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Abstract: Objectives: This study used Deinococcus radiodurans, which is extremely resistant to oxidative damage, genotoxic 

chemicals, high levels of ionising and ultraviolet radiation and drying, and its Vitreoscilla haemoglobin (vgb) gene-cloned 

recombinant with the vgb− recombinant strain as a control. In addition to the conditions wherein bacteria have an optimum Cr (III) 

biosorption capacity, the contribution of the vgb gene to the biosorption ability of the bacteria has been investigated by providing the 

organism with a more oxygenic environment. Methods: Bacteria were produced and metal stock solution was prepared. To 

determine the Cr (III) removal capacities of wild and recombinant D. radiodurans strains, the residual metal concentration in aqueous 

media at the beginning and after biosorption was determined in Atomic Absorption Spectrophotometer. Some optimal conditions 

were created for the biosorption conditions to occur. Conclusions: The optimisation tests showed that Cr (III) reached the highest 

biosorption capacity within 15 minutes at a metal concentration of 2,000 ppm, 30 °C, pH 5.0 and 150 rpm stirring speed in all the 

three bacteria. The vgb gene had no significant contribution to the biosorption capacity. 
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1. Introduction 

1.1 Heavy Metals 

The “heavy metal” has become a commonly used 

term in recent years. It is usually defined as metals or 

semi-metals that are associated with contamination 

and potential toxicity or ecotoxicity. At present, there 

are many definitions of heavy metal depending on its 

density, atomic weight, chemical properties or toxicity. 

In medicine, heavy metals are defined as all toxic 

metals, regardless of the atomic weights of the 

element. Although more than 60 elements can be used 

as examples of heavy metals, the following are the 

most common and well-known heavy metal fields: 

Mercury (Hg), Manganese (Mn), Iron (Fe), Cobalt 

(Co), Nickel (Ni), Copper (Cu), Zinc (Zn), Cadmium 

                                                           
Corresponding author: Dilek Asma, Ph.D., research fields: 

microbiology, nanotechnology, life sciences, environmental 

biotechnology, and biochemical toxicology. 

 

(Cd), Arsenic (As), Chromium (Cr), Lead (Pb), Silver 

(Ag) and Selenium (Se) [1-3]. 

Many applications in nature cause metal pollution. 

The industrial applications that hold the most 

important place in this type of pollution are mining, 

garbage furnaces, the processing of radioactive metals, 

metal coating applications (coating of electronic 

equipment) and the use of paints, waste batteries, 

pesticides and exhaust gas [4-5]. 

Various chemical and physical methods are used to 

remove heavy metals from industrial wastewater and 

environmental water sources contaminated with heavy 

metals. However, because these methods are not 

economical and the purification level obtained is not 

sufficient, microorganisms that have an important 

potential in this field are used and preferred [6-9]. 

Although chromium can exist in many different 

forms, the most common and stable forms are trivalent 

Cr (III) and hexavalent Cr (VI). Chromium is 
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naturally present in the form of Cr2O3 (trivalent (+3) 

form) in the environment [10]. Cr (III) is poorly 

soluble in groundwater and is firmly controlled by the 

soil. The insufficient solubility of Cr (III) minimises 

its toxic effect in the environment. However, Cr (VI) 

is highly soluble and combines with oxygen in the 

form of chromate (CrO4
−2

) or dichromate (Cr2O7
−2

) 

ions. Its portability is also much higher than Cr (III). 

Cr (VI) is a considerably strong oxidant and will be 

reduced to Cr (III) in the presence of organic matter. 

This reduction is faster in acidic environments such as 

soils that contain acid. Cr (VI) can readily penetrate 

the prokaryotic and eukaryotic cell membranes [11]. It 

causes lung cancer, chromate ulcer, nasal septum 

perforation and kidney damage in humans [12]. 

Furthermore, it can interact with chromium (III) 

proteins and nucleic acids. Studies conducted on 

chromium chloride (CrCl3) have shown that there is a 

delay in the onset of nucleic acid synthesis and, 

consequently, a decrease in nucleic acid content. 

