
	References




