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Various metal ions play a key role in growth and biohydrogen (H2) production by photo-

trophic bacteria through incorporation into or stimulation of the responsible enzymes and/

or related metabolic pathways. This study shows, that Cu (I) ions, at low concentration

(<5 mM), suppressed the growth of Rhodobacter sphaeroides strain MDC6521, isolated from

mineral springs in Armenia, but enhanced the H2 yield by this bacterium. In contrast, Cu

(II) ions with the same concentrations inhibited H2 yield. These ions also affected the

medium redox potential during R. sphaeroides growth. N,N0-dicyclohexylcarbodiimide-

sensitive ATPase activity of R. sphaeroides membrane vesicles was increased in the pres-

ence of both ions. Cu ions at low concentrations are suggested to affect biohydrogen

production pathways or responsible enzymes in R. sphaeroides, proton FoF1-ATPase of

which could be a target for these ions.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Growth and molecular hydrogen (H2) production by different

bacteria are strongly dependent on various external factors

such as nature and character of substrates utilized, light
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intensity, pH, temperature, and growth medium content, spe-

cifically presence of heavymetal ions [1e3]. The distinguishing

effects of different metal ions on H2 production by bacteria

during dark- and light-fermentation have been obtained, hav-

ing concentration-dependent manners [3e6]. Heavy metals

have been reported to demonstrate stimulatory, inhibitory, or
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toxic effects on biochemical reactions, depending on their

concentrations [7e9]. However, mechanisms of these effects

are not clear, although it is suggested to be result of influence of

the metal ions on photosynthetic system formation processes

and responsible enzyme activity. Understanding the appro-

priate mechanisms of heavy metals effects can improve H2

production biotechnology development and application.

Purple non-sulfur Rhodobacter sphaeroides is a promising

object for biotechnological research, and this bacterium was

found to be suitable to perform a photo-fermentation of

various carbon-containing organic substrates and wastes,

leading to H2 production [10e12]. In our previous studies, the

stimulating effect of various metal ions on growth and H2

production have been shown for R. sphaeroides fromArmenian

mineral springs [4,5]. The highest growth and H2 yield was

obtained for bacterial cells in the presence of Fe2þ, Mo6þ and

Mg2þ. R. sphaeroides was unable to grow in medium without

Mg2þ, indicating that Mg2þ is important for growth of purple

bacteria [4]. H2 production was not observed in the absence of

Fe2þ, indicating that Fe2þ is required for H2 production [5].

Moreover, the obtained results indicated a relationship be-

tween H2 yield and the activity of proton FoF1-ATPase, a key

enzyme of bioenergetics relevance [5].

The aim of the current research is the study of the influ-

ence of copper (Cu) ions in low concentrations on growth and

H2 production by photo-fermentative purple bacteria. The role

of Cu ions in the metabolism of different bacteria has been

explored by many researchers [3,7e9,13e16]. For example, Cu

ions in low concentration (<0.05mM) have been established to

be required for Escherichia coli growth [13e15]. However, in a

higher concentration (>0.1 mM), they are toxic, disturbing the

membrane permeability and inhibiting enzymes activity

[15,16]. Cu ions easily interact with radicals; their toxicity is

based on interaction with the cell membrane and on the

production of hydroperoxide radicals [7]. Moreover, H2 pro-

duction by E. coli was also inhibited by Cu ions [15]. The

inhibitory effect of Cu ions was also reported for Enterococcus

hirae, the disruption of disulfide-dithiol interchange between

the FoF1-ATPase and the other membrane proteins was sug-

gested as one of the possible action mechanisms [17,18]. Cu

ions are important for several processes in photosynthetic

organisms; however the inhibitory effects were shown

[8,19,20]. But the effect of Cu ions at low concentrations on R.

sphaeroides has not been investigated yet. These effects are

also of an interest, since many chemical compounds affect

cellular processes at low and ultra-low concentrations [21,22]

including H2 production by bacteria [23]. Moreover, these ef-

fects can be distinguishing factors between their low and

moderate concentrations as shown for H2 production with

oxidizers and reducers [23,24]. For explaining these effects, it

is necessary to understand the influence of low and ultra-low

concentrations of compounds on the processes of structure

formation, and change in aqueous solutions, and set up the

relationship of properties of aqueous solutions with their

biological effects [21,22]. It is interesting how the effects of

compounds at low concentrations differ from those of rela-

tively high concentrations.