Moreover, studies on potassium dichromate (K2Cr2O7) 

show that there is a prolonged duration of cell division 

and a decrease in cell division. Potassium dichromate 

(K2Cr2O7) has a great impact on DNA synthesis, 

likely exerting its effect by affecting DNA polymerase 

and interacting with double helix DNA. The hydrogen 

bonds between the bases and the negatively charged 

phosphate within them repel each other, keeping DNA 

in a stable form. Cr (III) in chromium chloride binds to 

negatively charged phosphate groups. Thus, negatively 

charged phosphates are neutralised; weak H bonds 

between bases in DNA are broken by increasing Cr 

(III); DNA loses its stable structure and its melting 

temperature decreases [11] (Figure 1). 

1.1.1 Heavy Metal Biosorption 

Biosorption is a promising alternative method for 

industrial waste removal primarily because of its low 

cost and high metal binding capacity. Biosorption can 

occur actively through metabolism or passively 

through some physical and chemical processes. In 

biosorption, the metal binding process takes place in 

two steps. The first step is the stoichiometric 

interaction between metal and reactive chemical 

groups in the cell wall; the second is the inorganic 

accumulation of increasing amounts of metal. The 

bacterial cell wall is the first component to come into 

contact with metal ions. As the type of metal sorption 

with dead or inactive cells is extracellular, chemical 

functional groups of the cell wall play an important 

role in biosorption. Bacterial cell walls contain several 

functional groups, including carboxyl, phosphonate, 

amine and hydroxyl groups [14]. 

Microorganisms are effectively utilized and are 

preferred for biosorption of heavy metals [6-9]. 

Various bacteria, fungi and algae are used for this 

purpose [15-22]. The biomolecules of these 

microorganisms ensure that both living and dead 

biomasses have a high metal affinity and thus offer a 

considerably high biosorption capacity. 

1.2 Deinococcus Radiodurans 

Deinococcus radiodurans (Greek: deinos: strong, 

unusual and coccus: granular fruit) was first isolated 

from canned meat applied 4,000 gm gamma ray by 

Anderson et al. in 1956. Because of the similarity of 

its surface morphology to Micrococcus genus, the 
 

 
Fig. 1  Cr (VI) and Cr (III) reactions [13]. 
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Fig. 2  Deinococcus radiodurans. 
 

bacteria were first classified as Micrococcus. Then, it 

was named as “Radiodurans” because of its resistance 

to radiation [23]. 16S rRNA analysis of Micrococcus 

radiodurans led to the reclassification of these species 

and their closest relatives. Thus, it was included in a 

new family, the Deinococcaceae, and renamed 

Deinococcus radiodurans [24]. 

D. radiodurans is a nonphotosynthetic, 

red-pigmented, nonsporulating, extremophile 

bacterium that have extreme resistance to ionizing 

radiation and numerous oxidizing agents. Although 

the chemical composition of the non-pathogenic D. 

radiodurans cell wall is similar to the Gram-negative, 

it is a Gram-positive and mesophilic organism with a 

thermal limitation above 39 °C. This proteolytic 

bacterium, ranging in size from 0.5 to 3.5 μm, is in a 

spherical structure and present as single cells in the 

liquid culture. However, it is present as tetrates in 

solid and liquid media (Figure 2). In addition, D. 

radiodurans entered the Guinness World Records 

Book as the most resistant organism against radiation 

in the world [25]. 

D. radiodurans is conventionally grown at 32 °C in 

rich TGY medium 0.5% tryptone, 0.1% glucose, 0.15% 

yeast extract with aeration. The cell replication time is 

approximately 100 minutes under optimal conditions 

[26, 27]. D. radiodurans are resistant to genotoxic 

agents such as low humidity, UV-C rays, high 

amounts of reactive oxygen derivatives and 

mitomycin C as well as ionizing radiation [28-30]. D. 

radiodurans has become increasingly popular in 

comparative metabolic studies and bioremediation of 

areas contaminated with radioactive waste due to their 

exceptional resistance to conditions [27, 31]. 

