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Abstract
Heavy metals pose a serious threat to the environment and their continuous accumulation cause ecological imbalance. Biosorption of heavy metals by
bacteria is a conventional process. However, the meagre performance of bacterial biomass in situ limits their applications. Magnetotactic bacteria are
microaerophilic organism that possesses an active metal transport system for the biomineralization of iron oxide particles. On this basis, this work
investigates the ability of chosen Magnetospirillum strains, viz, MSR-1 RJS2, RJS5, RJS6, and RJS7 to uptake the heavy metals through biomineralization.
Metals such as cadmium, lead, zinc, manganese, nickel, chromium, and cobalt were supplemented independently (1 ppm and 10 ppm) in previously optimized
MS1 media as a sole electron donor and its utilization by the bacteria were determined by Atomic Absorption Spectroscopy (AAS). Further, the optimal
time/days and metal concentration for e�cient biosorption were optimized. All the strains were grown in presence of metals and the growth pattern was
found to be unaltered due to metal concentration. The AAS analysis revealed metal biosorption (1 ppm) by all �ve strains. RJS5 strain utilized all the metals
viz, cadmium (95.8%), manganese (39.3%), lead (58%), nickel (57%), zinc (55%), chromium (27.5%) and cobalt (78%). Similarly, RJS2 strain showed metal
biosorption in cadmium (26.4%), manganese (28%), lead (96%), nickel (30%), zinc (9.2%), chromium (51%) and cobalt (48%). The strain MSR-1 displayed
biosorption of �ve metals- chromium (100%), cadmium (55%), manganese (12%), cobalt (40%) and nickel (4%). Both RJS6 and RJS7 displayed signi�cant
biosorption of six metals  cadmium (52%), manganese (17.2%), nickel (10%), zinc (34%), chromium (100%) and cobalt (59%) and cadmium (24%),
manganese (22%), nickel (7.8%), zinc (40%), chromium (69%) and cobalt (28%) respectively. Metal biosorption in MSR-1 was higher in 10 ppm than 1 ppm
concentration. Moreover, metals – lead and nickel biosorption was more evident in 10 ppm concentration by MTBs. RJS5 being the effective strain was
exposed to a high concentration of lead, cadmium, and zinc. AAS analysis revealed the biosorption of lead (93.42%) at a 50 ppm concentration. The strains
were further exposed for metal biosorption from tannery e�uents. RJS6 showed higher biosorption of metals compared to other strains with nickel (88%) and
zinc (81%). RJS2 displayed signi�cant biosorption of manganese (82%) and cobalt (96%). The other three strains MSR-1, RJS5, and RJS7 showed moderate
biosorption of metals from tannery e�uent. The MTB strains showed biosorption against all the metals from tannery e�uent. The ability of these strains to
remove heavy metals from industrial waste can be further explored for a clean environment.

1. Introduction
Heavy metals have profound applications in industries as well as in other �elds like agriculture and medicine (Qu et al., 2014). However, the incessant use of
heavy metals such as chromium, lead, mercury, etc poses a serious threat to the ecosystem (Madhuppriya et al., 2020). For instance, the untreated tannery
e�uent discharged into water bodies adds numerous heavy metals such as chromium, lead, cadmium to it (Marzan et al., 2017; Qu et al. 2014). These heavy
metals accumulate in the water bodies and soil and consecutively cause long-term detrimental effects to plants, animals, and bene�cial microorganisms
directly or indirectly (Liu et al., 2015). Continuous exposer to heavy metals is reported to cause genotoxicity or immunotoxicity (Banday et al., 2017).

Though there are several physical and chemical methods practiced in the treatment of tannery, they are unsatisfactory due to their high capital input, energy
consumption, low e�ciency, complicated process, and generation of secondary pollutant (Piccin et al., 2016; Mella et al., 2018; Mishra et al., 2019). Therefore,
an alternative strategy is the need of the hour.

A possible alternative could be to use metal utilizing bacteria for heavy metal removal (Yin et al., 2019). Bioremediation of namely cadmium, lead, iron, cobalt,
and sulphur have been already achieved by using Pseudomonas aureuginosa, Thiobacillus ferroxidans and Leptospirillum ferroxidans Lactobacillus
fermentum and Lactobacillus plantarum strains Alphaproteobacterium MTB-KTN90 (Tajer-Mohammad-Ghazvini et al., 2016; Kirillova et al., 2017; Chellaiah,
E.R., 2018. Much attention has been paid towards biosorbents in past years for their excellent adsorption properties, low-cost process; however, separation of
metal-bearing bacteria from the environment is not possible (Das 2010; Tanaka et al., 2016).