This paper presents the influence of Cu ions' low concen-

trations on R. sphaeroides growth and H2 production. Direct

effect of these ions on the FoF1-ATPase activity was identified.
Materials and methods

Bacterial strain and growth conditions

R. sphaeroides strain MDC6521 (Microbial Depository Center,

National Academy of Sciences of Armenia, Yerevan, Armenia,

WDCM803), which was isolated from the Arzni mineral spring

in the Armenian mountains, was used [4,5,24]. The bacterium

was grown in batch culture (150mL flasks) anaerobically upon

illumination with a light intensity of ~36 W/m2 in Ormerod

medium with carbon source e succinate (3.54 g L�1) and ni-

trogen source e yeast extract (0.2%), as described previously

[23e25]. Halogen lamp (60 W) was used for illumination. Light

intensity was measured by a lux-meter LM37 (Carl Roth, Ger-

many). The growth of bacterial culture was recorded by

changes in optical density (OD660), using a Spectro UVeVis

Auto spectrophotometer (Labomed, USA), and by determining

dry weight (DW) of bacterial biomass (g L�1), which was

correlated with OD660 according the equation: DW ¼ 0.50 �
OD660. Specific growth rate was evaluated as ln2/doubling

time of OD within an interval, where the logarithm of culture

OD increased with time in a linear manner (logarithmic

growth phase), and it was expressed as h�1 [5,23e25].

The concentration of Cuþ and Cu2þ in the growth medium

ranged from 1 mM to 5 mM. Cu2þ and Cuþ were added to the

appropriate concentration from freshly prepared sterile so-

lutions of Cu2Cl2$2H2O and CuCl2$2H2O.

The medium pH, redox potential determinations and H2

assay

The initial pH of the bacterial growthmediumwasmaintained

at 7.0 ± 0.1 by 0.1 M NaOH or 0.1 M HCl and determined at

certain time intervals (from0 h to 96 h) by a pH-meter (HANNA

Instruments, Portugal) with selective pH electrode, as

described [5,24].

The medium redox potential (Eh) was determined during R.

sphaeroides growth using a pair of redox (platinum (Pt) and

titanium-silicate (TieSi)) electrodes, as described [5,23e25];

reference (Ag/AgCl) electrode was employed. TieSi electrode

measured the overall Eh, whereas Pt electrode (sensitive to O2

and H2) under anaerobic conditions detected only H2 [24]. Eh of

both electrodes were tested in the control solution as

described [24]: Eh at 25 �C was of 245 ± 10 mV. Eh kinetics

determined using pair of redox electrodes during culture

growth gives information about main redox processes and

also H2 generation [23e25]. The H2 yield was evaluated by the

drop of Eh to low negative values during bacterial growth as

described and expressed in mmol/g DW [5,24,25]. Note that

this determination of H2 is close to the method with Clark-

type electrode employed by other authors [26]. In addition,

H2 generation was confirmed by the chemical method, as

described [5,27].

ATPase activity assay

ATPase activity was measured by amount of inorganic phos-

phate (Pi), liberated after adding 5 mM ATP (Tris salt) to

membrane vesicles of R. sphaeroides [5,23,24]. Membrane
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vesicles were prepared as before [5,24]; Pi was determined by

the spectrophotometric method, as described [5,24], correc-

tions were made for blanks without ATP or membrane vesi-

cles. ATPase activity was expressed in nmol Pi per mg protein

per min. The assay mixture was 50 mM TriseHCl buffer (pH

8.0), containing 0.4 mM MgSO4 was used. When used, mem-

brane vesicles were pre-incubated with Cuþ, Cu2þ or N,N0-
dicyclohexylcarbodiimide (DCCD) for 10 min. Note, DCCD is

known as inhibitor for the proton FoF1-ATPase in bacteria,

including R. sphaeroides [1,2,5,28].

Reagents, data processing and others

DCCD, ATP, sodium succinate fromSigmaAldrich (USA); yeast

extract, Cu2Cl2$2H2O, CuCl2$2H2O from Carl Roths GmbH

(Germany) and other reagents of analytical grade were used.

