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In this study, we investigated the inhibition effects of single
and mixed heavy metal ions (Zn**, Ni*, Cu**, and Cd**) on
iron oxidation by Acidithiobacillus ferrooxidans. Effects of
metals on the iron oxidation activity of A. ferrooxidans are
categorized into four types of patterns according to its
oxidation behavior. The results indicated that the inhibition
effects of the metals on the iron oxidation activity were
noncompetitive inhibitions. We proposed a reduced inhibition
model, along with the reduced inhibition constant (c;), which
was derived from the inhibition constant (K,) of individual
metals and represented the tolerance of a given inhibitor
relative to that of a reference inhibitor. This model was used
to evaluate the toxicity effect (inhibition effect) of metals
on the iron oxidation activity of A. ferrooxidans. The model
revealed that the iron oxidation behavior of the metals,
regardless of metal systems (single, binary, ternary, or
quaternary), is closely matched to that of any reference
inhibitor at the same reduced inhibition concentration,
[1) educeas Which defines the ratio of the inhibitor concentration
to the reduced inhibition constant. The model demonstrated
that single metal systems and mixed metal systems with the
same reduced inhibitor concentrations have similar toxic
effects on microbial activity.
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As natural resources are progressively being depleted,
development of new technologies in recovering precious
metals from low-grade ores is becoming important. Bioleaching
is one of the most recently developed processes and is
currently being commercialized in several countries [1, 5,
12, 28-30]. It utilizes the biological activity of bacteria or
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fungi to dissolve and extract metals from an insoluble
solid. The process therefore is an environment-friendly
technology with lower cost for operation and energy than
conventional technologies such as chemical leaching [5].

One of the representative microorganisms used in the
bioleaching process is Acidithiobacillus ferrooxidans [1, 18,
20,27, 30]. A. ferrooxidans is an autotrophic bacterium
that can oxidize the reductive compounds of iron and sulfur.
Metal leaching by A. ferrooxidans proceeds via either direct
or indirect oxidation by Fe™ produced by oxidation of Fe*'.
Bioleaching efficiency is determined by various factors
including nutrients, O,, CO,, pH, temperature, substrates, heavy
metal concentrations, surfactants, and microbial activity [5, 17].
Heavy metals in high concentration have a clear negative
impact on bacterial biomass, various enzyme activities, and
C and N mineralization [8, 11, 21, 33]. Therefore, promising
microorganisms for bacterial leaching applications are mine-
dwelling microorganisms, which show a high tolerance against
metal toxicity owint to high concentrations of metals in
leachate obtained during bioleaching of ores.

The tolerance of A. ferrooxidans to metal ions is well
documented in previous studies [8—11, 13-15, 21, 22, 30,
33]. For example, the tolerance of A. ferrooxidans to
individual metal ions is known to be 10-800 mM of Cu*",
160-1,000 mM of Ni*", 80-750 mM of Cd*', and 400-
1,000 mM of Zn* [7-10, 14, 21, 23, 29]. However, as
bacterial leaching is usually applied to solutions containing
a mixture of metal ions rather than a single metal ion,
knowledge on the effect of other metals on the iron oxidation
activity of 4. ferrooxidans is crucial to control the bacterial
leaching process.

Few studies have addressed this issue. The effect of metal
concentration on iron oxidation activity in complex metal
mixtures is more difficult to evaluate than in a single metal
system. The contribution of each component in a mixture of
metal ions to the toxicity value is not proportional to the
weight fraction or relative numbers of ions in the mixture.
This necessitates development of a new model that can
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interpret the relationship between metal mixtures and
toxicity value in a more efficient and accurate way.

In the present study, therefore, we investigated the inhibition
effects of single and mixed heavy metal ions such as Zn*",
Ni*, Cu**, and Cd** on the rate of iron oxidation of 4.
Jerrooxidans. On the basis of our experimental results, we
also proposed a reduced inhibition model, which can allow
conversion of the different toxicity of each component to
that of the reference metal,

