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Three bioreactors (two laboratory-scale and one on-site) were evaluated for their efficiency to reduce 

metal concentrations in water collected from the Plankenburg River, South Africa. Water (bioreactors 

one, two and on-site) and bioballs (bioreactors two and on-site) collected throughout the study periods 
were digested and analysed using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). 
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(85%), 0.2 mg l 1 to 0.07 mg l 1 (65%) and 75 mg l 1 to 0.02 mg l 1 (97%), respectively (bioreactor one). 
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in the water samples from bioreactor two. In the on-site, six-tank bioreactor system, concentrations for 

Fe, Cu, Mn and Ni decreased, while Zn and Al concentrations increased. The concentrations recorded in 

biofilm samples were higher than the corresponding water samples. The bioballs employed in the 

bioreactor were thus shown to be efficient attachment surfaces for biofilm development and subsequent 

metal accumulation. Potentially metal-tolerant organisms (Pseudomonas sp., Sphingomonas sp.,  and 

Bacillus sp.) were also identified using phylogeny. 

   
 

  

 

 
1. Introduction 

 
The quality and quantity of the essential element water is 

important for the continued sustenance of not only the world’s 

human population, but also for its application in industrial and 

agricultural sectors, amongst others. In South Africa, water resources 

are generally collected in dams or water abstraction schemes. These 

water sources are then primarily used for agricultural activities, 

industry, mining and power generation, domestic and municipal 

uses, with 15% of the available water resources required to maintain 

estuaries and rivers (Langwaldt and Puhakka, 2000). 

Pollution, by metals and microbes (Pegram et al., 1999), amongst 

others, greatly influences the quality of the water sources, and leads 

to the continued search for new and improved methods to not only 

clean up contaminated systems, but also to achieve this aim in an 

environmentally friendly and cost-effective manner. 

The ubiquitous nature of biofilms allows these viable and 

metabolically active micro-organisms (Ehrlich, 1998) to survive and 
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proliferate in a variety of different environments, due to their 

protective polysaccharide coating. Biofilms have a high metal- 

binding capacity as toxicants are absorbed by cell surface polymers, 

or extracellular polymeric substances (EPS), which have been 

shown to be responsible for the interaction of toxicants with the 

biofilm community (Henriques and Love, 2007). Biofilms are thus 

applied in the effective remediation or removal of pollutants such 

as metals, from contaminated areas (Roane and Pepper, 2000). 

Bioremediation is a process by which microbial degradation 

processes are used in technical and controlled treatment systems 

(Langwaldt and Puhakka, 2000). Bioremediation can also be 

applied as green technologies, due to its negligible effects on the 

environment, and its proven cost-efficiency (Adriaens et al., 2006). 

Bioreactors, which can be applied in bioremediation strategies, are 

basically tanks in which living organisms carry out biological 

reactions. Their efficiency is based on the ability of bacteria to 

attach to inert packing, such as granular activated carbon, at 

interfaces to generate high biomass (Bouwer and McCarty, 1982; 

Teitzel and Parsek, 2003). The reactor should also be easy to 

maintain and operate (Evangelho et al., 2001; Teitzel and Parsek, 

2003), and should be able to function under aerobic and anaerobic 

conditions (Langwaldt and Puhakka, 2000). 
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Bioreactors have been utilised in many studies to remove or 

reduce metal concentrations in wastewater and various types of 

effluent. A mixture of sewage and synthetic gold milling effluent 
was treated using a trickling filter bioreactor (Evangelho et al., 

2001). More than 90% of the free cyanide, thiocyanate, copper (Cu) 

and zinc (Zn) was removed post-treatment, after analysis with 

nitric acid digestion and Atomic Absorption Spectrometry (AAS). 

A rotating-disk biofilm reactor was also used to determine the 

heavy metal toxicities for biofilms and planktonic cells after 

exposure to metal concentrations of 0.015–225 mM Cu, lead (Pb) 

and Zn, respectively (Teitzel and Parsek, 2003). When comparing 

the results obtained for resistance of planktonic to biofilm cells, the 

authors found that the biofilm cells exhibited a two-fold and 

600-fold increase in resistance to Pb and Cu, respectively. 

The structure and distribution of micro-organisms in the 

contaminated area, as well as possible tolerance, is dependent on 

the types of pollutants in the specific areas (Marı́n-Guirao et al., 

2005). Organisms that have been isolated from contaminated sites 

can also be identified and used in bioreactor systems to improve the 

removal efficiency of the contaminants. 

Amann et al. (1995) showed that specific micro-organisms can 

be identified genetically through the amplification of the 16S or 23S 

rRNA region of the genomic DNA, using primers to identify the 

organisms. Toes et al. (2008) investigated the effects of heavy metal 

pollution (Cd and Cu) on the microbial diversity in muddy- and 

sandy sediments, using Denaturing Gradient Gel Electrophoresis 

(DGGE) profiles of bacterial 16S rRNA genes and phylogenetic 

analyses. Phylogenetic trees showed an abundance of members of 

the Flavobacteriaceae and the a- and c-Proteobacteria in the 

sediments. 

