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Abstract
Chromium is a carcinogenic toxicant widely used in many industries. The concentration of chromium is increasing in various
areas of the world causing threat to living beings. Bioremediation is an inexpensive and eco-friendly approach to detoxify such
contaminants. Many bacteria can live both as free cells (planktonic) and as biofilms (sessile), and the pattern of chromium
reduction is different in these live forms. In the present study, chromium reduction by planktonic cells and biofilms of bacteria
was determined in a comparative manner. Chromium-resistant bacteria capable of biofilm formation were isolated from con-
taminated soil and wastewater. The bacteria were characterized morphologically and biochemically, and identified by 16S rRNA
gene sequencing. Cr(VI) reduction by planktonic cells and biofilms was determined over different periods of incubation. The
wastewater isolates showed significant resistance against Cr(VI). Minimum inhibitory concentration (MIC) of Cr (VI) was found
to be 900 μg ml−1 for Staphylococcus simulans KW1 and Staphylococcus hominis KW2. Whereas, Bacillus cereus KW4 and
Staphylococcus equorum KS1 showed MIC values of 800 μg ml−1 and 850 μg ml−1 respectively. Among all the isolates,
maximum biofilm formation was shown by Staphylococcus equorum KS1 both qualitatively and quantitatively. Planktonic cells
of these bacteria were more efficient in Cr(VI) reduction as compared to their biofilms in 24 h. Maximum Cr(VI) reduction in
planktonic form was shown by Staphylococcus simulans KW1 (27.9 μg ml−1, 55%), whereas in biofilm mode of growth the
maximum Cr(VI) reduction was shown by Staphylococcus equorum KS1 (4.6 μg ml−1, 9.2%). The results show that for faster
Cr(VI) reduction in wastewater the planktonic form of these bacteria is more suited.
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Introduction

Unchecked industrialization and unwise use of natural re-
sources are the most important reasons for the deterioration

of natural environment around the globe (Bhargava et al.
2012; Dhal et al. 2013). Heavy metals are of great concern
among all the pollutants. These heavy metals can accumulate
in food chains and can badly affect living beings as these are
toxic in nature (Dixit et al. 2015). Chromium (Quintelas et al.
2013) is one such toxic heavy metal. Though Cr in the form of
trivalent ion (Cr III) is required as a micronutrient by many
living organisms (Lewicki et al. 2014), however, the elevated
concentration of this metal can cause serious hazards to life as
it is carcinogenic and mutagenic.

Cr in different forms such as metallic Cr, Cr (III) and Cr (VI)
is used in different industrial processes such as leather tanning,
electroplating, manufacturing of alloys, in chemical and pigment
synthesis, mining procedures and petroleum refining. There are
two stable forms of this metal: Cr(VI) and Cr(III). The former is
highly soluble and toxic as compared to the latter which is less
soluble and less toxic (Oliveira 2012; Mishra and Bharagava
2016). Cr VI containing solid and liquid wastes are produced
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from these industries on regular basis and are discharged into the
environment in many areas of the world, thus contaminating
water and soil (Avudainayagam et al. 2003; Oliveira 2012;
Tripathi et al. 2012; Mishra and Bharagava 2016). This contam-
ination of water and soil causes toxicity and carcinogenicity for
living beings (Dhal et al. 2013).

Remediation efforts focus on reduction-mediated immobiliza-
tion of Cr. When Cr(VI) is converted to Cr(III), its mobility
decreases. Conventional methods such as precipitation by the
use of chemicals, electrochemical processing, membrane filtra-
tion, ion exchange mechanisms, redox processes, reverse osmo-
sis and extraction through solvents for the reduction/removal of
Cr are neither cost effective nor eco-friendly and are difficult to
operate (Agarwal et al. 2006; Ahluwalia and Goyal 2007). This
difficulty can be overcome by developing some innovative, cost
effective and eco-friendly chromium remediation methods.
Microbial reduction of Cr is a cost-effective and environment
friendly strategy. Bioremediation is the deliberate use of micro-
organisms for the detoxification/removal of contaminants from
the environment and has several advantages over the convention-
al methods (Wadood and Sabri 2013). The major advantage of
using this technology includes no or minimum harm to the envi-
ronment and the living organisms. Moreover, no toxic chemicals
are used in this approach.