1.3 Vitreoscilla Haemoglobine 

It was not until 1986 that haemoglobin was known 

to exist only in eukaryotes. It was later found in the 

Gram-negative filamentous bacteria Vitreoscilla 

stercoraria, a chemical organic nutrient from the 

Beggiatoa family. This bacterium is found where 

oxygen is limited, for example, in freshwater 

sediments and cow droppings. Thus, bacteria survive 

by expressing some kind of haemoglobin under 

hypoxic conditions. This haemoglobin increases 

respiration, oxygen intake and energy metabolism. 

When the bacteria obtained from V. stercoraria 

(Vitreoscilla hemoglobin) are expressed by 

transferring their haemoglobin to various bacteria that 

live in oxygen-restricted conditions, it improves the 

growth of bacteria, protein synthesis, metabolite 

production and resistance to stress [32, 33]. In addition, 

the heterologous expression of this gene (vgb) increases 

the production of different useful products in these 

hosts in the host. It also has a significant effect on 

reducing the effects of harmful compounds. Therefore, 

VHb can have a beneficial effect, particularly in 

biotechnological applications [34]. 

The structure of VHb (Figure 3) has a classical 

eight-helix (A–H) folding pattern with a high homology 

to eukaryotic haemoglobins. Vitreoscilla haemoglobin 

has two similar subunits with an average molecular 

weight of 15.775, and each subunit contains 146 amino 

acid residues and two B-type heme. Haemoglobin 
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Fig. 3  Dimensional structure of VHb. 
 

synthesis increases when the organism is present 

under hypoxic conditions. The amino acid sequence of 

this protein shows a structural homology to eukaryotic 

haemoglobins, but this haemoglobin is separated from 

the others in the N-terminal region, and a helix is 

absent [35]. 

2. Materials and Methods 

The present study used Deinococcus radiodurans 

R1 (ATCC BAA-816) and its vgb gene-cloned 

recombinant with a vgb
−
 recombinant strain as the 

control. The form containing puc8 plasmid from two 

recombinants of Deinococcus radiodurans is called 

Dr[pUC8], and the form containing vgb gene of the 

same plasmid is called Dr[pUC8:15] (Figure 4). 

2.1 Production of Microorganisms 

Tryptone glucose yeast (TGY) agar and TGY broth 

medium were used for the production of D. 

radiodurans. 

The long-term stocks of the bacteria used in the 

study were prepared in a TGY liquid medium containing 

20% glycerol (v/v) and stored at −20 °C. However, 

among the bacteria used in each optimisation test, D. 

radiodurans and its recombinants were produced in a 

petri dish containing TGY agar and stored in a 

refrigerator at +4 °C. The bacteria stored in the 

refrigerator were harvested under sterile conditions 

and planted in flasks containing TGY broth medium 

(20 ml/100 ml). Wild and recombinant bacteria grew 

 
Fig. 4  Deinococcus radiodurans and recombinants. 
 

at 32 °C with a stirring speed of 150 rpm. These stock 

cultures were obtained at the end of an overnight 

incubation and planted in 1ml/20ml flasks containing 

TGY broth medium and then used in the later stages 

of the experiment. 

2.2 Preparation of Metal Solutions 

To determine the optimum Cr (III) biosorption 

conditions of D. radiodurans and its recombinants, a 

CrCl3 stock of 50,000 ppm was prepared. To adjust 

the metal doses in the ranges of 250 ppm, 500 ppm, 

1,000 ppm and 2,000 ppm for Cr (III), a metal sample 

from stock metal solutions and 1 ml of wild and 

recombinant strains were added to the TGY medium 

to provide the determined metal dose and subsequently 

incubated in the oven for the specified periods. 

2.3 Metal Analysis 

To determine the Cr (III) removal capacities of wild 

and recombinant D. radiodurans strains, the residual 

metal concentration in aqueous media at the beginning 

and after biosorption was determined in air-acetylene 

flame in the Perkin ElmerAnalyst 800 Atomic 

Absorption Spectrophotometer. 