The objective of this investigation was to assess the efficiency of 

a bioreactor system to remove, or decrease the concentrations of 

metal contaminants at a site along the Plankenburg River, Western 

Cape, South Africa. Potential metal-tolerant micro-organisms were 

also isolated from the attachment material. 

 
2. Materials and methods 

 
2.1. Site description 

 
A previous study identified four sampling sites along the 

Plankenburg River, Stellenbosch, South Africa (Fig. 1) (Jackson et al., 

2008). These sites included Site A (Agricultural Farming and Resi- 

Each of the three compartments of the bioreactor was filled with 

Bioballs (Fig. 2B), which is composed of acrylonitrile, butadiene 

and styrene (ABS). These Bioballs serve as attachment material 

for microbial organisms to adhere to. Each Bioball  has a surface 

area of 20 cm3 and was compactly packed in the different sections 

of the reactor. 
 
 

2.3. Sampling of laboratory-scale bioreactors 

 
Sixty millilitres of water were collected in two 50 ml Greiner 

bio-one tubes ) on a daily basis from the effluent line 

(Fig. 2). Three Bioballs were also collected, from each of the three 

different compartments from reactor two, and stored in sterile 

whirl-pack bags. The collected samples were stored at 4 C until 

further use. 

 
 

2.4. On-site bioreactor 

 
A large-scale on-site reactor was then established at Site C along 

the Plankenburg River (Fig. 3). The system consisted of six 500 l 

tanks stacked next to each other, with river water flowing from one 

tank to another along a gradient. The river water was pumped at 

a flow rate of 1000 l/h and a retention time of 120 min. Each of the 

six tanks was compactly packed with Bioballs to maximise the 

biofilm attachment area (Fig. 2B). The bioreactor is still in opera- 

tion, however results for the first two months only are presented. 

 
 

2.5. Sampling of on-site bioreactor 

 
Sixty millilitres of water were collected in two 50 ml Greiner 

  

bio-one tubes (Cellstar ), from the effluent line twice a week. Six 
Bioballs from each of the six tanks were also collected and stored 

in sterile whirl-pack bags. The collected samples were stored at 4 C 

during transport and until further use. 

 
 

2.6. Sonication of collected biofilm samples 

 
Bacterial growth was removed from the representative bioballs 

collected from each container, by sonication. Collected material 

samples (w100 g) were sonicated for 10 min in 30 ml sterile water   

dential Areas); Site B (Closest point to Informal Settlement); Site C in a Branson 5510 sonication bath (Bransonic Ultrasonic Cleaner). 
(Substation in Industrial Area) and Site D (Industrial Area at Adam 

Tas Bridge). Results from this study showed that the highest 

concentrations of metals were recorded at Site C (Substation in 

Industrial Area), which explains why the particular site was 

selected to investigate the efficiency of the bioreactor systems to 

reduce metal concentrations in the river water. 

 
2.2. Laboratory-scale bioreactor setup 

 
River water (200 l) was collected from Site C at the Plankenburg 

River (preliminary results identified this site as a source of metal 

pollution). Laboratory-scale bioremediation systems were then 

evaluated to reduce the concentrations of metals in water collected 

from this site (Jackson et al., 2008). One bioreactor system was 

established in the laboratory (two-week period) to minimise the 

influence of environmental factors. The running time for a second 

bioreactor was extended to three weeks and it was moved outside 

to determine the effect of environmental factors on the bioreme- 

diation system. The river water was fed through the horizontal 

bioreactors (35 cm 30 cm 100 cm) (Fig. 2A) at a flow rate of 

1000 l/h, using an Ecopool 6 pump, at a retention time of 3 min. 

The procedure was repeated at least twice, with fresh sterile d.H2O 

added after each sonication step. The sonicated samples were 
combined resulting in a total of 60 ml bacterial suspension. The 
biofilm suspension obtained was used for further analysis. 

 
 

2.7. Metal concentrations in water and biofilm samples 

 

To determine the concentrations of Al, Zn, Cu, Fe, Pb, Ni and Mn 

in water (5 ml) and biofilm (5 ml) samples were digested with 10 ml 

55% nitric acid at 40 C for 60 min and then at 120 C for 180 min, 

using a Grant dry-block heater. A blank (control) of 10 ml 55% nitric 

acid was analysed along with the collected samples to check for 

possible contamination. The samples were cooled to room 

temperature, filtered with Whatman No. 6 filter paper into 20 ml 

volumetric flasks, made up to a volume of 20 ml with distilled 

water and subsequently filtered for a second time using 0.45 mm 

cellulose nitrate ultrafiltration membrane filters (Whatman). Metal 

concentrations were determined using Inductively Coupled Plasma 

Atomic Emission Spectrometry (ICP-AES) analysis according to the 

procedure outlined in Saleh et al. (2000). 
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Fig. 1. Map of the Plankenburg River indicating the different sampling points: Site A – Agricultural Farming and Residential Areas; Site B – close to the Informal Settlement; Site C – 
Substation in the Industrial Area and Site D – Industrial Area at Adam Tas Bridge. 