Recently, Magnetotactic bacteria (MTB) have emerged as a promising candidate for biosorption of metals (Shimoshige et al., 2017; Ali et al., 2018; Wang et al.,
2020; Vargas et al., 2018). MTB are freshwater microaerophiles having a membranous intracellular structure called magnetosomes formed during the
biomineralization process (Jacob and Suthindhiran, 2016; Amor et al., 2020). MTB’s can accumulate iron by compartmentalization process and utilize it as a
component for its metabolism purpose (Lin et al., 2017; Jones et al., 2015). Only a few applications of MTBs in environmental remediation have been
addressed to date (Vargas et al., 2018). Thus, more attention needs to be given to use this bacterium as a promising biosorbent.

The bioremediation process of MTBs produces intracellular metal crystals or reduces metal toxicity by precipitation. Some strains of magnetotactic bacteria
were reported to have the ability to degrade some heavy metals (Tajer-Mohammad-Ghazvini et al., 2016). There are several reports which show that under
proper conditions, exogenous metals like manganese, cobalt, and copper may also be introduced to magnetosomes (Prozorov et al., 2014). The strain of
magnetotactic bacteria like MSR-1 has been reported to remove 91.26% of Ag, 62.23% of Cu, bio removal of phosphates (Zhou et al., 2017). Similarly, another
strain of MTB’s, Stenotrophomonas can remove 100% of Au (Song et al., 2008). Tanaka et al. 2016 reported the accumulation of selenium granules in
magnetotactic bacteria. Therefore, it is hypothesized that the various strains of Magnetotactic bacteria may use other metals for their metabolic process and
hence can be useful as an agent of remediation of heavy metals (Zhou et al. 2012; Vargas et al., 2018). Magnetospirillum strain secrets superoxide dismutase
which converts superoxide into oxygen and peroxide (Guo 2012). Magnetospirillum sp. can use perchlorate, oxygen, nitrate, chlorate, nitrite, and nitrous oxide
as alternate electron accepter (Trash 2010; Jacob et al., 2018). Magnetotactic bacteria consist of granules that accumulate metal ions indicating a
detoxi�cation role. Therefore, the exposure of heavy metals in magnetotactic bacteria may result in metabolic intermediates which are then utilized as primary
substrates for cell growth and metabolism (Verma and Kuila 2019). The current study demonstrates the application of MTBs in the biosorption of heavy
metals namely cadmium, zinc, lead, nickel, manganese, chromium, and cobalt. Further, the optimum time and metal concentration have been studied for
e�cient biosorption.

2. Materials And Methods
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2.1 Strains:
Magnetospirillum gryphiswaldense (MSR1) was purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) Germany.
Magnetospirillum RJS2 (KJ570852), Magnetospirillum RJS5 (KM289194), Magnetospirillum RJS6 (KT266803), and Magnetospirillum RJS7 (KT693285) were
isolated from the southern coast of India and maintained in Marine Biotechnology and Bioproducts laboratory, Vellore Institute of Technology, Vellore, India
(Jacob et al., 2016). MSR-1, RJS2, and RJS-5 were cultured in Magnetospirillum growth medium (MSGM) (Blakemore et al., 1979) and RJS6, RJS7 were
cultured in oxygen-sul�de gradient medium (Schuler et al., 1999) using Hungate anaerobic technique (Hungate 1950).

2.2. Culturing in minimal medium
The strains were subcultured anaerobically in minimal media MS-1. The media was maintained in an anoxic condition where acetate acts as the electron
donor and nitrate acts as an electron acceptor. Mother cultures for each strain were prepared by adding 1000 mg/l sodium acetate and sodium nitrate to MS1
media (Kijung, and Logan, 2001).

2.3. Stock solutions of the heavy metals
Cadmium, manganese, nickel, lead, zinc, chromium, and cobalt were chosen for the experiment. The salts of the respective metals such as cadmium chloride,
manganese chloride, nickel nitrate, lead nitrate, zinc oxide, chromium nitrate, and cobalt chloride were obtained (Himedia). Stock solution (1 mg/ml) of each
heavy metal salt was prepared and added to various concentrations ranging (1 ppm − 100 ppm).

