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Abstract 

Co immobilization by two manganese oxidizing isolates from Carlsberg Ridge waters (CR35 and CR48) 

was compared with that of Mn at same molar concentrations. At a lower concentration of 10 µM, CR35 

and CR48 immobilized 22 and 23 fM Co cell-1
 respectively, which was 1.4 to 2× higher than that of Mn 

oxidation, while at 10 mM the immobilization was 15 to 69 times lower than that of Mn. Scanning 

electron microscope and energy dispersive X-ray analyses of intact bacterial cells grown in 1 mM Co 

revealed Co peaks showing extracellular binding of the metal. However, it was evident from 

transmission electron microscope analyses that most of the sequestered Co was bound intracellularly 

along the cell membrane in both the isolates. Change in morphology was one of the strategies bacteria 

adopted to counter metal stress. The cells grew larger and thus maintained a lower than normal surface 

area-volume ratio on exposure to Co to reduce the number of binding sites. An unbalanced growth with 

increasing Co additions was observed in the isolates. Cells attained a length of 10-18 µm at 10 mM Co 

which was 11-15 times the original cell length. Extensive cell rupture indicated that Co is harmful at this 

concentration. It is apparent that biological and optimal requirement of Mn is more than Co.  Thus, these 

differences in the immobilization of the two metals could be driven by the differences in the 

requirement, cell physiology and the affinities of the isolates for the concentrations of the metals tested. 
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Introduction 

Co is a biologically essential trace element that is required at low concentrations for metabolic activity. 

It is the central atom of Vitamin B12 and is involved in diverse enzymatic reactions in microorganisms. It 

forms an important component of several proteins like aminopeptidase, prolidase, nitrile hydratase, 

glucose isomerase etc [23]. Co is an important micronutrient for marine phytoplankton and appears to be 

beneficial for growth at limiting Zn concentrations [30]. Low concentrations of Co and Zn have been 

shown to limit growth rates, affect cell size and chlorophyll concentrations in phytoplankton [35, 39, 

41]. Thus, it is not surprising that phytoplankton have been implicated to dominate Co uptake in the 

oligotrophic surface waters of the Sargasso Sea and in the Peru upwelling region [29, 40].  

The average concentration of Co in oceans is 0.3 µg L-1 and in the Indian Ocean it is 

approximately 0.17–0.39 µg L-1 [19]. Sources of Co in marine environments include metal containing 

industrial wastewaters and domestic discharge [3], radioactive 60Co in nuclear wastes [38], chemical 

weathering and leaching of rocks [49], atmospheric inputs due to urban activity [16] and flyash released 

during burning of coal [6]. Yet another common abundant source is ferromanganese nodules spread at 

various sites over the ocean bed and at the sides of some seamounts [15]. Hydrothermal vent fluids 

release Co along with a broad spectrum of other metals like Mn, Al, Cu, Mo, Cd, Fe, Zn, Pb, Hg, As, 

Ga, and Tl [21, 28]. Some of these metals show a strong correlation in their concentration profiles. The 

striking similarity in the concentration profile of Co and Mn in the water column demonstrates that their 

biogeochemistries are closely coupled [4, 22, 26].  There are several lines of evidence that suggest a 

close relationship between Co and Mn oxidation. It is well recognized that bacteria catalyze the 

oxidation of Mn in marine environments [12, 17, 44, 45]. A number of studies have also implicated the 

role of bacteria in the oxidation of Co in marine environments. Due to the similarity in charge, size and 

oxidation potential of Co and Mn, it is quite possible that Mn oxidizing bacteria also oxidize Co. This is 

substantiated by the study of Moffett and Ho [29] and Lee and Tebo [25], implicating the role of Mn 

oxidizing bacteria in the oxidation of Co. In this study, an attempt has been made to demonstrate that the 

two Mn oxidizing isolates from Carlsberg Ridge (CR35 and CR48) could immobilize Co in the absence 

of Mn. The study also suggests that these Mn oxidizing bacteria could play a significant role in 

immobilizing and scavenging Co even in the absence of Mn.  
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Materials and methods 