 
 

2.8. Statistical analysis 

 
Repeated measures ANOVA (RMA) was performed on all data 

obtained as outlined in Dunn and Clark (1987), using Statistica . In 

each RMA, the residuals were analysed to determine if they were 

normally distributed. In all hypothesis tests, a significant level of 5% 

was used as standards. The results presented are the averages of 

five repeats for each particular sampling point at the different 

sampling sites. For statistical analysis, the volumes (5 ml) were 

 
taken into consideration for the calculation of the final metal 

concentrations in a given sample. 

 
2.9. DNA extraction and agarose gel electrophoresis 

 
One hundred microlitres of the sonicated biofilm samples were 

spread plated onto nutrient agar plates and incubated at 37 C for 

two to three days, to isolate pure bacterial cultures. This procedure 

was performed in duplicate. Single colonies were then selected on 
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Fig. 2. Laboratory-scale batch system bioreactor, containing Bioballs  , which is composed of acrylonitrile, butadiene and styrene (ABS). 

 
 

the basis of their morphological differences and DNA was extracted 

using the High Pure PCR template preparation kit as per manu- 

facturer’s instructions (Roche Diagnostics). Ten microlitres of the 
extracted DNA samples were electrophoretically analysed on a 0.8% 

molecular grade agarose gel containing 12 ml of 0.5 mg/ml ethidium 

bromide (EtBr), using 1 Tris–acetate–ethylenediamine tetraacetic 
acid (TAE) electrophoresis buffer at 90 V for 1 h. 

 
 

2.10. Polymerase chain reaction (PCR) 

 
Amplification of target DNA by PCR was performed in a total 

reaction volume of 50 ml containing 10 mM dNTP Mix (1 ml), 25 mM 

MgCl2 (3 ml), 10 Taq Buffer with (NH4)2SO4 (5 ml), 10 mM forward 

(fDD2 – CCGGATCCGTCGACAGAGTTTGATCITGGCTCAG) (5 ml), 

10 mM reverse (rPP2 – CCAAGCTTCTAGACGGITACCTTGTTACGACTT) 

(5 ml) (Rawlings, 1995), Taq DNA polymerase (1 ml) (5 U/5 ml) 

(Fermentas Life Sciences, EU), 1 ml of a concentrated DNA sample 

and 29 ml sterile distilled. The amplification process included an 

initial denaturation step of 94 C for 2 min, followed by 30 cycles of 
amplification (1 min at 94 C, 1 min at 57 C and 2 min at 72 C). 
This was followed by a final extension step of 72 C for 10 min. Ten 
microlitres of the subsequent PCR amplicons were then electro- 
phoretically analysed on a 0.8% molecular grade agarose gel 

 
 

containing 12 ml of 0.5 mg/ml EtBr, using 1 TAE electrophoresis 

buffer at 100 V for 1 h, to determine whether amplification was 
successful. 

 

2.11. Sequencing of 16S rRNA 

 
The amplified PCR products (1200 bp) were purified using 

a High Pure PCR product purification kit, as per manufacturer’s 
instructions (Roche Diagnostics). The concentrations of the DNA 

samples were determined using spectrophotometry and 15 ml of 

concentrated DNA (50–100 ng/ml) samples were loaded onto 

96-well microtitre plates, dried in a speedy vac, with medium heat 
for 30–60 min (depending on the volumes), and sent for 
sequencing. The sequencing lab used the Applied Biosystems Big 
Dye Terminator v3.1. 

 

2.12. Phylogenetic analysis 

 
The resultant sequences were identified with a similarity search 

using Blastn from the National Centre for Biotechnology Informa- 

tion (NCBI) (Altschul et al., 1997). Contiguous sequences were 

formed for the forward and reverse sequences of a particular 

organism, using the CAP3 Sequence Assembly Programme (Huang 

 
 

 
 

Fig. 3. (A) On-site large-scale bioreactor established at Site C and (B) bioballs in bioreactor during treatment. 
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and Madan, 1999). The contiguous sequences were aligned with 

ClustalX (1.81) (Higgins and Sharpe, 1988) using default parameters 

and the BLOSUM matrix, which corrects for multiple base changes. 

The 20 isolates (Fig. 8) and 45 isolates (Fig. 9) were representative 

of the organisms isolated overall. An unrooted tree was constructed 

using the Neighbour-joining program of Saitou and Nei (1987). 

Phylogenetic analysis was conducted using Molecular Evolutionary 

Genetics Analysis, Version 3.1 (MEGA version 3.1) (Kumar et al., 

2004). To estimate the node reliability, bootstrap values were 

obtained from 1000 randomly generated trees. Trees were visual- 

ised using MEGA version 3.1 (Kumar et al., 2004). 