Both planktonic and sessile (biofilms) bacteria can be used
for bioremediation. Biofilm is a sessile bacterial community
formed on abiotic or biotic surfaces and encapsulated in a self-
produced matrix of extracellular polymeric substance
consisting majorly of different polysaccharides and proteins.
This sessile mode of bacterial life provides them extra benefits
to withstand harsh environment and tolerate environmental
pollutants. Biofilm-based bioremediation is considered as an
efficient and advantageous strategy because in this mode of
growth the bacteria have the ability to absorb, adsorb and
immobilize the pollutants (Quintelas et al. 2013; Hoh et al.
2016; Mitra and Mukhopadhyay 2016).

The aim of the present study was to compare chromium
reduction ability of bacteria in planktonic and biofilm modes
of growth. The major objectives to achieve this aim were to
isolate and characterize Cr-resistant bacteria from indigenous
environment, assess their biofilm forming ability and estimate
chromium reduction by planktonic cells and biofilms of these
bacteria in a comparative manner.

Materials & methods

Sample collection and isolation of Cr-resistant
bacteria

Wastewater and soil samples were collected from wastewater
treatment plant Kasur, Punjab, in sterilized screw capped bot-
tles and plastic zipper bags, respectively. For bacterial

isolation, 50 μl wastewater samples and 50 μl of 10−4 dilution
of soil samples were plated on Cr(VI)-supplemented LB agar
plates (K2CrO4, 100 μg ml−1). The petri plates were then
incubated aerobically at 37 °C for a period of 24 h. After
incubation, the colonies were selected based on morphologi-
cal differences and purified on Cr(VI)-supplemented LB agar
using quadrant streaking method. Morphological and bio-
chemical analysis of Cr-resistant bacteria was performed as
given by Cappuccino and Sherman (2007).

Optimization of bacterial growth

The physiological characterization included the determination
of pH and temperature optima for the growth of isolated bac-
teria. LB broth flasks maintained at pH 5, 6, 7 and 8 were
prepared and autoclaved. For the determination of temperature
optima, three sets of LB broth medium were prepared and
sterilized. For each set (both for pH and temperature), blank
LB medium without inoculum was used as control. Media
flasks were inoculated with 100 μl of overnight cultures set
at 0.1 OD600. The flasks for pH optima determination were
incubated at 37 °C at 100 rpm for 24 h, whereas the flasks for
the determination of optimum temperature were incubated at
25, 37 and 45 °C at 100 rpm for 24 h. After the completion of
the incubation, the OD600nm was measured with the help of a
spectrophotometer (IRMECO UV-VIS).

Determination of Cr resistance by the bacterial
isolates

Resistance against Cr (VI) was checked by broth dilution
method as reported by Randrianarivelo et al. (2009). LB broth
(5 ml culture media per test tube) was prepared and supple-
mented with varying concentrations of Cr(VI) (0–1000 μg
ml−1, with 50 μg ml−1 intervals) and autoclaved. McFarland
standards were prepared at OD600=0.1 using overnight bacte-
rial cultures, and 50 μl of these was inoculated in the Cr(VI)-
supplemented media tubes. The inoculated tubes were put on
24-h incubation at 100 rpm and 37 °C. The tubes were then
visualized for presence or absence of growth.

Determination of biofilm forming ability of the
bacterial isolates

Initially, the biofilm forming ability of the isolated bacteria
was checked by a qualitative ring-test assay. Bacterial isolates
were inoculated in LB broth with (50 μg ml−1) and without
Cr(VI). These tubes were then incubated under static condi-
tions at a temperature of 37 °C for a period of 24 h. Following
the incubation, the liquid culture was decanted, and the tubes
were air dried and stained with 0.1% crystal violet at room
temperature for 20 min. Excess stain was removed, and the
tubes were washed with autoclaved deionized water and air
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dried at room temperature. The tubes were then observed for
the presence of a purple ring (Qurashi and Sabri 2012).