Growth and respiration studies 

The effect of Co on growth and respiration of two Mn oxidizing bacterial isolates CR35 and CR48 [18] 

was monitored at Co amendments ranging from nanomolar to millimolar concentrations. Cells in the 

exponential growth phase were harvested from quarter strength nutrient agar plates (3.25 g nutrient 

broth and 15 g agar L-1) prepared in aged natural sea water and suspended in sterile saline (0.85%). The 

cell suspension was centrifuged at 2560×g for 10 min at 10ºC (REMI Cooling Compufuge, R244 rotor). 

The supernatant was discarded and cell pellet was washed twice in physiological saline and thereafter 

re-suspended by vortexing (REMI Cyclomixer CM101). Filter sterilized 0.5% 2,3,5-Triphenyl 

tetrazolium chloride (TTC) (Hopkins and Williams Ltd., England.) was added to CoCl2.6H2O 

(Qualigens Galaxo India Ltd.) amended seawater tubes (pH 7.6-7.8) to obtain a final concentration of 

0.025% TTC. The inoculum size was calculated by direct cell counts using a Neubauer counting 

chamber. The initial cell counts ranged from 5×107-5.4×107 cells ml-1. The cells were observed under 

bright field at 600X magnification (BX61 Olympus microscope). Control tubes without metal were also 

maintained. The experiment was conducted in triplicates and the tubes were incubated in the dark at 22 

± 1ºC for a period of 30 days. After the incubation period, the numbers of respiring and non-respiring 

cells were counted. Experiments were also run parallely to determine the growth characteristics of the 

isolates under the influence of Co at 5-day intervals for a period of 30 days. Cells capable of 

catabolizing any substrate reduce TTC to deep red formazan and therefore appear red in color. The 

reduction of TTC is a result of electrons passing from the substrate (cobalt) through the enzymatic 

machinery of the cell and ultimately onto TTC. The amount of TTC reduced to formazan at the end of 

the incubation period was estimated by centrifuging the samples at 6550×g for 10 min at 10ºC and 

suspending the cell pellet in 3 ml methanol (Qualigens Galaxo India Ltd.). After overnight extraction in 

methanol the tubes were again spun at 6550×g for 10 min at 10ºC. The supernatant (200 µl) was 

analyzed spectrophotometrically at 520 nm (Thermo Multiskan Spectrum). 

Co immobilization  

The Co immobilizing capacity of strains CR35 and CR48 was tested at Co concentrations of 10 µM, 100 

µM, 1 mM and 10 mM. Uninoculated control tubes were maintained for each metal concentration to 



 4

measure the rate of auto oxidation. The samples were spun at 2560×g for 10 min at 10ºC. Residual Co 

concentration in 1 ml of the supernatant was analyzed spectrophotometrically at 500 nm [8].  

Scanning electron microscope (SEM) and Energy dispersive X-ray (EDX) analyses 

A scanning electron microscope equipped with an energy dispersive X-ray spectrometer (SEM-EDX) 

was used to observe the morphology of the isolates incubated in the presence of Co. Thin smears of the 

culture from representative Co amended tubes were prepared on glass slides (1 × 0.5"). The slides were 

subjected through a series of increasing concentrations of acetone (Nice Chemicals Pvt. Ltd., India) 

from 10, 30, 50, 70, 90 and 100%. After air-drying, the dried slides were firmly fixed on metal stubs 

using a conductive adhesive and then coated with a film of Au using a gold sputter coater. The JEOL 

JSM-5800 Scanning Electron Microscope was used to observe cellular morphology. Bacterial cell 

dimensions were calculated directly from the SEM photographs. The cell volume and surface area were 

calculated as described by Chakravarty and Banerjee [7]. For EDX analysis, the bacterial isolates grown 

in seawater with and without added 1 mM CoCl2.6H2O were harvested and washed three times with 

sterile 0.85% saline and once with acetone by centrifugation at 8000 rpm for 15 min at 4ºC and air-

dried. The samples were powdered with a micro pestle in 2 ml eppendorf tubes. An EDX analysis was 

done on selected areas of intact cells at an accelerating voltage of 15 kV.  