2.4 Optimisation Studies 

Some optimal conditions must be formed for the 

biosorption conditions to be realised. Biosorption is 

affected by physicochemical factors such as metal ion 

type, biomass type and amount, temperature, solution 

pH and stirring speed. Biosorption parameters such as 

dose and duration, temperature, pH and shaking rate 
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were investigated to determine the optimal Cr (III) ion 

removal conditions with D. radiodurans and 

recombinants. Depending on the optimisation 

conditions, the incubated samples were centrifuged at 

4,500 rpm, and the supernatant obtained was 

determined via atomic absorption spectroscopy (AAS) 

to determine the biosorption capacity. 

2.4.1 Determination of Optimum Dose and 

Duration 

In the biosorption tests, all three bacteria were 

treated at 32 °C for 30, 60, 90, 120 and 180 min at Cr 

doses of 250 ppm, 500 ppm, 1,000 ppm, 1,500 ppm 

and 2,000 ppm to determine the dose and duration that 

provided the best Cr (III) removal. 

2.4.2 Determination of Optimum Temperature 

After determining the best dose and duration 

biosorption capacities of wild and recombinant strains, 

the samples prepared at the determined dose and 

duration were incubated at 10 °C, 20 °C, 30 °C and 

40 °C for temperature optimisation. The samples 

expired were measured in AAS, and their biosorption 

capacities were calculated. 

2.4.3 Determination of Optimum pH 

For optimisation, the pH of the samples was 

adjusted to 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0. Further, 0.1 

MNaOH and 0.1 M HCI were used to adjust these pH 

values. In the study, the determined metal 

concentrations were added to the media prepared at 

different pH values and incubated after other optimum 

conditions were met. The finished samples were 

measured in Atomic Absorption Spectroscopy (AAS), 

and their biosorption capacities were calculated. 

2.4.4 Determination of Optimum Stirring Speed 

One of the factors affecting metal biosorption is the 

stirring speed in the environment in which the method 

takes place. The stirring speed with the best 

biosorption capacity of bacteria was tested at 50, 100, 

150, 200 and 250 rpm. The determined metal 

concentrations were added to the media and incubated 

at different stirring speeds after other optimum 

conditions were met. The finished samples were 

measured in AAS, and their biosorption capacities 

were calculated. 

3. Discussion and Results 

The dose and duration with the best removal of D. 

radiodurans (wild), (vgb) and (pUC8) bacteria were 

found to be 2,000 ppm and 15 min (Table1). 
 

Table 1  Cr(III) biosorption of D. radiodurans wild and recombinant strains at certain dose and times. a. D. radiodurans 

(wild); b. D. radiodurans (vgb) and c. D. radiodurans (pUC8). 

D. radiodurans Time (min) 250 ppm 550 ppm 1000 ppm 1500 ppm 2000 ppm 

a. wild 

15 56.96 78.04 89.09 92.77 94.58 

30 57.12 77.94 88.95 92.21 94.55 

60 56.52 77.76 88.92 92.68 94.53 

90 56.12 77.58 88.82 92.63 94.46 

120 57.24 78.08 89.09 92.8 94.63 

180 57.6 78.28 89.23 92.83 94.65 

b. vgb 

15 57.16 78.04 89.06 92.72 94.59 

30 57.04 77.9 88.99 92.69 94.35 

60 56.64 77.8 88.95 92.65 94.51 

90 56.4 77.54 88.92 92.6 94.19 

120 57.36 78.18 89.11 92.78 94.63 

180 57.76 78.3 89.21 92.8 94.64 

c. pUC8 

15 57.36 78 89.1 92.8 94.6 

30 59.69 77.94 89 92.71 94.55 

60 56.68 77.72 88.93 92.65 94.52 

90 56.04 77.66 88.88 92.64 94.51 

120 57.76 78.14 89.14 92.8 94.62 

180 57.6 78.3 89.2 92.82 94.67 
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Fig. 5  Cr (III) biosorption (%) D. radiodurans (wild) and recombinant strains at different temperatures. 
 

The examination of the Cr biosorption capacity of 

D. radiodurans (wild), (vgb) and (pUC8) at certain 

doses and durations revealed that the bacteria 

increased in the Cr biosorption ratio in parallel with 

the increase in dose and duration and gave similar 

results. 