Each experiment was repeated three times; error bars were

presented on the figures. Standard errors such as standard

deviation were calculated using appropriate function of

Microsoft Excel 2013. Student criteria (p) were employed to

validate the difference in average data between various series

of experiments and controls, as described previously [23e25].
Fig. 1 e Effects of Cuþ and Cu2þ ions' low concentrations on

the R. sphaeroides MDC6521 cell growth properties: dry cell

weight (a) and specific growth rate (b). 1 mM or 5 mM of Cuþ

and Cu2þ were added to the growth medium before

inoculation of bacteria; control was the bacterial growth in

the medium without any additions. For the others, see

“Materials and methods” section.
Results and discussion

Bacterial growth in the presence of Cu (I) and Cu (II) ions'
low concentrations

Different ways to enhance H2 production by photosynthetic

bacteria include not only choosing effective and cheap sub-

strates, but also exploring novel pathways in H2 metabolism

and regulation of electrons transfer within the cell membrane

and of membrane-associated enzymes activity [1]. This could

engineer new methods of regulating H2 production by

different bacteria.

The bacterial growth characteristics were monitored dur-

ing phototrophic growth of R. sphaeroidesMDC6521 in Cuþ and

Cu2þ containing media. Addition of low concentrations

(1e5 mM) of Cuþ and Cu2þ caused a delayed inhibition of R.

sphaeroides growth. In fact, Cu ions support bacterial growth

during first 72 h; however the further measurements detected

inhibition of growth in Cuþ and Cu2þ containing media, in

contrast to the control, which reached the maximum after

96 h of growth (Fig. 1). In the presence of 5 mMCuþ, the specific

growth rate was ~2.5-fold lower than that of the control (~60%

inhibition), whereas bacterial growth rate decreased ~4-fold

(~74% inhibition) by an addition of 5 mM Cu2þ (Table 1). The

suppression of R. sphaeroides growth in the presence of Cu ions

may be caused by action of the reagent on Eh determining

bacterial growth, as suggested [15,17], or by direct effect of

these ions on bacterial membrane or key enzymes.

Effects of Cu (I) and Cu (II) ions' low concentrations on the
redox potential kinetics and its relationship with pH change

Low concentrations of Cu ions were discovered to affect the Eh
drop of the growth medium of R. sphaeroides during the

anaerobic growth upon illumination (Fig. 2). The Eh of growth

medium, measured by a Pt electrode, gradually decreased
during the anaerobic growth of R. sphaeroides (0e96 h): the

intensity of the Eh drop depends on the growth conditions.

Low concentrations of Cu ions were shown to have an

enhancing effect on the Eh drop after 72 h of bacterial growth

(Fig. 2a). The increase of concentration from 1 mM to 5 mM

reduced the stimulatory effects of both ions, but the decrease

was found to be more significant for Cu2þ. Further growth of

bacteria in the presence of Cu ions resulted in the decrease of

Eh drop.

The relationship of Eh kinetics and the change of external

pH has previously been shown [5,23,24]. The results obtained

for the effects of Cu ions low concentrations on external pH

variation during bacterial growth (Fig. 2b), pointed out that the

final pH of mediumwas higher than the initial pH, which was

an important factor for the bacterial growth, as suggested

before [5,24]. During the growth in the presence of Cuþ and

Cu2þ up to 96 h, external pH increased from 7.0 (initial pH) to

8.80e9.15 (see Fig. 2b). In comparison with control, the dif-

ference between initial pH and value of pH after 96 h of bac-

terial growth was more pronounced in the presence of Cuþ

ions (see Fig. 2b). This difference between Cuþ and Cu2þ ions'

http://dx.doi.org/10.1016/j.ijhydene.2016.07.103
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Table 1 e The changes of cell growth rate, H2 yield and ATPase activity in R. sphaeroides MDC6521 during growth in
anaerobic conditions in the presence of Cu ions.