Transmission electron microscopy  

Co is an electron-opaque metal and its uptake into the bacterial cell is likely to show up as an electron-

dense region under an electron microscope. The bacterial isolates CR35 and CR48 were grown in 500 

ml of 0.1% nutrient broth with and without 100 and 1000 µM Co (CoCl2.6H2O) for 48 hrs at 25 ± 1°C. 

The cells were harvested by centrifuging at 8000 rpm for 5 min at 4°C. The cell pellets were washed 

twice in 0.85% saline and thereafter twice in 10 mM HEPES buffer (pH 8.0). The cells were then fixed 

with 2.5% glutaraldehyde (final concentration) in 1 ml of HEPES buffer and were used for transmission 

electron microscope (TEM) analysis. Sample processing for TEM was carried out following the 

procedures outlined by Hayat [20]. A FEI Morgagni 268D transmission electron microscope was used to 

observe Co immobilization by the bacterial cells. 
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Analysis of 16S rRNA gene sequence 

16S rRNA gene of both strains was isolated and their sequence determined at National Centre for Cell 

Science, Pune. The 16S rRNA gene sequence of CR35 (1515 bp) and CR48 (1291 bp) were compared 

with reference 16S rRNA gene sequences available in GenBank, EMBL and DDBJ using the BLAST 

program of the National Centre for Biotechnology Information (NCBI). Phylogenetic analysis was 

carried out using the BioEdit and Mega 4.1 software package.  

Results 

Effect of Co on growth and respiration 

CR35 showed maximum tolerance at 100 µM Co while CR48 tolerated a maximum of 10 µM Co (Fig. 

1a, b). At 100 µM concentration, total count of CR35 increased by 1.7 times after 30 days of incubation 

at 22 ± 1°C. At the concentration of 10 µM, the cell counts of CR48 increased by 2 times after 30 days. 

A reduction in growth was observed in CR35 at concentrations above 100 µM and in CR48 at 

concentrations above 10 µM. The background increase in control without metal was negligible. At the 

end of the incubation period, the percentage of respiring cells of CR35 at 100 µM Co and CR48 at 10 

µM Co accounted for only 46 and 47% of the total count. At the respective concentrations, respiration of 

CR35 (calculated only for respiring cells) was 1095 fg formazan cell-1 and CR48 was 2350 fg formazan 

cell-1. However, maximum respiration in CR35 was noted at a much lower concentration of 10 nM (Fig. 

1b). It was 3600 fg formazan cell-1 which was nearly 3 times higher than that at 100 µM Co. In contrast, 

CR48 showed the highest respiration of 11430 fg formazan cell-1 at 100 nM Co (Fig. 1a). Since CR48 

and CR35 showed the highest tolerance at 10 µM and 100 µM Co, respectively, the influence of the 

metal on the growth of these isolates was determined with time at the respective Co concentration. Co 

appeared to have a stimulatory effect on the growth of the isolates. Both total and respiring cell counts 

were higher when the isolates were grown in seawater amended with Co than in controls without Co. 