2.4. Bioremediation with heavy metals
For the biosorption experiment, nitrate (electron acceptor) was replaced with metal salts. 1 ppm to 100 ppm concentration of each metal salt was added in 50
ml of MS-1 media (pH 7) and individual setup was maintained. Sodium acetate was added as an electron donor in 1000 mg/l concentration. Nitrogen was
sparged into the media to maintain microaerophilic condition, closed with a butyl rubber stopper, and sealed with aluminum caps. After sterilization, 2 ml of
inoculum was added and incubated in a shaking incubator (120 rpm) at 28°C for 5 days. Two sets of control were maintained along with each experimental
setup for comparison. The �rst control was maintained without heavy metals (media + culture) whereas the latter had no bacterial culture (media + heavy
metals). The time for biosorption was also monitored and absorbance was measured for each 24 h. Each experimental setup was analyzed through
absorbance for bacterial growth. Once su�cient growth was achieved, samples were centrifuged at 10000 rpm for 10 min and metal content was analyzed by
using AAS.

2.5 Biosorption experiment with tannery e�uents
The tannery e�uent was collected in an acid sterilized container from a highly contaminated discharge site in the Palar River basin (12.78∘N latitude 78.7∘E
longitude). The presence of heavy metals namely cadmium, manganese, nickel, lead, zinc, chromium, and cobalt were con�rmed through AAS (Roy et al.,
2015). The tannery e�uent was supplemented with MS-1 media (1:3) in a 50 ml sterile serum bottle.

The experimental set up for tannery e�uent included Test [media (36 ml) + tannery e�uent (12 ml) + culture (2 ml)] and two sets of control [media (36 ml) + 
tannery e�uent (12 ml) + distilled water (2 ml)]; [media (48 ml) + culture (2 ml)]. The electron acceptor in the media component was replaced with tannery
e�uent. The experiments were performed as mentioned earlier and AAS analysis for the test and control was analyzed to determine the metal content.

3. Results And Discussion
3.1   Biosorption of heavy metals:

3.1.1. Growth of MTB in presence of metals 

Among the six metals used, it was observed that none of the metals were utilized within 24 h by any of the strains (Table 1). The strain MSR-1 showed meagre
growth up to 48 h in presence of Cd (OD – 0.004). After 72 h, it exhibited notable growth in presence of Pb (OD – 0.005) and Cr (OD – 0.004). The strain
effectively grew between 96 h (Cd – 0.037, Mn – 0.013, Pb – 0.024, Ni – 0.006, Zn – 0.009) and 120 h (Cd – 0.102, Mn – 0.045, Pb – 0.047, Ni – 0.034, Zn –
0.042) in presence of most of the metals. The strain RJS2 started growing only after 96 h in media supplemented with Cd (OD – 0.004), Pb (OD – 0.002), Ni
(OD – 0.005), and Cr (OD – 0.002). After 120 h of incubation, only a slender growth was observed in presence of manganese (OD – 0.017) and zinc (OD –
0.009). However, poor growth of RJS5 except in presence of Cd (0.011) while RJS6 exhibited good growth in presence of Cd (OD – 0.008), Mn (OD – 0.009),
Pb (OD – 0.007), and Cr (OD – 0.008) after 72 h of incubation. Good growth of RJS5 and RJS6 detected till 96 h in the existence of all the metals (Cd – 0.093,
Mn – 0.013, Pb – 0.009, Ni – 0.01, Zn – 0.011, Cr – 0.009, Co –0.012), (Cd – 0.045, Mn – 0.017, Pb – 0.016, Ni – 0.014, Zn – 0.004, Cr – 0.021, Co – 0.007)
respectively. RJS7 growth was observed in presence of Cd (OD – 0.093), Pb (OD – 0.009), Cr (OD – 0.009) after 96 h of incubation. Abundant growth in
presence of all metals was noted in RJS5 (Cd – 0.156, Mn – 0.095, Pb – 0.089, Ni – 0.014, Zn – 0.013, Cr – 0.056, Co –0.017), RJS6 (Cd – 0.093, Mn – 0.051,
Pb – 0.048, Ni – 0.041, Zn – 0.009, Cr – 0.099, Co –0.011), and RJS7 (Cd – 0.025, Mn – 0.008, Pb – 0.019, Ni – 0.008, Zn – 0.007, Cr – 0.027, Co –0.006)
towards 120 h. Similar results were observed with Thiobacillus ferrooxidans which showed biosorption of Zn only after 288 h (Cho et al.,  2002).
Comparatively, MTB strains displayed an e�cient biosorption after 72 h and therefore the MTB performs faster biosorption than other strains. Among the
tested strains, both MSR-1 and the RJS6 strains exhibited notable growth in the media supplemented with all the metals. Further, they could e�ciently utilize
Cd within 48 h which was quite similar to Cd degradation by Pseudomonas aeruginosa JP-11 (Raj et al., 2016). Comparatively, RJS6 was more effective than
MSR-1. RJS6 utilized four metals namely, Cd, Mn, Pb, and Cr within 72 h whereas MSR-1 could utilize three metals Cd, Pb, and Cr. 

