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when BV was used as electron acceptor for the purified homogeneous hydrogenase. 

Similar studies done by Roessler and Lien (1984) and by Valente (2005) determined 

purified hydrogenase from Chlamydomonas reinhardtii and Desulfovibrio gigas [NiFe] 

had hydrogenase activities of 360 pmol and 1500 pmol FL/mg/min, respectively. 

Considering that Atlin hydrogenase activity was measured directly from an SRB 

consortium, its purified hydrogenase would presumably have a higher catalytic activity.

3.3.3 The effect of Ni2+on hydrogenase activity

The relationship between nickel and hydrogenase has been studied since the early 

discovery of the enzyme. Schneider et al. (1984) reported a Ni stimulation to 

hydrogenase activity of Nocardia opaca. However, it only occurred at very low Ni2+ 

concentrations (0.1-10 pM, -0.0059 - 0.59 ppm) and only to a small extent (about 1.5 

fold) when BV was used as the electron acceptor. Higher concentrations (0.5-1 mM, 

-29.5-59 ppm) were proven to strongly inhibit the reactions. Takakuwa and Wall (1981) 

added 1 pM (0.237 ppm) NiCl2 -6 H2 0  to Rhodopseudomonas capsplata cells grown 

without exposure to H2  and found out the hydrogenase activity of whole cells was 

increased 3-8 fold. They concluded the addition of 1-10 pM (~0.059-0.59 ppm) Ni2+ 

resulted in maximum enzyme activity, which goes in agreement with Schneider’s results. 

Most researchers reported that higher levels of nickel in the medium (mostly more than

1.5 pM, -0.0885 ppm) will cause stress leading to a retarded growth rate (Carrieri et al. 

2008). Mattsson and Sellsedt (2002) reported three strains o f Frankia responded with an 

increase in hydrogen uptake when 1 pM (0.129 ppm) NiCk was added. It should be 

noted that they did not find clear effects of additional nickel on protein expression or the
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post-translational processing o f the large subunit o f hydrogenase. In another research 

done by Bryant et al. (1991) on the effect o f hydrogenase and mixed SRB populations on 

the corrosion o f steel, they found no hydrogenase activity in the first 23 days when the 

SRB used lactate or acetate as energy source. However, when the cell population 

switched its metabolism to using the metal (cathodically produced hydrogen) as an 

energy source, there was a concomitant increase in hydrogenase activity and a dramatic 

increase in the corrosion rate (Bryant et al. 1991). While our consortium was grown on 

lactate, which should have limited hydrogenase production, the excess Ni2+ in our culture 

medium appear to stimulate hydrogenase production even when lactate was present.

*2̂"An interesting observation was that acidification o f culture supernatants from Ni 

rich medium resulted in the formation o f a dark brown precipitate containing Ni (Figure 

3.11). The brown colouration o f the Ni-grown cultures was correlated with the increase 

in total protein concentration in Ni2+ rich media (Figure 3.9), also correlated with the 

concentration o f Ni2+ found in the acid pellets (Figure 3.12). Fortin and Southam (1994) 

did a similar experiment and found the same phenomenon. SouthamWd Fortin’s TEM 

analysis o f ultrathin sections o f the acid precipitates revealed that it consisted of fine­

grained, nm-scale amorphous material arranged into a mesh-like network, and is 

consistent with this study (data not shown).
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Figure 3.1 Precipitation processes of acidified Atlin cultures: small doses o f acidification of 
culture supernatant would destabilize the Ni-organic complexes and resulted in the precipitation 
of an amorphous Ni-rich material. The culture tubes on the left of each image were the control 
group with no addition o f acid.