The respiring cell counts of CR48 increased rapidly from 0-day onwards (Fig 2a) while that of CR35 

were observed only after day 10 (Fig 2b). Both CR48 and CR35 showed the highest increase in cell 

numbers on day-25 with counts increasing from 1.84 × 107 to 3.41 × 107 cells ml-1 in CR48 and 1.73 × 

107 to 2.15 × 107 in CR35. 
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Cell morphology 

Interestingly, SEM examination of the cultures revealed an increase in cell size and change in 

morphology of the original cells in increasing concentrations of Co at the end of 30 days growth (Table 

1). SEM micrographs of CR48 grown at 10 nM Co addition revealed that the cells were oval shaped and 

3-5 times larger than control cells (0.92-1.2 × 0.6-0.7 µm) ( Electron micrograph 3A and 3B), while they 

became elongated on exposure to 10 µM (Electron micrograph 3C). Further addition (400 µM) produced 

long rods some of which showed a bulge at one end (Electron micrograph 3D). Higher concentration of 

1 mM appeared to have a more pronounced effect on the cells as they increased in length by 5-6 times 

while a few cells were punctured (Electron micrograph 3E). The most dramatic effect however, was 

seen at 10 mM concentrations where the cells attained an unusually large size (10-18 µm) and were 

subsequently ruptured at the polar ends (Electron micrograph 3F). In most cases the damage left behind 

broken empty ghost cells. 

The effect of Co on cellular morphology at different time intervals showed distinct 

morphological changes as evident from SEM micrographs. Cells existed as short rods (1-1.3 × 0.53-0.62 

µm) in untreated cultures (Electron micrograph 4A). After two days, the cells increased in size to 0.54-

3.93 × 0.61-3.9 µm and transformed to spherical forms, occurring in clusters or chains and less 

frequently as single cells (Electron micrograph 4B). Subsequent observations on day 4 and 6 also 

showed the presence of clusters and chains of spherical cells. However, after 8, 10 and 15-day exposure, 

lenticular cells were observed along with the spherical forms (Electron micrograph 4C). The size of the 

lenticular cells was 0.72-4.17 × 0.65 -2.97 µm. The lenticular cells formed about 4, 9 and 25% of the 

total cells on day 8, 10 and 15, respectively. But on day 15, about 10% of the lenticular cells began to 

develop a depression along the central axis of the cell.  By day 20, about 87% of the cells transformed 

into unusually long rods measuring 1.5-21.1 × 0.44-0.67 µm in size (Electron micrograph 4D). By day 

25, most of the remaining lenticular forms developed a pronounced depression in the centre of the cell 

giving a ‘doughnut-like’ appearance (Electron micrograph 4E) and some cells appeared fused with each 

other. After 30-day exposure to Co, abnormally large cells of average size 6.3 × 3.26 µm were observed 

(Electron micrograph 4F). About 34% of these cells were found to be punctured. Determination of 

surface area to volume ratio of the bacterial cells revealed that the ratio decreased when exposed to Co. 

The most significant decrease occurred after 2 day exposure when the surface area to volume ratio 

decreased from 8.7 to 3.1. After 30-day exposure, the ratio further dropped to 1.54.  
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Co immobilization 

CR35 showed maximum immobilization of 13.8 µM Co (130.8 fM Co cell-1) at 1mM Co amendment at 

the end of 30 days. At 10 mM Co amendment the amount of Co immobilized dropped to 6 µM with 81.9 

fM Co immobilized cell-1 (Fig. 5b). CR48 also showed a similar trend and the uptake peaked at 1 mM 

Co concentration with an immobilization of 138 µM Co (2361 fM Co cell-1) at the end of the incubation 

(Fig.  5a). 

CR48 not only showed better growth and respiration than CR35 at concentrations of 1 µM to 10 

mM, it was also able to immobilize Co better at these concentrations. At 10 µM Co amendment, CR48 

immobilized 2 µM Co (24.9 fM Co cell-1) which was almost the same as that of CR35. But at all other 

concentrations tested, Co immobilization by CR48 was about 3 - 18 times higher than that of CR35. 

SEM-EDX analyses 

The EDX spectra showed detectable peaks of Co on individual cells of CR35 and CR48 grown in the 

presence of Co (Figs 6B, 6D), while control cells lacked any detectable Co (Figs 6A, 6C). Although Co 

was present on the external cell surface of both isolates its concentration was very low in CR48. The 

EDX pattern of selected areas on individual cells of CR35 displayed Co peaks showing 2.45% Co while 

CR48 had peaks showing about 0.71% Co (Table 2).  