3.1 Temperature Optimisation 

The temperature of the adsorption medium is 

important because of the energy-dependent 

mechanisms in metal biosorption with microbial cells 

[36]. The data obtained from the biosorption capacity 

of D. radiodurans (wild) and its recombinant bacteria 

at different temperatures are given in Figure 5 

Accordingly, it was determined that the Cr biosorption 

capacity of D. radiodurans (wild) and its recombinant 

bacteria increased in parallel with the temperature 

increase up to 30 °C and started to decrease after 

30 °C. Therefore, the optimum temperature for all 

three bacteria has been recorded as 30 °C. 

Temperature is another factor that affects 

biosorption, and it is a significant parameter in 

reactions where biosorption occurs. Theoretically, 

biosorption decreases as temperature increases. The 

ions that bind to biomass in the early moments of their 

biosorption tend to be released back from the biomass 

because of the increased temperature [37, 38]. 

Zouboulis et al. showed that with bacteria species 

obtained from metal-contaminated soils, the metal 

uptake increased with the increase in temperature. The 

increase in the metal uptake capacity with temperature 

was explained by the increase of the metal-related 

attraction force on the biomass. However, metal 

sorption decreases because the cell surface is damaged 

by the excessive rise in temperature [39]. 

3.2 pH Optimisation 

In metal-microorganism interactions, the pH value 

of the medium is an important parameter in 

biosorption processes because it significantly affects 

the form of the metal and the functional groups in the 

cell that have metal affinity [40, 41]. High protons and 

metal ions in low pH solutions compete to bind to 

active groups on the biosorbent, which reduces the 

potential for cell-metal interaction. However, as the 

pH value of the solution increases, the metal ions will 

be able to bind more to the active groups on the 

biosorbent with the decrease of protons. This explains 

why the biosorption capacity increases as the pH 

increases up to pH 5.0. In this study, the optimum pH 

value was found to be 5.0 (Figure 6). 

Kiff and Little found that the biosorption of 

cadmium on A. oryzae increased with the increase in 

pH [42]. Further, Ross and Townsley showed that 

copper removal with P. spinulosum decreased at low 

pH values [43]. In addition, Zhang et al. stated that 

lead holding capacity was high above pH 6, but at 

higher pH values, lead started to precipitate by 

forming lead hydroxide and compounding with 

hydroxides in water [44]. 
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Fig. 6  Cr (III) biosorption (%) D. radiodurans (wild) and recombinant strains at different pH values. 
 

 
Fig. 7  Cr (III) biosorption (%) D. radiodurans (wild) and recombinant strains at different stirring speeds. 
 

3.3 Stirring Speed Optimisation 

To determine the effect of stirring speed on the 

biosorption capacity of D. radiodurans and its 

recombinants, biosorption capacities were determined 

by exposing the bacteria to different stirring speeds 

and other optimum conditions. The data obtained are 

given in Figure 7. 

Accordingly, it was determined that the Cr 

biosorption capacity of D. radiodurans (wild) and its 

recombinant bacteria increased in parallel with the 

increase of the stirring speed up to 150 rpm and started 

to decrease after 150 rpm. Therefore, the optimum 

stirring speed for all three bacteria was found to be 

150 rpm. The rate of the contact of the molecules in 

the solution, which is continuously stirred at high speed, 

to the surface of the adsorbent and the probability of 

penetrating its pores are higher [45]. Therefore, in the 

study, metal removal continued to increase up to a 

stirring speed of 150 rpm, but the adsorption of metals 

became difficult at high stirring speeds such as 200 

and 250 rpm. There are different opinions in the 

existing literature with respect to the correlation of the 

biosorption properties of biomasses with metal 

tolerance [46-50]. Based on the data obtained herein, 

the highest biosorption capacity value is reached 

within 15 min at pH 5.0, 30 °C and 150 rpm. It is 

considered that the high biosorption capacity achieved 

in the determined optimum conditions is comparable 

to the literature. In addition, the advantages of the 

VHb/vgb system, such as its role in buffering the 

ambient oxygen and providing a better respiration, 

growth and reproduction ability to the old cells by 

transferring them to the membrane transferases in the 

advanced phases of the culture, could not be clearly 

seen in the recombinant bacteria that contained the gene. 