Compared with standard SRB medium which contained Fe as the only metal, 

the Ni rich medium did not show the formation of typical macroscopic insoluble, metal 

sulphide precipitates (Figure 3.3). It appears that the Ni-protein complexes produced by 

Atlin under Ni-stressed conditions are primarily the hydrogenase enzyme possessing the 

Ni-binding active center. This explains the formation of precipitates wfien cultures were 

acidified (i.e., protein complexes are damaged or destroyed) (Figure 3.11) since Ni tends 

to form very stable protein complexes (Stumm and Morgan 1981). As shown previously 

by Fortin and Southam (1994), only the addition of strong acid to the SRB culture 

supernatant (with a final pH of 3) would destabilize, i.e., precipitate, the Ni-organic 

complexes and result in the sedimentation of amorphous, organic Ni-rich material (Figure 

3.11).

9+Figure 3.12 shows how Ni was distributed in different Ni rich SRB cultures. It

9 -4-can be seen that only a small percentage (3 - 15%) of Ni was found in the acid
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supernatant in all the SRB culture treatments, while most of the Ni was bound with acid 

pellet as acidified precipitates.

9+

Figure 3.1 Ni2+ distribution in SRB cultures grown from 0 to 150 ppm Ni2+

Q  I

As Ni concentration in medium goes from 0 ppm to 75 ppm, the percentage of

9+Ni associated with the cells dropped dramatically (from 95% to 12%^. At 25 ppm Ni , 

the SRB cells were still able to trap 54% of total Ni. As Ni concentration goes beyond 

75 ppm, the percentage of Ni associated with the cells was maintained between 18% and 

19%, and then dropped to 5% at 150 ppm Ni . Meanwhile, the amount of Ni-binding 

protein had grown significantly, which is reflected by the fraction of Ni in the acid pellet. 

The percentage of Ni associated with acid pellet grew from 5% to 95% as ambient Ni 

increased from 0 ppm to 75 ppm. Then dropped to 57% at 125 ppm Ni and finally rose

94-to 90% at 150 ppm Ni . In all the treatments, the Ni content in the acid supernatant

94-ranged between 3-15%, making it relatively clean compared with the Ni rich medium.
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As highlight, acid precipitation allowed the recovery of 95% of the total Ni from the 75 

ppm Ni2+ cultures, leaving very little (5%) remaining in the acid soluble fraction.

Considering all the factors, i.e., SRB growth rate, enzyme activity, a steady Ni- 

defence mechanism, and a relatively higher Ni-recovery rate, we determine the optimum 

N i concentration for Atlin hydrogenase production and Ni recovery is 75 ppm.

We believe that this acid response might have potential application in the 

biotreatment o f nickel contaminated effluents, e.g., AMD. In this process, nickel 

containing AMD would be added into a bioreactor o f nickel grown cells. The acid would 

be buffered by the hydrogen sulphide produced by the SRB and by the nickel containing 

protein, which would also precipitate out o f solution preventing acid toxicity to the cells 

and recovering the nickel in the sediment. Given an adequate source o f carbon, the cells 

would reproduce, continuing Ni-protein synthesis. Oxygen levels could be kept low by 

collecting effluent from anoxic limestone drainage systems. Although the heavy metal

tolerance o f the Atlin strain can go as much as 10 ppm Cu2+, 50 ppm Zn2+, and 200 ppm
, i V  ̂i

Ni , respectively (Chapter 2), the combination o f maximum limits of exposure for Cu ,

Ni2+ and Zn2+to Atlin in standard growth medium turned out to be preventing the growth

o f this culture. Thus, individual and combined metal tolerance(s) o f cultures must be

integrated into the proper design o f a potential Ni AMD bioreactor if  it is to be a

successful bioremediation treatment.
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3.4 Conclusions

0 *4-The production o f hydrogenase by the Atlin consortium when cultured in Ni 

rich medium was confirmed by the BV hydrogenase assay and by using TEM analysis.

0 -4-The Ni concentration for maximum hydrogenase activity appeared at 100 ppm, with 

0.037 pmol H2 consumed per mg o f protein per minute at 25°C.