Table 1. Effect of time on biosorption of heavy metals by MTB
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Metals Strains

MSR-1 RJS2 RJS5 RJS6 RJS7

Time duration (hours)

24 48 72 96 120 24 48 72 96 120 24 48 72 96 120 24 48 72 96 120 24 48 72

control - + + +
 +

+++ - + + ++ +++ + + ++ +++ +++ + ++ +++ +++ +++ _ + +

Cd _ + + ++ +++ _ _ _ + ++ _ + + ++ +++ _ + + ++ +++ _ _ _

Mn _ _ _ + ++ _ _ _ _ + _ _ _ + ++ _ _ + + ++ _ _ _

Pb _ _ + ++ ++ _ _ _ + ++ _ _ _ + ++ _ _ + + ++ _ _ _

Ni _ _ _ + ++ _ _ _ + ++ _ _ _ + ++ _ _ _ + ++ _ _ _

Zn _ _ _ + ++ _ _ _ _ + _ _ _ + + _ _ _ + + _ _ _

Cr _ _ + + +++ _ _ _ + ++ _ _ _ + ++ _ _ + ++ +++ _ _ _

Co _ _ _ + ++ _ _ _ _ + _ _ _ + + _ _ _ + + _ _ _

Signs used: +++ High turbidity, ++ medium turbidity, + Low turbidity, - no growth

3.1.2 Growth of MTB strains upon the various metal concentration 

Different metal concentrations (1 ppm-100 ppm) were supplemented and the growth was monitored to determine the e�cient biosorption. The strains MSR-1,
RJS2, RJS7, and RJS5 showed abundant growth at 1 ppm and 10 ppm concentrations of all the metals, and the growth was declined upon the increasing
concentration of metals (Table 2). However, RJS6 displayed good to abundant growth in a wide range of metal concentrations (1-100 ppm). 

Table 2. Effect of metal concentration on biosorption of heavy metals by magnetotactic bacteria

Metal  Strain

MSR-1 RJS2 RJS5 RJS6 RJS7

Metal concentration(ppm)

1 10 100 1 10 100 1 10 100 1 10 100 1 10 100

Cd +++ + + +++ - - +++ + - +++ + + +++ - -

Mn +++ _ _ +++ _ _ +++ - _ +++ + + +++ _ _

Pb +++ _ _ +++ _ _ +++ + _ +++ _ _ +++ _ _

Ni +++ _ _ +++ _ _ +++ - _ +++ _ _ +++ _ _

Zn +++ _ _ +++ _ _ +++ + _ +++ _ _ +++ _ _

Cr +++ _ _ +++ _ _ +++ - _ +++ _ _ +++ _ _

Co +++ _ _ +++ _ _ +++ - _ +++ _ _ +++ _ _

Signs used: +++ High turbidity, ++ medium turbidity, + Low turbidity, - no growth