Growth conditions Growth rate, % H2 yield, % ATPase activity, %

Control (no addition) 100 100 100

1 mM Cuþ 93.5 ± 1.5 (p* < 0.05) 138.0 ± 2.1 (p < 0.05) 140.5 ± 2.0 (p < 0.05)

5 mM Cuþ 39.0 ± 1.0 (p < 0.01) 125.0 ± 2.0 (p < 0.05) 154.0 ± 2.5 (p < 0.05)

1 mM Cu2þ 76.0 ± 1.5 (p < 0.05) 115.0 ± 2.0 (p < 0.01) 119.0 ± 2.0 (p < 0.01)

5 mM Cu2þ 26.0 ± 1.0 (p < 0.01) 81.0 ± 1.5 (p < 0.01) 135.0 ± 2.2 (p < 0.05)

*p was calculated for the difference between the values of experimental samples and appropriate control.

Fig. 2 e Effects of Cuþ and Cu2þ ions' low concentrations on

Eh kinetics (a) and pH change (b) during R. sphaeroides

MDC6521 anaerobic growth in batch culture upon

illumination.

Fig. 3 e Effects of Cuþ and Cu2þ ions' low concentrations on

H2 photoproduction during R. sphaeroides MDC6521

anaerobic growth in batch culture.
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effects on medium pH may be coupled with the reducing and

oxidizing properties of copper.
Effects of Cu (I) and Cu (II) ions' low concentrations on H2

production and membrane associated FoF1-ATPase activity

Cu ionsmight affect H2 production by R. sphaeroides. In fact, H2

production by this bacterium after 72 h of growth was

enhanced ~1.4- and 1.25-folds (~38% and ~25%) with 1 and

5 mM Cuþ, respectively (Fig. 3, see Table 1). Such an
enhancement (~15%) was observed with 1 mM Cu2þ either,

although the concentration dependent manner of such an

effect was more dramatic in this case (see Fig. 3 and Table 1).

Lin and Shei [3] have also shown the stimulating effect of Cu2þ

low concentrations on fermentative H2 production. However,

5 mM Cu2þ inhibited H2 yield by ~20% (see Fig. 3 and Table 1).

After 96 h of growthH2 production was inhibited, this could be

a result of the increased external pH. A comparison of the

effects of Cu ions on the growth and H2 production by R.

sphaeroides can suggest the importance of H2 production in

mechanisms of copper-resistance in these bacteria, in addi-

tion to those reviewed [7].

The effect of low concentrations of Cu ions on H2 pro-

duction could be explained by a direct influence of these ions

on the FoF1-ATPase. As known, H2 production in purple bac-

teria is mediated by nitrogenase, requiring the energy of ATP,

which is produced by the FoF1-ATPase [2,23]. The Hþ-trans-

locating ATPase of purple bacteria belongs to F-type ATPase

[23]. Some conformational change in the FoF1-ATPase, leading

to modulation of activity by Cu2þ, is possible [28]. Cuþ can act

as reducer and affect the process by breaking down the

disulfides in membrane proteins. Indeed, DCCD-sensitive

ATPase activity of membranes isolated from bacteria after

72 h of growth has been increased by addition of Cu ions;

these effects had a concentration dependent manner, and

different values for Cuþ and Cu2þ (Fig. 4, see Table 1). The

results suggest an interaction between Cuþ and the FoF1-

ATPase.

http://dx.doi.org/10.1016/j.ijhydene.2016.07.103
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Fig. 4 e Effects of Cuþ and Cu2þ ions' low concentrations on

DCCD-sensitive ATPase activity of membrane vesicles of R.

sphaeroides MDC6521.
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Conclusions and consequences

H2 photoproduction by R. sphaeroidesMDC6521 from the Arzni

mineral spring in Armenia, at the presence of Cuþ and Cu2þ

low concentrations, have been investigated. Cuþ at low con-

centration (5 mM) inhibits bacterial growth, but stimulates H2

production by R. sphaeroides, whereas Cu2þ at the same con-

centration inhibits both processes. Such effects on the growth

were suggested to be intermediated through Eh and supported

by concentration-dependent effects observed. The difference

between Cuþ and Cu2þ effects may be coupled with reducer

and oxidizer properties of copper. Cu ions were likely to

directly affect the bacterial membrane FoF1-ATPase, which

can be a target for various heavymetals ions in bacterial cells.

The use of oxidizers and reducers to modify the redox

environment is a simple way to affect bacterial metabolism

and interfere with the biotechnological processes. Under-

standing of appropriate mechanisms could lead to directed

regulation of cellular metabolism.
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