Our study also showed that the presence of highly concentrated Ni in SRB 

medium induces the production o f an extracellular Ni-hydrogenase, which can be 

precipitated upon acidification. The acidified SRB culture only had 3-15% Ni remaining 

in the acid supernatant phase, making it relatively clean compared with the initial Ni2+ 

concentration in medium. For the highest Ni recovery rate, acid precipitation allowed the 

recovery o f up to 95% of the total Ni in 75 ppm Ni2+ cultures, only a very little (3%) 

remaining fraction being acid soluble. This is very promising from a biotechnological 

perspective, where the formation o f Ni-complexing protein by Atlin may have an

application for the removal o f Ni from wastewaters, e.g., acid mine drainage systems.
\

While the biotechnological recovery o f nickel using this process would represent 

an environmentally friendly approach to nickel pollution in industrialised settings, this 

narrow view may represent a lot o f opportunities. Because hydrogenase enzymes can 

catalyze both the forward and backward reactions o f hydrogen (equation 1), nickel 

polluted waters could potentially be considered as a resource versus a pollutant. Using 

this novel nickel response to produce hydrogenase may be important for the development 

of a hydrogen based economy, by harnessing the catalytic power of the biosphere, leading 

to biotechnologically efficient hydrogen production.
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Chapter 4
General discussion and recommendations for future research

Biofilms are communities o f microorganisms found growing on solid substrates in 

aqueous environments freshwater and marine). They are known for their capacity to 

produce different chemical conditions from the bulk aqueous phase in terms o f pH, 

dissolved oxygen, and organic/inorganic species (Ferris et al. 1989), which can cause 

chemical transformations o f toxic heavy metals. The natural attenuation o f heavy metal 

ions by the biofilms recovered from the permeable reactive barriers, which produced 

order or magnitude (up to 1,000,000 times) enrichments o f the toxic heavy metals 

(Chapter 2), were impressive from a metal immobilisation perspective and also because 

of the large amount o f biomass that was produced in this bioremediation system. 

Because biofilms are also biochemically active even under these metal stressed 

conditions, the biochemistry of this bacterial heavy metal resistance is also intriguing. In 

particular, the resistance to Ni expressed by the Atlin consortium via hydrogenase activity 

is worth further consideration.
\

The maximum hydrogenase activity for the Atlin consortium was determined to 

be 0.037 pmol H2 consumed per minute per mg o f protein at 25°C in culture media 

containing 100 ppm Ni. This is at the upper end o f hydrogenase activity determined for 

microorganisms (Harris and Reddy 1977; Kim et al. 2010; Roessler and Lien 1984; 

Schneider et al. 1984) and is remarkable given that it was produced by a consortium, 

which had to share (limited) nutrients within the culture bottles. One o f the next goals 

should be the isolation and identification o f the dominant Desulfovibrio sp. from the Atlin 

consortium to allow for a more precise comparison of its’ Ni-resistance hydrogenase to
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other pure cultures. Growth in 100 ppm Ni is certainly beyond most cultures described in 

the literature (Hao et al. 1994; Poulson et al. 1997).

Given the importance o f biofilms in natural systems, another possible direction 

would be to ‘grow’ the Atlin consortium as a biofilm in lab to examine the effect o f 

biofilm formation on metal resistance versus the planktonic cultures examined in this 

study, i.e., are biofilms more resistant to Ni? This line o f research would help us to 

evaluate SRB metal resistance leading towards the development/design o f a bioreactor. 

Since the majority o f living cells are found inside the biofilm, there’s a better chance that 

SRB biofilm could have higher levels o f heavy metal tolerance. In that case, we’ll have 

more optional designs for a bioreactor, a possibly higher Ni2+ treatment and recovery 

rates, and presumably an improved capacity for bioremediation of Ni containing effluents.

Dissimilatory SRB are also one o f the main groups o f bacteria associated with 

metal corrosion (cast iron, mild steel, and stainless steel) in both aquatic and terrestrial 

environments (Feugeas et al. 1997). In research done by Bryant et al. (1991) on the effect 

of hydrogenase and mixed SRB populations on the corrosion o f steel, they found no 

hydrogenase activity in the first 23 days when the SRB used lactate or acetate as energy 

source. However, when the cell population switched its metabolism to using the metal 

(cathodically produced hydrogen, reaction 1) as an energy source, there was a 

concomitant increase in hydrogenase activity and a dramatic increase in the corrosion rate 

(Bryant etal. 1991).