3.1.2.1. Biosorption of metal (1 ppm) by MTB strains

The media supplemented with different metals were inoculated with individual MTB strains and the samples after incubation were subjected to
Atomic Absorbance Spectroscopy analysis to determine its biosorption potential. Among the chosen strains, the MSR-1 demonstrated an effective biosorption
against chromium (100%), cadmium (55%), manganese (12%), cobalt (40%), and nickel (4%). The treatment of heavy metals with RJS2 strain revealed
successful biosorption of cadmium (26.4%), manganese (28%), lead (96%), nickel (30%), chromium (51%), cobalt (48%) and zinc (9.2%). The strain RJS5
demonstrated a notable biosorption of all the metals [cadmium (95.8%), manganese (37%), lead (58%), nickel (57%), zinc (55%), chromium (27.5%) and cobalt
(78%)]. The strain RJS6 displayed signi�cant biosorption of six metals  cadmium (52%), manganese (17.2%), nickel (10%), zinc (34%), chromium (100%) and
cobalt (59%). However, the strain RJS7 showed lesser biosorption against Cd (24%), Mn (22%), Ni (7.8%), Zn (40%), Cr (69%), and Co (28%) as shown in Table
3.

Among the tested strains, the RJS5 strain displayed eminent biosorption of all the metals. However, RJS2 strain highlights, promising biosorption of lead.
Further, strains like MSR-1 and RJS6 have enormous biosorption potential for chromium. AAS analysis revealed, RJS5 as the potent strain for effective
biosorption of heavy metals in a 1 ppm concentration.

Table 3. Percentage of metal recovery (1 ppm) concentration by the magnetotactic bacteria
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Strains Cadmium Manganese Lead Nickel Zinc Chromium Cobalt

MSR-1 55 12 0 3.9 0 100 40

RJS2 26.4 28 96.3 30 9.2 51 48

RJS5 95.8 37.1 57.9 57.3 54.8 27.5 78

RJS6 52 17.2 0 10 33.8 100 59

RJS7 24.4 22.2 0 7.8 40 68.9 28

3.1.2.2. Biosorption of metal (10 ppm) by MTB strains 

The MTB strains were exposed to 10 ppm concentration of various metals and its biosorption was studied through AAS analysis. The ability of MSR-1 for
signi�cant biosorption of Cd (55.6%), Mn (7.5%), Pb (58%), Ni (64%), Zn (17.7%), Cr (13%) and Co (40%) was observed in Table 4. The strain RJS2 exhibited
low biosorption against Cd (2%), Mn (6.2%), and Zn (0.58%) but high biosorption against Pb (64.5%), Ni (82%), Cr (39%) and Co (88%). The RJS5 strain
demonstrated remarkable biosorption of Cd (78%), Mn (15%), Pb (80%), Ni (82%), Zn (50%), Cr (6.4%) and Co (62%). The RJS6 strain proved effective
biosorption for metals like Cd (20%), Mn (44%), Pb (84%), Ni (4%), Zn (0.58%), Cr (16%) and Co (52%). Biosorption of metals [Cd (49%), Mn (25%), Pb (48%), Ni
(17%), Zn (22.6%), Cr (4%) and Co (23.5%)] by RJS7 strain was comparatively lower than other MTB strains. 

Comparative data indicates, RJS5 strain is a possible choice for metal biosorption studies at 10 ppm concentration. However, MSR-1 strain displayed better
biosorption when exposed to 10 ppm concentration than lower concentrations for most of the metals. The MSR-1 strain has been widely studied in previous
biosorption reports against copper (II) (Huiping et al., 2007; Wang et al., 2011). This study highlights the role of MSR-1 against seven lethal heavy metals
namely Cd, Mn, Pb, Ni, Zn, Cr, and Co. The bacterial strain Pseudomonas gessardii strain LZ-E reduces 95% of Cr (VI) (Huang et al., 2016). Likewise, MSR-1 and
RJS6 possess similar biosorption capacity against chromium. The hexavalent chromium contamination in drinking water is quite dangerous and even deadly
to humans (Verma and Dwivedi, 2013). Therefore, exposing these strains to chromium contaminated areas could be bene�cial. The conventional strain
Acidithiobacillus thiooxidans displayed 67% chromium biosorption only after 144 h of incubation. (Ryu et al.,  2003). Contrary, an enhanced chromium
biosorption by 33% was attained within 72-96 h in MTBs. Some halophilic fungal species like A. restrictus and S. halophilus are also sensitive to lead exposure
while producing minimum absorption of 44 and 57%, respectively (Bano et al., 2018). Lead is one of the toxic metals which reduce the e�ciency of most
microorganisms (Lyu et al., 2017; Jiang et al., 2019), however, MTB’s have proved quite bene�cial to the scenario. 