 

3. Results and discussion 
 

3.1. Laboratory-scale bioreactors 
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Figs. 4 (bioreactor one), 5 (bioreactor two) and 6 (on-site 

 
Fig. 5. Metal concentrations (mg l 

 
 1) (Cu, Mn and Ni) recorded in water samples 

bioreactor) represent the mean metal concentrations for Al, Cu, Fe, 

Mn, Ni and Zn recorded over the respective study periods. 

 
3.2. Laboratory-scale bioreactor one 

 
In laboratory-scale bioreactor one, the final concentrations 

(mg l 1) on day 15 for Al, Ni and Zn were lower (p < 0.05) than the 
initial concentrations recorded (Fig. 4). Concentrations for Al 

decreased, from 0.41 mg l 1 to 0.06 mg l 1 (85%). The post-treat- 

ment Al concentration of 0.06 mg l 1 was lower than the recom- 

mended concentrations of 0.1–0.15 mg l 1 (DWAF, 1996) and 

0.005–0.1 mg l 1 (CCME, 2001). The recorded concentrations for Ni 

decreased from 0.2 mg l 1 to 0.07 mg l 1 (65%), and also fell within 

the recommended concentrations of 0.025–0.15 mg l 1 (CCME, 

2001).  Zinc  concentrations  decreased  from  0.75  mg  l 1   to 

0.02 mg l 1 (97%), which was lower than the recommended 

concentrations of 0.036 mg l 1 (DWAF, 1996) and 0.03 mg l 1 

(CCME, 2001). 

The final concentrations for Cu (Fig. 4) and Fe (results not pre- 

sented) on day 15 increased in comparison to the concentrations 

recorded in the initial sample. The metal concentrations for Cu 
increased from 0.15 mg l 1 to 0.21 mg l 1, and were significantly 

higher (p < 0.05) than the recommended concentration of 0.002– 

0.012 mg l 1 (DWAF, 1996) and 0.002–0.004 mg l 1 (CCME, 2001). 

The concentration for Fe increased from 4.98 mg l 1 to 7.06 mg l 1, 

and was also significantly higher (p < 0.05) than the recommended 

concentration of 0.3 mg l 1 (CCME, 2001). No Mn concentrations 

were recorded in any of the bioreactor one samples throughout the 

collected from the second laboratory-scale bioreactor (Plankenburg River). 
 
 
 

 

study period. Comparison of the initial and final water sample 

concentrations indicated that there were reductions in the 

concentrations of most of the metals analysed for. The final 

concentrations for Al, Ni and Zn (65–97% reduction) decreased to 

below their recommended concentrations, whereas the concen- 

trations recorded for Cu and Fe increased and were significantly 

higher (p < 0.05) than the recommended guidelines (CCME, 2001; 

DWAF, 1996). In a previous study by Jackson et al. (2007b), the 
authors evaluated the efficiency of a laboratory-scale bioreactor, 
with particular emphasis on Chemical Oxygen Demand (COD) 

reduction in winery effluent as well as metal reduction in the 
Plankenburg River. The authors reported a reduction in the 

concentrations of Al (0.75–0.18 mg l 1) and Ni (0.19–0.06 mg l 1), 

while the result for Fe was similar to the result obtained in the 

present study. The final Al concentrations were, however still 

higher than the recommended concentrations. 

 
3.3. Laboratory-scale bioreactor two 

 
The recorded concentrations for Cu, Mn (Fig. 5), Fe and Al 

(results not shown), decreased (p < 0.05) after the three-week 
experimental procedure. Concentrations for Al decreased from 
1.55 mg l 1 to 0.38 mg l 1 (75%), which was higher than the rec- 

ommended concentrations for Al (CCME, 2001; DWAF, 1996). For 

Cu, the concentrations decreased by 58% (from 0.33 mg l 1 to 
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Fig. 4. Metal concentrations (mg l  1) recorded in water samples collected from the 

first laboratory-scale bioreactor (Plankenburg River). 

 

Fig. 6. Metal concentrations (mg l 1) (Al, Cu, Mn and Ni) recorded in water samples 

collected from the on-site bioreactor (Plankenburg River). 
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0.14 mg l 1), which also exceeded the stipulated guidelines for Cu 
(CCME, 2001; DWAF, 1996). The metal concentrations for Fe 

decreased from 71.99 mg l 1 to 40.4 mg l 1 (44%) and were 

significantly higher (p < 0.05) than the recommended concentra- 
tion of 0.3 mg l 1 (CCME, 2001). The initial concentrations for Al, Cu 

and Fe  in  bioreactor  two  were  however  significantly  higher 

(p < 0.05) than the initial concentrations recorded in bioreactor 
one.  Manganese  concentrations  decreased  by  57%  (0.07– 

0.03 mg l 1). The Mn concentrations recorded before and after 
treatment were however, lower than the recommended guideline, 

which is 1.3 mg l 1 (DWAF, 1996). 

Negligible increases in Ni and Zn concentrations were observed. 