TEM analyses 

TEM observations of thin cross sections of the bacterial cells exposed to Co allowed the detection of 

electron dense areas within the cell especially at the cell membrane indicating intracellular accumulation 

of Co. An exopolymeric layer was usually seen surrounding the cells of CR35 which was less frequently 

seen in CR48. TEM micrograph 7B showed Co accumulation in CR35 grown in 1 mM Co amended 

seawater. CR35 was found to immobilize Co intracellularly as well as in the exopolymeric matrix. 

However, TEM micrographs of CR48 showed intracellular accumulation of Co more frequently and 

extracellular accumulation very rarely (TEM micrograph 7D).  

Phylogenetic analysis 

Sequencing of the 16S rRNA gene indicated that both strains belonged to the genus Halomonas showing 

99% similarity to Halomonas cupida. The genus Halomonas forms a group within the γ-Proteobacteria. 
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The 16S rRNA gene sequences of the isolates have been deposited in the GenBank database. The 

accession numbers of the sequences are as follows: EU088257 for CR35 and EU088258 for CR48. 

Discussion 

The study shows the tolerance of CR35 and CR48 to high concentrations of Co. The highest tolerance 

was seen at 10 µM in CR48 and 100 µM concentration in CR35. At higher concentrations (>10 and 100 

µM) cell counts gradually declined, indicating stress to the organism. Though Co has important 

biological functions, it is required only at low concentrations and can become toxic at micro and 

millimolar concentrations [14, 32]. Metals become toxic to the organism when their concentration is 

higher than the demand for metabolism, resulting in inhibition of metabolic pathways usually by 

strongly binding to enzymes, forming unwanted radicals or less stable reaction products [36]. The 

toxicity of Co appears to be due to unregulated cell growth triggered by internal sequestration of the 

metal, resulting in enlarged cells and their subsequent rupture. The control cells had normal morphology 

while cells grown in the presence of Co showed pronounced morphological irregularities with increasing 

concentrations of the metal. At concentrations above 100 µM Co, the cells showed a protrusion at one 

end as though the cell contents are pressed against the cell wall. This may be due to weakening of the 

cell wall and its failure to resist the internal pressure. This may explain the subsequent rupture of the cell 

wall at high Co concentrations. The major role of the cell wall is to prevent the bursting of the cell 

caused by the internal pressure. Without the cell wall, the cell would undergo lysis [48]. Cobet et al [9] 

have observed similar morphological changes in Arthrobacter marinus sp. with increasing 

concentrations of nickel. They attributed these changes to continuation of cellular growth with cessation 

of cell division resulting in enlarged cells. Platinum-induced filamentous growth and inhibition of cell 

division in E. coli have been reported by Rosenberg et al [37]. Cells exposed to 1 mM Co showed 

various morphological changes on prolonged exposure to Co. Cells reacted to the presence of Co by 

reducing the cell surface to volume ratio. This reduction could represent an adaptive mechanism to 

counteract the toxicity of Co.  Decrease in cell surface area would decrease metal binding sites at the 

cell surface. This adaptation would enable these isolates to tolerate higher concentrations of Co for 

longer duration. A similar response of cells on exposure to heavy metals has been reported by 

Chakravarty and Banerjee [7]. They have described the higher than normal cell volume of cells with 

respect to the cell surface as an adaptive strategy to counter heavy metal toxicity. 
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The present study also indicates the Co immobilizing potential of these Mn oxidizing isolates. 