The MTBs demonstrated evident biosorption against Pb and Ni at 10 ppm rather than at 1 ppm. This reveals the high concentration metal tolerance capacity
of MTBs. 

Table 4. Percentage of metal recovery (10 ppm) concentration by the magnetotactic bacteria

Strains Cadmium Manganese Lead Nickel Zinc Chromium Cobalt

MSR 1 55.66 7.5 58.06 64.43 17.76 13 40

RJS 2 2.2 6.25 64.51 82.34 0.58 38.7 88

RJS 5 78 15 80 82.34 50.3 6.4 61.8

RJS 6 20.2 43.75 83.87 4.06 0.58 16 52

RJS 7 49.49 25 48.38 16.95 22.64 4 23.5

3.1.2.3. Biosorption of Cd, Pb, and Zn (1 50 ppm) by RJS5 strain 

The AAS analysis revealed, RJS5 as the dominant strain for biosorption against 1 and 10 ppm concentration of metal. Therefore, the biosorption potential of
the RJS5 strain was further exploited using various concentrations (1-50 ppm) of Cd, Pb, and Zn. Results for Cd exposer at various concentrations [1 ppm
(96%), 2 ppm (40.6%), 5 ppm (83%), 10 ppm (76%), 20 ppm (70%), and 50 ppm (53.6%)] displayed gradual decrease in biosorption with higher Cd
concentration (Table 5). Contrary, biosorption of Pb in RJS5 strain increased with elevated Pb concentration (1 ppm – 59%, 2 ppm – 28%, 5 ppm – 56%, 10
ppm – 82%, 20 ppm – 93%, and 50 ppm – 93%). RJS5 exhibited evident biosorption of Zn at various concentrations (1 ppm – 56%, 2 ppm – 67%, 5 ppm –
33%, 10 ppm – 48%, 20 ppm – 67%, and 50 ppm – 54%).

The biosorption capacity of the RJS5 strain against cadmium (1 ppm, 5ppm, and 10 ppm) was higher compared to conventional strains Desulfovibrio
magneticus RS-1 (58%) reported earlier by Arakaki et al., 2002. C. bicolor showed 94% lead and 74% cadmium biosorption (Horsfall et al.  2006). Low
biosorption of cadmium, could be since it can suppress the growth of microorganisms (Xu et al., 2017). This signi�es the importance of MTB strains where
strains RJS2 and RJS5 proved better biosorption capacity against cadmium and lead. Biosorption of RJS5 against zinc (86%) was higher than Cichy et al.
2016 (28.83%).

The known MTB strain, Alphaproteobacterium MTB-KTN90 possesses low biosorption against cobalt (19.2%) (Tajer-Mohammad-Ghazvini et al., 2016).
Similarly, Acidithiobacillus ferrooxidans strain displayed biosorption against cobalt (65%) at 0.5 ppm concentration and nickel (59%) at 4.5 ppm only after 31
days (Mohapatra et al., 2008) Contrary, enhanced biosorption of cobalt at 10 ppm concentration (88%) and 1 ppm concentration (78%) was achieved within
120 h by strains RJS2 and RJS5 respectively. Moreover, both the strains RJS2 and RJS5 displayed evident biosorption against nickel at 10 ppm concentration
(82%, 82%) within 120 h. 
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Table 5. The percentage recovery of lead, cadmium and zinc by RJS5

Concentration (mg/l) Cadmium Lead Zinc

1ppm 95.8 59 56.3

2ppm 40.6 28 85.7

5ppm 82.7 56 33.4

10ppm 76 81.8 47.8

20ppm 70 93 67

50ppm 53.6 93.4 54

3.2 Biosorption of heavy metals in tannery e�uents 

The biosorption su�ciency of MTBs against heavy metals was further exploited and applied to remove metals from tannery e�uents. The AAS analysis of the
tannery e�uent augmented with MSR-1 strain revealed biosorption against all metals [Cd (13%), Mn (18%), Pb (0.7%), Ni (0.75%), Zn (3%), Cr (2%) and Co
(4%). The strain RJS2 showed better biosorption against metals- Cd (4%), Mn (82%), Pb (21%), Ni (3%), Zn (2%), Cr (6%), and Co (96%) from tannery e�uent.
The strain RJS5 displayed signi�cant biosorption of metals like Cd (1.5%), Mn (5%), Pb (3.5%), Ni (29.5%), Zn (0.7%), Cr (42%) and Co (11%) from tannery
e�uent. The metal biosorption from tannery e�uent was most evident in RJS6 strain (Cd – 36%, Mn – 4%, Pb – 13%, Ni – 88%, Zn – 81%, Cr – 3% and Co –
2%). The strain RJS7 also showed a good biosorption of six metals (Cd – 33%, Mn – 6%, Ni – 88%, Zn – 22%, Cr – 0.8%, and Co – 3.6%) from tannery e�uent
(Table 6). 