Nickel concentrations increased from below the detection limit to 
0.03 mg l 1, and were lower than the recommended concentrations 

of 0.025–0.15 mg l 1 (CCME, 2001), while recorded Zn concentra- 

tions increased from 0.62 mg l 1 to 0.64 mg l 1, and were signifi- 

cantly higher (p < 0.05) than the recommended concentrations of 
0.036 mg l 1 (DWAF, 1996) and 0.03 mg l 1 (CCME, 2001). 

The results recorded in the biofilm samples (results not shown) 

revealed a negligible increase in the mean metal concentrations for 

Al, Cu, Fe and Mn from compartments (i) to (iii) (Fig. 2). The Al, Cu, 
Fe and Mn concentrations in the biofilm increased from 2.2 mg l 1

 

to 2.9 mg l 1, 0.23 mg l 1 to 0.36 mg l 1, 5.43 mg l 1 to 6.59 mg l 1 

and 0.08 mg l 1 to 0.10 mg l 1, respectively. Nickel and Zn 
concentrations from compartments (i) to (iii) decreased from 

0.21 mg l 1 to 0.17 mg l 1 and 1.01 mg l 1 to 0.78 mg l 1, respec- 

tively (results not shown). Although the concentration of Fe in the 

bioballs was lower than that of the water samples, the concentra- 

tion recorded in the biofilm samples increased during the course of 

the study period. 

Shirdam et al. (2006) showed that metal accumulation was two 

to three times higher in immobilised cells than in free-floating cells. 

Jackson et al. (2007a) studied metal accumulation in water, biofilm 

and sediment samples collected from the Berg River. On average 

metal concentrations of 6 mg l 1 (Al) and 14.6 mg l 1 (Fe) were 

recorded in water samples, compared to 876.8 mg l 1 for Al and 

1017.5 mg l 1 for Fe in biofilm samples. Research has shown that 

the extracellular polymeric substances (EPS) exhibit a high metal 

absorption capacity (Suh et al., 1999). 

 
3.4. On-site bioreactor 

 
The recorded concentrations for Al, Cu, Mn and Ni in river water 

are presented in Fig. 6. The concentrations for Cu ranged from 

0.16 mg l 1 (initial) to 0.01 mg l 1 (final) (94%), with the final 

concentrations falling within the recommended concentrations 

according  to  DWAF  (1996).  The  initial  Mn  concentration  of 

0.12 mg l 1 decreased to 0.01 mg l 1 (92%). Both the initial (day 

one) and the final (day 67) concentrations fell within the recom- 

mended concentration of 1.3 mg l 1 (DWAF, 1996). Nickel concen- 

trations decreased from 0.1 mg l 1 to 0.01 mg l 1 (90%), and fell 

within the recommended concentrations (CCME, 2001; DWAF, 

1996). Iron concentrations decreased from 4.2 mg l 1 to 0.5 mg l 1 

(88%) (result not shown), which was still higher (p < 0.05) than the 
recommended concentration (DWAF, 1996). In contrast the 

concentrations for Al increased from 0.42 mg l 1 to 0.66 mg l 1. 

Both the initial and final concentrations exceeded the recom- 

mended concentrations as stipulated by DWAF (1996) and the 

CCME (2001). The only other metal, besides Al, that showed an 

increase in the concentration post-treatment was Zn, which 

increased from 0.66 mg l 1 to 0.8 mg l 1 (result not shown). Both 

the initial and final Zn concentrations exceeded the stipulated 

guidelines (CCME, 2001; DWAF, 1996). 

The mean metal concentrations recorded for Al, Cu, Fe and Zn in 

the biofilm suspension removed from the bioballs for the on-site 

 
bioreactor (Fig. 3) were higher (p < 0.05) in tank A in comparison to 

the mean metal concentrations recorded in tank F over the entire 

study period. The concentrations for Al, Cu, Fe and Zn, recorded in 

tanks A and F, were; 47–9 mg l 1, 0.8–0.09 mg l 1, 83–52 mg l 1 and 

3–2 mg l 1, respectively (results not shown). The concentrations of 

Mn in tank A and F increased from 0.5 mg l 1 to 0.7 mg l 1 over the 
study period, while Ni concentrations remained the same at 

0.1 mg l 1 (results not shown). The increased metal concentration 

in tank A and in the biofilm samples could indicate the efficiency of 

the bioballs to remove metals from the river water, which could 

also explain the decreased metal concentrations in bioballs 

collected from tank F. The concentrations recorded in the biofilm 

suspension removed from the bioballs collected from the 

compartments in bioreactor two, as well as the biofilm suspension 

collected from the six-tank, on-site bioreactor, revealed concen- 

trations higher than those recorded in the corresponding water 

samples (Al, Cu, Mn, Ni and Zn), except for Fe in bioreactor two, 

where the concentration of Fe in the water was higher. Cylindrical 

bioreactors were used to determine the efficiency of a yeast 

biomass (Saccharomyces cerevisiae) to remove, or reduce the 

concentrations of Ni, Zn, Cu, Cd and chromium (Cr) from electro- 

plating effluent (Stoll and Duncan, 1997). The results showed that 

for all the metals analysed, the two-tank system efficiently reduced 

the metal concentrations between 17% and 18%. Costley and Wallis 

(2001) investigated the efficiency of a rotating biological contactor 

bioreactor to reduce Cu, Cd and Zn from heavy metal contaminated 

industrial wastewater, using three-week-old biofilm material in 

a batch reactor. The system was able to reduce Cd, Cu and Zn 

concentrations by 30.4%, 81.1% and 49.6%, respectively. In the 

present study, an on-site six-tank bioreactor system was evaluated 

for its ability to remove metals from river water. The on-site 

bioreactor system was able to reduce Cu, Fe, Mn and Ni concen- 

trations in the water samples by 88–94%. Overall, the removal 

efficiency of metals from the river water in the on-site bioreactor 

proved to be high. 