The quantitative biofilm formation was studied in sterile
96-well microtitre plates. Overnight bacterial cultures were
standardized (OD600 = 0.1) for the inoculation. Two sets of
sterilized LB broth medium, one with (50 μg ml−1) and one
without Cr (VI), were prepared and dispensed (250 μl/well) in
microtitre plates. Before inoculation, the wells were labeled
accordingly. Each experimental well was inoculated with
20 μl of bacterial cultures (OD600 = 0.1) accordingly. The
wells for negative control contained the broth without inocu-
lum. The plates were incubated at 37 °C for 24 h. After the
completion of the incubation period, the contents of each well
were decanted, and wells were washed with sterile distilled
water (300 μl/well) thrice. The attached bacteria (biofilms)
were fixed using methanol (200 μl/well) for 15 min. After
that, the methanol was discarded, and plates were left to air
dry. The biofilms were stained for 5 min with 160 μl of crystal
violet per well. The plates were washed with tap water to
remove extra stain and then air dried. The optical density
(OD) of microtitre plates was measured at 570 nm by an
ELISA plate reader, after solubilizing the crystal violet dye
with 33% glacial acetic acid (160 μl/well) (Yassien and
Khardori 2001; Stepanović et al. 2003).

The bacterial isolates can be classified into three categories
according to the criteria given by Christensen et al. (1985):
absorbance < 0.125 = non biofilm formers, absorbance be-
tween 0.125 and 0.25 = weak biofilm formers and absorbance
> 0.25 = strong biofilm formers.

Determination of bacterial reduction of Cr in
planktonic and biofilm modes of growth

Cr(VI) reduction was determined both by planktonic cells and
biofilms of the bacteria. Planktonic cells were prepared by
inoculating sterilized LB broth flasks and incubating them at
37 °C, 120 rpm shaking, overnight. To immobilize bacterial
cells onto the glass slides (bacterial biofilms), clean glass
slides were placed in the flasks containing LB broth and
autoclaved. These flasks were then inoculated with overnight
bacterial cultures (OD600 = 0.1) and incubated at 37 °C for a
period of 48 h under static conditions.

Two sets of LB broth medium were prepared and
autoclaved (50 ml medium per flask). The flasks were supple-
mented with 50 μg ml−1 Cr(VI). One of the sets designated for
planktonic cultures was inoculated with overnight bacterial
cultures (OD600=0.1). The second set of flasks was inoculated
with glass slides containing immobilized bacterial cells
(biofilms). Planktonic culture flasks were incubated at 37 °C
and 100 rpm for 24 h, whereas the flasks with biofilms of
bacteria were incubated at 37 °C under static conditions for
24 h. Uninoculated flasks were used as control.

After incubation, samples were drawn from each flask
(both planktonic and biofilms), centrifuged at 10,000 rpm
and supernatants were separated. One hundred microliters of
diphenylcarbazide solution (0.25 g diphenylcarbazide, 100 ml
acetone and 1.0 drop H3PO4) was added to 1 ml of appropri-
ately diluted (usually 1/200) supernatant sample and placed at
room temperature for 10 min for the development of purple-
colored complex. OD540nm was measured using an IRMECO
UV-VIS spectrophotometer (Desjardin et al. 2003).

DNA isolation, 16S rDNA amplification and
sequencing

Genomic DNA of four bacterial isolates showing best results
was isolated using the method described by Wilson (2001).
Universal primers (27F and 1492R) were used to amplify the
16S rRNA genes of the bacterial isolates.. Polymerase chain
reaction (PCR) was carried out according to the conditions
described by Mohsin et al. (2019). The purity of the PCR
products was analyzed by agarose gel electrophoresis. The
PCR products were got sequenced from Macrogen Inc.
(South Korea) through dideoxy sequencing. The quality of
the obtained sequences was checked using Finch TV
(Geospiza, Inc. Seattle,WA), and the sequences were cleaned.
Contigs were made using NCBI 2-sequence BLAST followed
by classification through NCBI-BLAST using 16S rRNA da-
tabase. Nearest homologous sequences were downloaded, and
phylogenetic trees were made using Mega 5.0 (Tamura et al.
2011). The sequences were submitted in GenBank, and acces-
sion numbers were obtained.