Both isolates were found to immobilize Co intracellularly. But, CR35 was also found to immobilize Co 

extracellularly on the cell surface and in the exopolymeric matrix. TEM examination revealed 

intracellular sequestration of Co along the cell membrane. Intracellular accumulation of Co as inclusion 

bodies has been reported in some bacteria [2, 47]. The metal binding capacity of bacterial exopolymers 

is well known and has been extensively studied [27, 34]. The sequestration of metal by the exopolymeric 

matrix surrounding the bacterial cell reduces the direct toxic effect of the metal. This may explain why 

CR35 showed maximum tolerance at higher concentration (100 µM Co) than CR48. Such adaptation has 

also been encountered in Pseudomonas [1]. Although SEM-EDX analysis showed deposition of Co on 

the external cell surface, TEM showed that more of the metal was also sequestered inside the cell.    

Both strains could immobilize Co over a range of concentrations from 10 µM to 10 mM. Lee and 

Tebo [25] have reported Co oxidation by a marine Mn oxidizing Bacillus at Co concentrations varying 

from trace levels to 100 mM. Krishnan et al [24] have reported Co immobilization at 10 mM 

concentration by bacteria isolated from Afanasiy Nikitin seamounts. The average immobilization rates 

of those isolates were 62 times higher than that of CR35 (0.22 µM day-1) and 373 times higher than that 

of CR48 (1.33 µM day-1).  The high immobilization rates of these isolates may be attributed to the 

adaptability of the bacteria to the naturally high concentration of Co (1.23%) in the Co crusts from 

Afanasiy Nikitin seamounts [13]. Although no data is available on the concentration of Co in Carlsberg 

Ridge waters, ferromanganese nodules collected from Carlsberg Ridge were found to contain 0.07-

0.21% Co [5]. The bacteria from Carlsberg Ridge waters are therefore accustomed to a much lower 

concentration of Co, which may explain their lower immobilization rates. Surprisingly, these isolates 

could immobilize Co at 10 mM, ie. at concentrations much higher than the ambient. However, the 

immobilization potential of CR48 at 10 mM was only 27% of the maximum Co immobilized at 1 mM 

(2361 fM Co cell-1). On the other hand, the immobilization at 10 mM Co by CR35 was about 63% of the 

maximum of 130.8 fM Co cell-1 at 1 mM Co. The reduction in Co immobilization at higher metal 

concentration may be a strategy adopted by the bacteria to counteract metal toxicity. Diminished net 

accumulation of the metal ions based on an active efflux of metal ions has been described as a 

mechanism of metal resistance developed in prokaryotes [32]. Though both the isolates showed 99% 

similarity to the type strain Halomonas cupida, their response to the metals at various concentrations 

differed.  This difference could be attributed to fine alterations in their gene expression.  
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A comparison of Co and Mn immobilization showed that the strains exhibited a different 

response to Co and Mn. In CR48, at lower concentrations of 10 µM and 100 µM, Co immobilized was 

23 fM cell-1 and 196.5 fM cell-1, respectively and is 1.4-3 times higher than that of Mn. But as 

concentration of metal increased, Co immobilization was found to be lower than that of Mn. At 10 mM 

concentrations, metal immobilization was 637.8 fM cell-1 which is 15 times lower than that of Mn. 

CR35 also showed a similar trend. Although the trend in metal immobilization was the same in the two 

isolates, CR48 was able to immobilize both Co and Mn at a much higher rate than CR35. Though both 

Co and Mn form important components of metalloenzymes and proteins [10, 23, 33], Mn has several 

additional biological functions. The benefits of Mn oxidation by bacteria include protection from toxic 

heavy metals, predation, viruses and storage of an electron acceptor for later use in anaerobic respiration 

[46]. Sunda and Kieber [42] have demonstrated that Mn oxides can break down refractory organic 

matter into low molecular weight substrates that can be utilized by bacteria. Accumulation of Mn in 

Deinococcus radiodurans has been shown to provide resistance to γ-radiation [11]. Moreover in nature, 

where the concentration of Mn is several orders of magnitude higher than Co, it is quite likely that 

bacteria oxidize Mn at a higher rate than Co. Moffett and Ho [29] showed that specific rates for Mn 

oxidation  in the Waquoit bay was 7-10× faster than that of Co.  