 

 
3.5. Identification of organisms isolated from bioballs 

in bioreactor two 

 
Fig. 7a and b are representatives of the agarose gel electropho- 

resis photos captured after PCR amplification. The size of the PCR 

product (1200 bp) in comparison with the Lambda DNA/HindIII 

marker can clearly be seen. 

The phylogeny of the representative organisms in GenBank was 

analysed using the Neighbour-joining algorithm in ClustalX (Figs. 8 

and 9). The organisms used to construct the phylogenetic trees 

were representative of the isolated organisms of which many were 

identical. Tables 1 and 2 represent organism names and accession 

numbers for Figs. 8 and 9. These figures also represent the micro- 

organisms isolated from the biofilm suspension removed from the 

bioballs collected from the bioreactor three days (to allow for bio- 

film attachment) after it was started (Fig. 8) and the organisms 

isolated from the bioballs collected during the bioreactor run 

(Fig. 9), up until the final day of sample collection. 

When comparing the isolates in Fig. 9 to the isolates originally 
present in Fig. 8, organisms such as Aeromonas sp., Acinetobacter sp., 

Janthinobacter sp., Burkholderiaceae sp., Leptothrix sp., Luteococcus 

sp., Brevibacillus sp., Sphingomonas sp., Microbacterium sp., Delftia 

sp., Brachybacterium sp., Kocuria sp., amongst others, were present 
in Fig. 9 (after 15 days), but absent in Fig. 8 (after 3 days). Species, 
such as Hydrogenophaga sp., Chelatobacter sp., Corynebacterium sp., 

Ochrobactrum anthropi  strain W-7 and Crocebacterium sp. were 
present in the sample collected after 3 days, but were absent at the 
end of the bioreactor run. Bacterium PTO3, Pseudomonas  sp., 
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Variovorax sp., Bacillus sp., Sphingomonas sp. and Brevundimonas sp. 

were present throughout the bioreactor run (Figs. 8 and 9). 

In Figs. 8 and 9, the Gram-negative (such as Pseudomonas, 

Variovorax, Acinetobacter, and Burkholderia, amongst others) 

organisms exceeded the Gram-positive (such as Micrococcus, 

Bacillus and Staphylococcus, amongst others) organisms and tended 

to cluster together in both Figs. 8 and 9. This result was similar to 
the study by Duxbury and Bicknell (1983), who showed that Gram- 
negative organisms predominated in metal-polluted areas, such as 
the river water used in the current study, where high concentra- 
tions of metals were recorded. Eusé bio et al. (2007) also showed 
a predominance of Gram-negative bacteria to Gram-positive 
bacteria, recorded at 87% and 13%, respectively. Out of a total of 331 

aerobic heterotrophic bacterial strains, only 20 were Gram-positive, 
while the rest of the samples were dominated by Gram-negative 

bacteria, such as Burkholderia sp., Pedobacter sp., Janthinobacter sp., 

Duganella sp., and Sphingomonas sp. Mä nnistö et al. (2001) also 

showed that the presence of many Pseudomonas isolates exhibited 
strong inhibition against certain Gram-positive species. 

Hydrogenophaga sp. along with Acidovorax sp. belong to the 

‘‘Knallgas’’ group of hydrogen-oxidising organisms (Aragno and 

Schlegel, 1992). The Hydrogenophaga sp. have been shown to be 

quite common in activated sludge, preceding wastewater treat- 

ment and they, along with Comamonas isolates, may dominate the 

biofilm in the early stages of development and during periods of 
nutrient limitation, such as methanol, but tend not to be present at 
later stages in the reactor runs (Lemmer et al., 1997). In a study by 

Xia et al. (2008), Ochrobactrum sp. were involved in the fouling of 

membranes and also played a major role in the development of the 
mature biofilm. A lack of nitrogen or ammonia as a nitrogen source, 
necessary for the growth of nitrate-reducing organisms, could have 
contributed to the loss of the above-mentioned bacteria in the later 
stages of the bioreactor run. Similarly, in the present study, species 

such as Hydrogenophaga sp. and O. anthropi strain W-7 were 

present in the sample collected after 3 days, but were not present in 
the samples collected at the end of the bioreactor run. The 
surviving populations present both in the beginning and at the end 
of the bioreactor run belonged predominantly to the genera, 

Pseudomonas and Bacillus. In previous studies, the organisms 

predominantly isolated were Pseudomonas and Bacillus spp., 

presumably because of their ability to survive under both aerobic 

 

 
 

Fig. 8. An unrooted phylogenetic tree of organisms isolated from bioballs at the start of 

bioreactor three. A tree of 20 isolates was constructed using the Neighbour-joining 

algorithm of ClustalX. Bootstrap values are shown at the nodes. 