Statistical analysis

All experiments were performed in triplicates or mentioned
otherwise. Mean values were plotted where error bars repre-
sent the standard deviation. Microsoft Excel 2016 was used
for the analysis.

Results

Isolation of Cr-resistant bacteria

Six morphologically diverse bacterial colonies were selected
from the two types of samples plated on LB agar plates con-
taining 100 μg ml−1 Cr(VI). Four bacterial isolates were from
wastewater sample, while two of them were from the soil
sample. These selected bacteria were purified and labeled as
KW1, KW2, KW3 and KW4 (from wastewater) and KS1 and
KS2 (from soil sample). The results of morphological and
biochemical characterization have been shown in Table 1.
The optimum temperature and pH were found to be 37 °C
and 7 respectively for all the bacterial isolates (Figs. 1 and 2).
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Identification of the isolated bacteria

Analysis of 16S rRNA gene sequences of the bacterial isolates
showed that the bacteria belonged to Staphylococcus and
Bacillus genera. KS1, KW1, KW2 and KW4 were identified
as Staphylococcus equorum, Staphylococcus simulans,
Staphylococcus hominis and Bacillus cereus, respectively.
The accession numbers assigned to the sequences submitted
to GenBank are given in Table 2. The phylogenetic tree of
these sequences constructed along with nearest homologues
from NCBI BLAST results also confirmed the identity of
these isolates (Fig. 3).

Cr resistance by the bacterial isolates

Resistance against Cr(VI) by the bacterial isolates ranged from
650 to 900 μg ml−1. The bacterial isolates KW3 and KS2
resisted Cr(VI) up to 650 μg ml−1, Bacillus cereus KW4
resisted Cr(VI) up to 800 μg ml−1, Staphylococcus equorum
KS1 resisted Cr(VI) up to 850 μg ml−1 whereas
Staphylococcus simulans KW1 and Staphylococcus hominis
KW2 resisted Cr(VI) up to 900 μg ml−1 (Fig. 4).

Biofilm formation by the bacterial isolates

Both qualitative and quantitative assays showed that all the
isolated bacteria were biofilm formers in LB broth medium in
the absence of Cr(VI). Qualitatively, biofilm was seen as

purple rings on the walls of the test tubes visible after staining
with 0.1% crystal violet following the incubation (Fig. 5).
Quantitatively, the results of biofilm formation were shown
as the values of optical density (Fig. 6). When given 50 μg
ml−1 Cr(VI) in the media, only four bacterial isolates
(Staphylococcus simulans KW1, Staphylococcus hominis
KW2, Bacillus cereus KW4 and Staphylococcus equorum
KS1) were able to form biofilms (Table 3). Staphylococcus
equorumKS1 showedmaximum biofilm formation both qual-
itatively and quantitatively (Figs. 5 and 6). These four bacte-
rial isolates were selected for further experiments.

Table 1 Morphological and biochemical characterization of bacterial isolates

Characteristic Bacterial isolates

KW1 KW2 KW3 KW4 KS1 KS2

Size Small Small Medium Large Small Small

Shape Round Round Irregular Irregular Round Round

Color Off-white Off-white Off-white Off-white Yellowish White

Margins Entire Undulate Undulate Undulate Entire Entire

Elevation Flat Flat Flat Flat Convex Raised

Texture Smooth Smooth Smooth Smooth Smooth Smooth

Cell shape Cocci Cocci Bacilli Bacilli Cocci Bacilli

Gram staining Gram positive Gram positive Gram positive Gram positive Gram positive Gram positive

Biochemical tests

Catalase +ve +ve +ve +ve +ve +ve

Cytochrome oxidase −ve −ve −ve −ve −ve −ve
Urease test +ve +ve +ve −ve +ve +ve

OF test Facultative
anaerobe

Facultative
anaerobe

Facultative
anaerobe

Facultative
anaerobe

Facultative
anaerobe

Facultative
anaerobe

Gelatin hydrolysis −ve −ve −ve RH −ve −ve
Hydrogen sulfide

test
−ve −ve −ve −ve −ve −ve

OF oxidation fermentation, RH rapid hydrolysis
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Fig. 1 Growth of bacteria at different temperatures. Best growth was
observed at 37 °C
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Cr reduction by planktonic cells and biofilms of the
bacteria