Chromium (III) Biosorption of Deinococcus radiodurans and Its Vitreoscilla Haemoglobin (vgb) 
Gene-Transferred Recombinants 

 

147 

Acknowledgement 

This study was supported by Inonu University 

Scientific Research Projects Coordination Unit 

(project number: 2012-192). Dr [pUC8] and Dr 

[pUC8: 15] recombinants of D. radiodurans used in 

this study was obtained by Hikmet Geckil from Inonu 

University Molecular Biology and Genetics 

Department. 

Author’s Contribution 

Elif Ozbey, carried out the experiment. Elif Ozbey, 

worked out almost all of the technical details, and 

performed the numerical calculations for the 

suggested experiment. Elif Ozbey, contributed to 

sample preparation and performed the calculations. 

Dilek Asma supervised the project and wrote the 

manuscript. Dilek Asma, devised the project, the main 

conceptual ideas and proof outline. Both Dilek Asma 

and Elif Ozbey authors contributed to the final version 

of the manuscript. Both researchers did the original 

drafting, review and editing. 

References 

[1] Aslam, B. et al. 2011. “Uptake of Heavy Metal Residues 

from Sewage Sludge in the Goat and Cattle during 

Summer Season.” Pak Vet J 31 (1): 75-77. 

[2] Duffus, J. H. 2002. “Heavy Metals: A Meaningless Term 

(IUPAC Technical Report).” Pure Appl Chem 74 (5): 

793-807. 

[3] Ağcasulu, Ö. 2007. “Investigation of Heavy Metal 

Accumulation in the Tissues of Capoeta Tinca Living in 

the Çeltikçe Stream of the Sakarya River.” Master’s 

thesis; Ankara, Gazi University. 

[4] Kahvecioğlu, Ö. et al. 2009. “Environmental Effects of 

Metals.” Metallurgy 136: 47-53. 

[5] Ahalya, N. et al. 2003. “Biosorption of Heavy Metals.” 

Res J Chem Environ 7 (4): 71-79. 

[6] Volesky, B. 1990. “Biosorption of Heavy Metals.” CRC 

Pres Boca Raton. 396. 

[7] Gadd, G. M. 1990. “Heavy Metal Accumulation by 

Bacteria and Other Microorganisms.” Experientia 46: 

834-840. 

[8] Gadd, G. M. 1994. “Interactions of Fungi with Toxic 

Metals.” The Genus Aspergillus 69: 361-374. 

[9] Matheickal, J. T., Yu, Q. 1997. “Biosorption of Lead(II) 

from Aqueous Solutions by Phellinus badius.” Miner Eng 

10 (9): 947-957. 

[10] Muter, O. et al. 2002. “Cr(VI) Sorption by Inact and 

Dehyrated Candida utulis Cells in the Presence of the 

other Metals.” Process Biochemistry 38 (1): 123-131. 

[11] Cervantes, C. et al. 2001. “Interactions of Chromium with 

Microorganisms and Plants.” FEMS Microbiology 25 (3): 

335-347. 

[12] Bhide, J. V. et al. 1996. “Microbiological Process for the 

Removal of Cr(VI) from Chromat-bearing Cooling 

Tower Effluent.” Biotechnology Letters 18: 667-672. 

[13] Hawley. et al. 2004. “Treatment Technologies for 

Crhromium (VI).” by CRC Press LLC 278-280. 

[14] Vijayaraghavan, K., Yun, Y. S. 2008. “Bacterial 

Biosorbents and Biosorption.” Biotechnology Advances 

26 (3): 266-291. 

[15] Fourest, E., Roux, J. C. 1992. “Heavy Metal Biosorption 

by Fungal Mycelial by Products: Mechanisms and 

Influence of pH.” Appl Microbiol and Biotechnol 37: 

399-403. 

[16] Sağ, Y. et al. 1998. “The Simultaneous Biosorption of 

Cu(II) and Zn(II) on Rhizopus arrhizus: Application of 

the Adsorption Models.” Hydrometallurgy 50 (3): 

297-314. 