 
 

 

and anaerobic conditions and utilise nitrogen as an alternative 

electron acceptor if necessary (Eusé bio et al., 2007). 

Stenotrophomonas sp. was shown by Chien et al. (2007) to be 
resistant to high concentrations of Cd, and to some extent to Cr, Cu, 

Pb, Ni and Zn. Kim et al. (2007) showed that Bacillus sp. exhibited 

a high uptake capacity for Pb, Cd, Cu, Ni, Co, Mn, Cr and Zn and that 
a mixture of heavy metals, as opposed to exposure to a single metal, 

is more toxic to bacterial growth. Stenotrophomonas, Pseudomonas, 

 

 

 
 

Fig. 7. (a) Representative result of agarose gel electrophoresis of organisms isolated from bioballs at the start of bioreactor three. Lane one represents the marker (Lambda DNA/ 

HindIII), lane two, the negative control, and lanes three to 20 represent the Purified PCR products. (b) Representative result of agarose gel electrophoresis of organisms isolated from 

bioballs at the end of bioreactor three. Lane one represents the marker (Lambda DNA/HindIII), lane two, the negative control, and lanes three to 20 represent the Purified PCR 

products. 
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Fig. 9. An unrooted phylogenetic tree of organisms isolated from bioballs during the course of the three-week bioreactor experiment. A tree of 45 isolates was constructed using the 

Neighbour-joining algorithm of ClustalX. Bootstrap values are shown at the nodes. 

 
 
 

Bacillus, Micrococcus (Yilmaz, 2004) and Acinetobacter sp. (Boswell 

et al., 2001), amongst others, have been shown to exhibit heavy 

metal tolerance in previous studies, as well as in the current study. 

They could be applied in bioremediation strategies in different 

pollution sources, due to their high tolerance to various metals 

(Malik, 2004). 

According to Leung et al. (2000) Pseudomonas, Bacillus, 

Klebsiella, Aeromonas, Xanthomonas, Kocuria and Micrococcus sp., 
amongst others, were isolated from activated sludge treating 
industrial wastewater. The authors studied the metal resistance of 

Pseudomonas pseudoalcaligenes and Micrococcus luteus to heavy 

metals. Their results indicated that Cu uptake by M. luteus increased 
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Table 1 

Table of 20 isolates, their names presented on the tree and accession numbers. 
 

 

Name presented on tree 
 

Organism 
 

Accession # 

EP37 Pseudomonas sp. Pseudomonas  sp. EP37 AM403728.1 

CAI-4 P. reactans sp. Pseudomonas reactans strain CAI-4 DQ257418.1 

PT03 Bacterium Bacterium PT03 DQ136048.2 

R-20805 Pseudomonas sp. iso Pseudomonas sp. isolate R-20805 AM114534.1 

776 S. maltophilia st Stenotrophomonas maltophilia strain 776 EU430096.1 

V. paradoxus Variovorax paradoxus AF532868.1 

Esa.33 Hydrogenophaga sp. Hydrogenophaga  sp. Esa.33 AY569978.1 

BAC108 Hydrogenophaga sp. Hydrogenophaga  sp. BAC108 EU130958.1 

Sulf-946 H. lleronii iso. Hydrogenophaga palleronii isolate Sulf-946 AM922191.1 

BAC306 Hydrogenophaga sp. Hydrogenophaga  sp. BAC306 EU130968.1 

BBCT20 Sphingomonas sp. Sphingomonas sp. BBCT20 DQ337548.1 

DS-18 B. lenta st Brevundimonas lenta strain DS-18 EF363713.1 

435 C. heintzii Chelatobacter heintzii 435 AF250406.1 

W-70 O. anthropi st Ochrobactrum anthropi strain W-7 EU187487.1 

KBAB4 B. weihenstephanensis Bacillus weihenstephanensis KBAB4 CP000903.1 

megaterium Bacillus Bacillus megaterium DQ105968.1 

C. xerosis Corynebacterium xerosis AF145257.1 

EHFS1 S01Hd M. luteus st Micrococcus luteus strain EHFS1_S01Hd EU071591.1 

T202 C. ilecola st Crocebacterium ilecola strain T202 DQ826511.1 

PF-G Brevibacillus sp. Brevibacillus sp. PF-G DQ207364.1 

 
 
 
 

Table 2 

Table of 45 isolates, their names presented on the tree and accession numbers. 
 