In planktonic form, highest concentration of Cr(VI) was re-
duced by Staphylococcus simulans KW1 (27.9 μg ml−1,
55%), followed by Staphylococcus hominis KW2 (23.7 μg
ml−1, 47.4%) and Bacillus cereus KW4 (6.16 μg ml−1,
12 .3%) . No Cr (VI ) r educ t ion was de t ec t ed by
Staphylococcus equorum KS1 planktonic cells (Fig. 7). In
case of biofilms, Staphylococcus equorum KS1 showed
4.6 μg ml−1 (9.2%) Cr(VI) reduction, whereas no detectable
Cr(VI) reduction was observed by biofilms of the other bac-
terial isolates.

Discussion

Cr is a carcinogenic and mutagenic pollutant which is
discharged by a number of industries in our environment
and causes a great threat to living organisms (Ahemad
2014). Attention has been lately focused on bioremediation
processes which involve microbes to detoxify toxicants. A
large number of bacterial species are known to reduce
Cr(VI) to its less toxic form by using different cellular

mechanisms (Samuel et al. 2013; Ahemad 2015). In this
study, most of the bacteria (KW1, KW2 and KW4) that
resisted highest concentration of Cr(VI) belonged to the
wastewater sample. Maximum Cr(VI) reduction, in plankton-
ic mode of growth, was also shown by bacteria isolated from
wastewater (Staphylococcus simulans KW1, Staphylococcus
hominis KW2 and Bacillus cereus KW4) as compared to the
soil-borne bacteria. In wastewater environment, mostly bacte-
ria are in planktonic mode of life because of the moving nature
of the water, and microorganisms are more readily exposed to
toxic substances which enables them towork efficiently in this
mode of life (Elahi and Rehman 2019; Liu et al. 2020). On the
contrary, soil, being a complex matrix, offers many microsites
where microbes can keep their selves safe from the exposure
and hazardous effects of the toxicants, and this enables bacte-
ria to exist mostly in biofilm mode which increases their effi-
ciency in this mode of life for various processes including Cr
reduction (Almås et al. 2005; SU et al. 2019). Thus, the mi-
crobes surviving in wastewater can have more resistance to
the toxicants as compared to the microbes present in contam-
inated soil (Qamar et al. 2017). In this study, soil-borne bac-
teria showed more biofilm formation as compared to the other
bacteria even in the presence of Cr(VI). Out of all the bacterial
isolates, Staphylococcus equorumKS1 showed most firm and

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

K
W

1

K
W

2

K
W

3

K
W

4

K
S

1

K
S

2

K
W

1

K
W

2

K
W

3

K
W

4

K
S

1

K
S

2

K
W

1

K
W

2

K
W

3

K
W

4

K
S

1

K
S

2

K
W

1

K
W

2

K
W

3

K
W

4

K
S

1

K
S

2

5 6 7 8

mn
006

ta
ytisnedlacitp

O
pH

Fig. 2 Growth of bacteria at
different pH. Best growth was
observed at pH 7

Table 2 16S rRNA gene sequence-based identification of the bacteria

Bacterial isolate Name of bacteria identified Accession numbers % similarity of isolates with subject sequences

KS1 Staphylococcus equorum MN420848 99.46% (Staphylococcus equorum strain ST261
EU350366.1)

KW1 Staphylococcus simulans MN420849 99.53% (Staphylococcus simulans strain FDAARGOS124
CP014016.2)

KW2 Staphylococcus hominis MN420850 99.80% (Staphylococcus hominis strain FDAARGOS745
CP050982.1)