[17] Aksu, Z. 2001. “Equilibrium and Kinetic Modelling of 

Cadmium(II) Biosorption by C. vulgaris in a Batch 

System. Effect of Temperature.” Sep Purif Technol 21 (3): 

285-294. 

[18] Veglio, F., Beolchini, F. 1997. “Removal of Metals by 

Biosorption: A Review.” Hydrometallurgy 44 (3): 

301-316. 

[19] Akar, T. et al. 2006. “Biosorption Potential of The Macro 

Fungus Ganoderma carnosum for Removal of Lead(II) 

Ions From Aqueous Solutions.” J Environ Sci Health A 

Tox Hazard Subst Environ Eng 41 (11): 2587-606. 

[20] Çabuk, A. et al. 2006. “Biosorption Characteristics of 

Bacillus sp. ATS-2 Immobilized in Silica Gel for 

Removal of Pb(II).” J. Hazard. Mater 136 (2): 317-23. 

[21] Tunali, S. et al. 2006. “Removal of Lead and Copper Ions 

from Aqueous Solutions by Bacterial Strain Isolated from 

Soil.” Chem Eng J 115 (3): 203-211. 

[22] Brady, D., Duncan, J. R. 1994. “Bioaccumulation of 

Metal Cations by Saccharomyces cerevisiae.” Appl 

Microbiol Biotechnol 41: 149-154. 

[23] Anderson, A. W. et al. 1956. “Studies on a 

Radio-Resistant Micrococcus. I. Isolation, Morphology, 

Cultural Characteristics, and Resistance to γ Radiation”. 

Food Technol 10: 575-578. 

[24] Murray, R. G. E. et al. 1986. Genus 1. Deinococcus 

Brooks and Murray 1981, 354, p. 1035-1043. Bergey’s 

Manual® of Systematic Bacteriology Vol. 2. 

[25] Murray, R. G. E. 1992. “The Family Deinococcaceae.” 

The Prokaryotes. Spinger 3732-3744. 



Chromium (III) Biosorption of Deinococcus radiodurans and Its Vitreoscilla Haemoglobin (vgb) 
Gene-Transferred Recombinants 

 

148 

[26] He, Y. 2009. “High Cell Density Production of 

Deinococcus radiodurans under Optimized Conditions.” 

J Ind Microbiol Biotechnol 36 (4): 539-46. 

[27] White, O. et al. 1999. “Genome Sequence of the 

Radioresistant Bacterium Deinococcus radiodurans R1.” 

Science 286 (5444): 1571-1577. 

[28] Moseley, B. E. B. 1967. “The Isolation and Some 

Properties of Radiation Sensitive Mutants of Micrococcus 

radiodurans.” J Gen Microbiol 49 (2): 293-300. 

[29] Moseley, B. E. B., Copland, H. J. R. 1978. “Four Mutants 

of Micrococcus radiodurans Defective in the Ability to 

Repair DNA Damaged by Mitomycin-C, Two of Which 

Have Wildtype Resistance to Ultraviolet Radiation.” Mol 

Gen Genet 160 (3): 331-7. 

[30] Udupa, K. S. et al. 1994. “Novel Ionizing 

Radiation-Sensitive Mutants of Deinococcus radiodurans.” 

J Bacteriol 176 (24): 7439-7446. 

[31] Makarova, K. S. et al. 2001. “Genome of the Extremely 

Radiation-Resistant Bacterium Deinococcus radiodurans 

Viewed from the Perspective of Comparative Genomics.” 

Microbiol Mol Biol 65 (1): 44-79. 

[32] Zhang, L. et al. 2007. “Recent Developments and Future 

Prospects of Vitreoscilla Hemoglobin Application in 

Metabolic Engineering.” Biotechnol Adv 25 (2): 123-36. 

[33] Khosla, C., Bailey, J. E. 1988. “The Vitreoscilla 

Hemoglobin Gene: Molecular Cloning, Nucleotide 

Sequence and Genetic Expression in Escherichia coli.” 