 

Name presented on tree 
 

Organism 
 

Accession # 

TDIW13 Acinetobacter sp. Acinetobacter sp. TDIW13 EU000454.1 

A449 A. salmonicida Aeromonas salmonicida subsp. salmonicida A449 CP000644.1 

92-0600 Arthrobacter sp. Arthrobacter sp. 92-0600 EU086811.1 

CICCHL JQ9 B. cereus st 3 Bacillus cereus strain CICCHLJ Q93 EF528295.1 

XJU-1 B. cereus st Bacillus cereus strain XJU-1 EF185296.1 

760 B. pumilus st Bacillus pumilus strain 760 EU430090.1 

PR35-2-1 Bacillus sp. Bacillus sp. PR35-2-1 EU057855.1 

PT03 Bacterium Bacterium PT03 DQ136048.2 

rJ6 Bacterium Bacterium rJ6 AB021324.1 

Lact5.2 B. arcticum st Brachybacterium arcticum strain Lact 5.2 AF434185.1 

V4.BO.05 Brevundimonas sp. Brevundimonas sp. V4.BO.05 AJ244704.1 

KVD-unk-80 Burkholderiaceae Burkholderiaceae bacterium KVD-unk-80 DQ490281.1 

549 Chryseobacterium sp. Chryseobacterium sp. 549 EF565935.1 

MT2.2 Dermacoccus sp. Dermacoccus  sp. MT2.2 AY894329.1 

J. lividum Janthinobacterium lividum Y08846.1 

5N-4 K. palustris st. Kocuria palustris strain 5N-4 EU379291.1 

L. japonicus Luteococcus japonicus Z78208.1 

L. ginsengisoli Leptothrix ginsengisoli AB271046.1 

sp.7 4K Microbacterium Microbacterium sp. 7_4K EF540477.1 

PAO-12 Microbacterium sp. Microbacterium sp. PAO-12 EF514877.1 

4RS-9a M. luteus st Micrococcus luteus strain 4RS-9a EU379286.1 

ATCC 17527 P. putida st Pseudomonas putida strain ATCC 17527 AF094743.1 

PC16 P. putida st Pseudomonas putida strain PC16 AY918067.1 

ML0004 R. opacus st Rhodococcus opacus strain ML0004 DQ474758.1 

BIR2-r lima Sphingomonas sp. Sphingomonas sp. BIR2-rlima EF153191.1 

MP20 Sphingomonas sp. Sphingomonas sp. MP20 AY521015.2 

1/4 C7 32 Sphingopyxis sp. Sphingopyxis sp. 1/4_C7_32 EF540469.1 

S. succinus Staphylococcus succinus AF004219.1 

88 17 clone Uncult Acinetobact Uncultured Acinetobacter sp. clone 88_17 AF467302.1 

211c A. veronii st Aeromonas veronii strain 211c AY987746.1 

6 Clone Uncult bact Uncultured bacterium clone 6 AY682678.1 

300C-C03 Clone Uncult bact Uncultured bacterium clone 300C-C03 AY662023.1 

AKIW820 Clone Uncult bact Uncultured bacterium clone AKIW820 DQ129610.1 

BY14 Clone Uncult bact Uncultured bacterium clone BY14 DQ494790.1 

PB93 P. kribbensis st Pedobacter kribbensis strain PB93 EF660752.1 

D. acidovorans Delftia acidovorans AB020186.1 

ST7 Clone Uncult bact Uncultured bacterium clone ST7 DQ347893.1 

WBI100 Clone Uncult bact Uncultured bacterium clone WBI100 EU024391.1 

DSSF72 Uncult bact Uncultured bacterium DSSF72 AY328694.1 

6C 13 Variovorax sp. Variovorax sp. 6C_13 AY689053.1 

Acinetobacter sp. anoxic Acinetobacter sp. ‘anoxic’ AY055373.1 

ctg CGOF257 Clone Uncult org Uncultured organism clone ctg_CGOF257 DQ395648.1 

wged11 Leifsonia sp. Leifsonia sp. wged11 DQ473536.1 

Amico6 Variovorax sp. Variovorax sp. Amico6 AY512635.1 

ENV481 X. flavus st Xanthobacter flavus strain ENV481 EF592179.1 
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by 61% and that the Micrococcus sp. also showed an ability to 

increase Pb uptake. 

Arthrobacter sp. resistance to metals could be due to novel 

mechanisms of the genome of the species. Research has shown that 

Arthrobacter resistance to Al and Cr could be due to the production 

of extracellular soluble substances (Benyehuda et al., 2003). In 
a previous study, where the metal tolerance of micro-organisms 
isolated from river water using flow cells was determined, the 

authors isolated PAO-12 Microbacterium, Pseudomonas sp., Delftia 

sp., Sphingomonas sp., Bacillus sp. and Kocuria sp. from flow cells 

after exposure to the varying metal concentrations (Jackson et al., 
submitted for publication). The present study showed the efficiency 
of an on-site bioreactor system in the removal of metals from river 
water through the sequestering of metals from the system by 

means of biofilms. The diversity and number of micro-organisms 

isolated from bioreactor two could be beneficial in the remediation 

process due to their ability to resist metal pollutants. The bioreactor 

system should however be optimised to increase its efficacy. 
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