KW4 Bacillus cereus MN420851 99.67% (Bacillus cereus strain FDAARGOS798
CP053954.1)
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thick biofilm formation both with and without Cr(VI).
Majority of the soil-borne bacteria are known to have biofilm
forming character (Foster 1981; Lünsdorf et al. 2000;
Burmølle et al. 2007). The key of Cr reduction is their survival

in such harsh conditions so that microorganisms (bacteria)
reduce toxic hexavalent chromium into less toxic chromium
to make the environment better for their survival. The bacteria
in this study belonged to two different genera namely

Fig. 3 Phylogenetic tree for the
Cr-resistant bacteria constructed
using MEGA 5 software with the
nearest homologous sequences
from NCBI nucleotide database.
The bacteria were identified as
Staphylococcus and Bacillus
species
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Staphylococcus and Bacillus. Cr-resistant Staphylococcus and
Bacillus species have also been reported by other researchers
(Ilias et al. 2011; Upadhyay et al. 2017).

Many researchers have used biofilms as tools for bioreme-
diation and have reported increased resistance to metals by
biofilms (Priester et al. 2006; Harrison et al. 2007;
Nancharaiah et al. 2010). However, many researchers have
also reported that planktonic bacterial cells are more efficient
in reducing Cr(VI) as compared to their biofilm mode of
growth (Chen et al. 2012; Pan et al. 2014). Toxicants are more
readily available to planktonic bacteria due to larger surface
area as compared to biofilms. This could be a reason of higher
Cr(VI) reduction by planktonic bacteria as compared to
biofilms. This is especially true for shorter incubation times,
as in our study. For instance, Saba et al. (2018) reported
3.73 mmol l−1 As(V) reduction in 48 h by planktonic cells
and 3.6 mmol l−1 As(V) reduction in 72 h by biofilms of the
same bacterial species. This is a clear indication of fast reduc-
tion by planktonic cells as compared to biofilms. Biofilms,

being more resilient as compared to planktonic cells, might
be more suited for longer incubation times. Pan et al. (2014)
also reported higher Cr reduction by planktonic cells as com-
pared to the biofilms. They also suggested that the unavail-
ability of the active sites during the biofilm formation could be
a reason behind it. In biofilms, most of the cells are hidden
inside the EPS matrix, and only the cells exposed to the out-
side can reduce chromium. This can lead to lower chromium
reduction by biofilms as compared to planktonic cells. Cr (VI)
reduction by bacteria can be enzymatic or non enzymatic pro-
cess. Cr(VI) reduction under aerobic conditions commonly
uses soluble cytoplasmic reductases which use NADH/
NADPH as coenzymes for Cr (VI) reduction (Zhu et al.
2019). Nonenzymatic Cr(VI) reduction usually uses intracel-
lular or extracellular chemical species like organic acids, glu-
tathione or other microbial metabolites (Ahemad 2014). It was
also observed in this study, the planktonic mode of growth
showed higher Cr reduction as compared to the biofilm mode
of growth.

Conclusion

In this study, we compared Cr reduction by planktonic cells
and biofilms of Cr-resistant bacteria. The bacteria were isolat-
ed from indigenous soil and wastewater. It was found that in
planktonic form, the bacteria isolated from wastewater
showed maximum Cr reduction, whereas in biofilm mode
the bacteria isolated from soil showedmaximumCr reduction.
However, irrespective of the isolation source, the Cr reduction
was rapid and higher by planktonic cells. Therefore, the plank-
tonic form of these bacteria should be preferred for Cr(VI)
reduction for the bioremediation of wastewater. The use of
“indigenous environment” means that microorganisms
(bacteria) are adapted to the environment and are more capa-
ble of cleaning the environment laden with such toxic metal
ions. So these isolated bacteria can be used to remediate the

Table 3 Biofilm formation by bacterial isolates with or without
chromium

Bacterial strains Biofilm production
with chromium

Biofilm production
without chromium

KW1 + +

KW2 + ++

KW3 - +

KW4 + ++

KS1 ++ +++

KS2 - +

+ indicates the formation of biofilm; - indicates the absence of biofilm

Fig. 5 A representative image for the thickness of biofilm ring. a shows a
thick and firm biofilm ring, and b shows a thin biofilm ring
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indigenous environment (from where they have been isolated)
using shorter incubation times as revealed by the study.
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