Mol Gen Genet 214 (1): 158-61. 

[34] Stark, B. C. et al. 2011. “Recent Advances in Understanding 

the Structure, Function, and Biotechnological Usefulness 

of the Hemoglobin from the Bacterium Vitreoscilla.” 

Biotechnology Letters 33 (9): 1705-1714. 

[35] Wakabayashi, S. H., Matsubara, D. A. 1986. “Webster, 

Primary Sequence of a Dimeric Bacterial Haemoglobin 

from Vitreoscilla.” Nature 322 (6078): 481-3. 

[36] Bayramoglu, G. et al. 2005. “Modification of Surface 

Properties of Lentinus sajor-caju Mycelia by Physical 

and Chemical Methods: Evaluation of Their Cr6+ 

Removal Efficiencies from Aqueous Medium.” J Hazar 

Mater 119 (1-3): 219-29. 

[37] Horsfall, M. J., Spiff, A. I. 2005. “Effects of Temperature 

on the Sorption of Pb2+ and Cd2+ from Aqueous Solution 

by Caladium bicolor (Wild Cocoyam) Biomass.” 

Electron J Biotechn 8 (2): 143-50. 

[38] Mungasavalli, D. P. et al. 2007. “Biosorption of 

Chromium from Aqueous Solutions by Pretreated 

Aspergillus niger: Batch and Column Studies.” Colloid 

Surface A: Physicochem Eng Asp 301: 214-23. 

[39] Zouboulis, A. I. et al. 2004. “Biosorption of Toxic Metals 

from Aqueous Solutions by Bacteria Strains Isolated from 

Metal-polluted Soils.” Process Biochemistry 39 (8): 

909-916. 

[40] Mai, W., Tobin, J. M. 2004. “Determination and 

Modelling of Effects of pH on Peat Biosorption of 

Chromium, Copper and Cadmium.” Biochemical 

Engineering Journal 18 (1): 33-40. 

[41] Kovacevic, Z. F. et al. 2000. “Biosorption of Chromium, 

Copper, Nickel and Zinc Ions onto Fungal Pellets of 

Aspergillus niger 405 from Aqueous Solutions.” Food 

Tech Biotech 38 (3): 211-216. 

[42] Kiff, R. J., Little, D. R. 1986. “Biosorption of Heavy 

Metals by Immobilized Fungal Biomass.” Ellis Hunt 

Publishers 649s (Chichester). 

[43] Ross, I. S., Townsley, C. C. 1986. “The Uptake of Heavy 

Metals by Filamentous Fungi.” Ellis Hunt Publishers 542 

(Chichester). 

[44] Zhang, L. et al. 1998. “Removal of Lead from Aqueous 

Solution by Non-living Rhizopus nigricans.” Water 

Research 32 (5): 1437-1444. 

[45] Paul, J. C. H. 1999. “Characterization of Copolymers by 

Gradient Polymer Elution Chromatography.” Technische 

Universiteit Eindhoven. 

https://doi.org/10.6100/IR522345. 

[46] Rho, J., Kim, J. 2002. “Heavy Metal Biosorption and its 

Significance to Metal Tolerance of Streptomycetes.” 

Journal of Microbiology 40 (1): 51-54. 

[47] Hartley, E. et al. 1997. “Do Ectomychorrhizal Fungi 

Exhibit Adaptive Tolerance to Potentially Toxic Metals 

in the Environment?” Plant and Soil 189: 303-319. 

[48] Tam, P. C. F. 1995. “Heavy Metal Tolerance by 

Ectomycorhizal Fungi and Metal Amelioration by 

Pisolithus tinctorius.” Mycorrhiza 5: 181-187. 

[49] Vodnik, D. et al. 1998. “The Uptake and Transport of 

Lead in Some Ectomycorrhizal Fungi in Culture.” Mycol 

Res 102 (8): 953-958. 

[50] Chang, J. S. et al. 1997. “Biosorption of Lead, Copper 

and Cadmium by Biomass of Pseudomans aeruginosa 

PU21.” Wat Res 31 (7): 1651-1658. 

 