In the environment, where Mn concentrations are high, these strains could actively contribute to 

Mn oxidation. Since these bacteria are capable of immobilizing both elements, it is possible that these 

isolates could participate in the immobilization of these elements in specialized ecosystems like nodule, 

ridge and crust. Bacterially mediated incorporation of Co in nodules can occur through either direct or 

indirect processes. Indirect catalysis could occur by initial adsorption and the subsequent oxidation of 

Co(II) to Co(III) on the surface of bacterially formed Mn oxide [31]. Tani et al [43] showed that 

biogenic Mn oxides have a high affinity for Co(II) and this binding is highly irreversible. This could 

have a marked impact on the concentration profile of Co in ridge ecosystems rich in manganese oxides 

and ferromanganese encrustations. It may also be possible that these bacteria directly catalyze the 

oxidation of Co. Sequence analysis of manganese oxidizing Bacillus sp., strain SG-1 by Lee and Tebo 

[25] revealed the presence of two genes that code for proteins involved in both Mn and Co oxidation, 

indicating that they may be oxidized via a common cellular mechanism. The ability of the isolates CR35 

and CR48 to immobilize both these metals demonstrates that they could play a significant role in 

controlling the chemistry and distribution of Co and Mn in metal enriched marine environments such as 

ridge and hydrothermal vent systems. The metal immobilizing property of these autochthonous strains at 
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high metal concentrations suggests that these can be used as reliable tools in the bioremediation of metal 

contaminated waters.  

Conclusion 

The adaptability of CR35 and CR48 to high metal concentrations and ability to immobilize Co and Mn 

suggest that these bacteria may also be capable of scavenging other metals in Carlsberg Ridge waters. 

Ecologically, the physiology of CR35 is more competitive than CR48 as it has dual strategies for 

countering metal toxicity. Nevertheless, these microbes could participate in the regulation of oceanic 

metal cycles and determine the fate of trace metals in marine environments.  
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Table 1. Increase in cell size of isolate CR48 in response to a range of cobalt  

concentrations. 

 

 

 

 

Table 2. Elemental composition of the isolates obtained from EDX spectral analysis. 
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Figure legends 

 

Fig. 1 Effect of increasing concentrations of Co on growth and respiration of  

CR48 (a) and CR35 (b). The graph depicts total and respiring cell counts observed at the end of 

the 30-day incubation period. Bars represent ± standard deviation of mean (n=3).     

Fig. 2 Growth of CR48 in 10 μM (a) and CR35 in 100 μM (b) Co amended and unamended  

seawater. Graph depicts total and respiring cells. 

Fig. 3 Scanning electron micrographs of CR48 cultured without Co (A) and with the addition  

of 10 nM (B), 10 μM (C), 400 μM (D), 1 mM (E) and 10 mM (F). 

Fig. 4 Scanning electron micrographs of CR48 grown in the presence of 1 mM  

 Co at different time intervals. Electron micrographs show cells on 0-day (A), 2-day (B), 15-day 

(C), 20-day (D), 25-day (E) and 30-day (F).  

Fig. 5 Co immobilization by CR48 (a) and CR35 (b). Bars represent ± standard deviation  

(n=3). 

Fig. 6 EDX spectrum of CR48 grown in the absence (A) and in the presence of 1 mM Co (B) and  

of CR35 in the absence (C) and presence of 1 mM Co (D). 

Fig. 7 Transmission electron micrographs of thin sections of CR35 grown on unamended  

(A), 1 mM Co amended seawater (B) and of CR48 in unamended (C) and 1 mM Co amended 

seawater (D). Thin black arrows indicate intracellular metal accumulation and thick black 

indicates deposition in the exopolymeric matrix. 
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Fig 3. 
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Fig 4.  
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Fig 5. 
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Fig 6. 
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Fig 7 
 
 

 