Fe° + 2 H20 -» Fe(OH)2 + H2 (1)
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An unusual result from this project was that excess Ni2+ in the culture medium 

stimulated hydrogenase production even when lactate was present. Based on the 

stimulation o f hydrogenase by SRB growing on steel as a source o f energy (see reaction 1; 

Bryant et al., 1991), it would be interesting to examine the combined effect o f growing 

Atlin on stainless steel combined with the nickel selective pressure for hydrogenase, i.e., 

would there be a synergistic effect on hydrogenase production by the Atlin consortium?

The activities o f SRB-related stainless steel corrosions are of great concern to 

many industrial operations, i.e., oil, gas and shipping industries (Geesey et al. 2000; 

Odom 1990). Usually, a stable oxide film, formed by alloying elements (Cr, Ni, Mn, Mo) 

and oxygen, passivates the surface o f steel and contributing to the corrosion resistance 

(Lopes et al. 2006). However, the biogenic sulphide produced by SRB enhance the 

susceptibility o f stainless steel to corrosion in ways o f promoting the active dissolution, 

delaying re-passivation and rendering the passive film less protective (Lopes et al. 2006).

4 H2 + S 042 -» H2S + 2 H20  + 2 OH' (2)
V

Fe(OH)2 + H2S ->FeS + 2 H20  (3)

Based on this study, the use o f Ni as an alloying element o f stainless steel is 

particularly interesting since the dissolution o f Ni during the corrosion process, i.e., due 

to the change o f pH during growth o f SRB as a biofilm, could directly enhance growth 

and corrosion. Chen (1997) and Lopes (2006) confirmed the connections among SRB, Ni, 

and steel corrosion, and proposed the mechanism that the presence o f SRB biofilm on 

stainless steel surface leads to the weakening o f the passive film and to the dissolution o f
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nickel ion. Our work suggests a direct link between Chen (1997) and Lopes’s (2006) 

nickel susceptibility and Bryant et al. (1991)’s enhanced hydrogenase production during 

corrosion (see above). How would the Atlin consortium affect nickel dissolution in steel? 

Would this in turn stimulate hydrogenase production dining corrosion? Based on our 

work, the use of Ni to limit corrosion in steel needs to be examined using the Atlin 

consortium and purified cultures.

Valente (2005) reported the H2 consumption catalytic activities of purified 

hydrogenase in Desulfovibrio gigas [NiFe] hydrogenase of 1500 pmol H2/mg/min. 

Given our crude mixed culture activity levels, we expect a higher enzyme activity for a 

purified Atlin hydrogenase. Purification o f the Atlin consortium, using anaerobic ion- 

exchange chromatography, dialysis, and gel filtration chromatography (Krasna et al. 1960; 

Marques et al. 2009; Roessler and Lien 1984) would allow us to better understand its 

structure and active center, i.e., whether it’s a [NiFe] hydrogenase or perhaps a new 

hydrogenase since the Atlin consortium was cultured in a Ni-only medium. As one o f the 

most promising unconventional and clean sources o f energy, the development o f a 

biological catalyst for hydrogen has been the focus o f many research groups (Carrieri et 

al. 2008; Klein et al. 2010; Lee et al. 2010; Maeda et al. 2008; Morozov et al. 2002; Oh et 

al. 2008; Schut and Adams 2009; Singh and Misra 2008; Wang et al. 2011; Woodward et 

al. 1996; Zadvomy et al. 2010). Understanding the limits o f enzyme activity is important 

for the development o f biocatalysts for hydrogen production.

The response o f the Atlin consortium to dissolved nickel under laboratory culture 

conditions has raised several questions in its potential role in bioremediation, in the 

corrosion o f Ni-containing steel and in the development o f biocatalysts that could be
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important in a ‘new’ hydrogen economy. Its nickel resistance is remarkable considering 

that it was cultured from a non-mining environment, demonstrating that there is more to 

understand regarding the selection o f unique metabolic traits in natural systems.

V
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