Table 6. The percentage recovery of heavy metals from tannery e�uents using magnetotactic bacteria

Strains Cadmium Manganese Lead Nickel Zinc Chromium Cobalt

MSR1 13 18 0.7 0.75 3 2 4.2

RJS2 4.3 82 21 3 2 6 95.7

RJS5 1.5 5 3.5 29.5 0.75 42 11

RJS6 36 4 13 88 81 3 2

RJS7 53 6.4 0 89 22 0.8 3.6

Industries are the biggest source for emitting heavy metals into the environment through soil and water (Chen et al., 2018; Hu et al., 2018). To date, various
microbial species like Klebsiella oxytoca, Allescheriella sp., Stachybotrys sp., Phlebia sp., Pleurotus pulmonarius, Botryosphaeria rhodina can convert toxic
metals to less toxic form (Dixit et al., 2015; Pinedo-Rivilla et al., 2009; Gupta et al., 2018). Certain fungal species, Aspergillus parasitica, and Cephalosporium
aphidicola can degrade soil contaminated with Pb (II) (Dixit et al., 2015). Some bacterial strains (B-21) can uptake various heavy metals like cadmium, iron,
copper (El-Zahrani and El-Saied, 2011). 

In our study, the analysis of the tannery e�uent augmented with the various strains of MTBs support that these MTBs are potential bio sorbents of various
heavy metals present in the e�uents. However, the biosorption potential of each strain varies to a certain extent concerning the metal degrading property. The
strain RJS2 displayed biosorption against Mn (82%) and Co (95.7%) from tannery e�uent within 5 days while S. epidermidis reported 80% biosorption of Mn
only after 20 days (Das et al., 2012). Moreover, the fast biosorption of Cr (42%) in the RJS5 strain within 2 days is important. Certain fungal species like
Aspergillus Niger and Penicillium sp. presented higher biosorption of Cr (94%, 90%) from tannery e�uent only after 20 days (Abioye et al., 2018). Though, the
huge biomass generated during the process will further slowdown the re�ning process. The strain Pseudomonas aeruginosa exhibitbiosorption of Cr (86%), Ni
(64%), and zinc (71%) from industrial e�uents after 20 days (Pandian et al., 2014). The strains RJS6 and RJS7 showed signi�cant biosorption of nickel i.e
88% and 89% respectively from tannery e�uent within 5 days. Moreover, the strain RJS6 possesses better biosorption properties against zinc (81%) from
tannery e�uent. The MTB strains are proved as better bio sorbents than the conventional strains. Further, optimization of essential factors such as pH,
temperature, pulp density can signi�cantly increase the metal biosorption in the MTBs. Moreover, these MTBs could be applied in industrial sectors owing to
the waste generation for the treatment of heavy metal contaminants. 

Conclusion
The current study demonstrates the potential of MTB strains for heavy metal biosorption. The optimum time for biosorption was 72 h for a 10 ppm
concentration of metals. The strains showed e�cient biosorption of cadmium, manganese, nickel, zinc, and cobalt. Further, the strain RJS5 displayed
biosorption against all the metals- cadmium, manganese, lead, nickel, zinc, chromium, and cobalt when augmented with the media supplements. Particularly,
the strain, RJS6 demonstrated better biosorption behavior against the metals- cadmium, manganese, lead, nickel, zinc, chromium, and cobalt present in
tannery e�uent. The strains RJS5 and RJS6 were found to be effective strains for the biosorption experiment. This study suggests that the chosen MTBs
serve as a promising bio sorbent have e�ciently provided a cost-effective, eco-friendly, rapid, and simple technique to remove heavy metals. Furthermore,
these strains and their consortium can be used on an industrial scale for the e�cient removal of heavy metals.
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