MATERIALS AND METHODS

Strain and Medium

A. ferrooxidans (ATCC 19859) cultivated in 9 K medium was used
throughout this study. The 9 K medium contained the following; 3.0 g/l
of (NH,),80,, 0.1 g/l of KC1, 0.5 g/l of K,HPQ,, 0.5 g/t of MgSO,-7H,0,
0.01 g/l of Ca(NO;),, and 45.0 g/l of FeSO, TH,O (equivalent to 9 g/l
of ferrous iron). The pH of the medium was adjusted to 2.0 with
sulfuric acid. 4. ferrooxidans was innoculated to the 9K medium
and incubated at 30°C for 3 days. The culture broth was centrifuged
at 3,500 rpm for 5 min to remove jarosite particles. The supernatant
was then collected and further centrifuged at 8,000 rpm for 20 min
to harvest the cells. The harvested cells were resuspended in the
mineral salt medium and used as an innoculum. The composition of
the mineral salt medium was identical to that of the 9 K medium
except for FeSO, 7H,0.

Effect of Metal Ion Concentration on Iron Oxidation Rate

All the experiments were carried out in 250-m] flasks. The flasks were
charged with 100 ml of 9 K medium, and single or mixed metal ions in
the form of sulfate salts were added to the 9 K medium. Heavy metal
ions added to the flasks were Cu® (CuSQ,-SH,0), Zn®" (ZnSO,7H,0),
Ni*" (NiSO,6H,0), and Cd** (CdSO, 7TH,0). Detailed descriptions of
the metal ion combinations used are listed in Table 1. Response surface
methodology (RSM) was used to set up all the experimental conditions

Table 1. Experimental conditions for various metal systems.

listed in Table 1. The RSM enabled assessment in effects of multiple
parameters, either alone or in combination, on response [6, 35]. The
main idea of RSM is to use a set of designed experiments to obtain
an optimal response. Based on the culture conditions of a single metal,
the mixed metal compositions in Table 1 were designed to assess the
effect of metal toxicity on the activity of 4. ferrooxidans in multiple
metal systems.

The inoculum of A. ferrooxidans was inoculated into a 250-ml flask
containing 9 K medium; its initial optical density was 0.2 at 600 nm.
The inoculum with high cell concentration was used to minimize the
effect of cell growth on the iron oxidation during the experiments. The
flasks were incubated at 30°C and 200 rpm. The culture broth from each
flask was sampled every 6 or 12h, followed by centrifuging at
12,000 rpm for 5min to remove jarosite particles and bacterial
cells, which might interfere with absorbance measurements by a
UV/Vis spectrophotometer. Ferrous iron, ferric iron, and total iron
concentrations of the culture broth sample were determined by using
the method described in Ryu ef al. [29]. All the experiments were
performed in duplicate.

Reduced Inhibition Model
One of the major problems encountered in commercial bacterial ore
leaching is the very low growth rate of 4. ferrooxidans. This
consequently makes insufficient cell populations and difficult cell
growth determination [4]. Therefore, the majority of previous studies
have not considered cell growth in evaluating the iron oxidation activity
of A. ferrooxidans [9-11, 13, 21,23, 29]. To address the problem in cell
growth measurement, we developed a simple kinetic model of iron
oxidation that is independent of cell growth; this model was then used
to evaluate the effect of metal toxicity on the activity of 4. ferrooxidans.
Various inhibition models such as competitive, noncompetitive, and
uncompetitive models can be used to explain the effect of an inhibitor on
microbial activity. These models cannot be applied to mixed inhibitors,
however, and only provide comparative information on the inhibition
intensity of microbial activity resulting from each individual inhibitor.
The Michaelis-Menten equation was employed to perform a kinetic
analysis of iron oxidation by A. ferrooxidans. An apparent maximum

System Metal ions added Metal concentrations (mM)
Single metal Cu* 0, 47,94, 142, 160, 189
systems Zn* 0, 230, 460, 690, 920
Ni** 0, 51, 102, 153, 204, 850, 1,020
Ccd* 0, 27, 53, 80, 107, 440, 660
Binary and ternary Cu”/Zn™ NP 0/0/0, 94/460/102, 0/460/102, 189/460/102, 94/460/0, 94/460/204, 94/0/102,

metal systems

94/920/102, 47/230/51, 47/690/51, 47/230/153, 47/690/153, 142/230/51, 142/

690/51, 142/230/153, 142/690/153

0/0/0, 94/460/53, 0/460/33, 189/460/53, 94/460/0, 94/460/12, 94/0/53, 94/920/

53,47/230/27, 47/690/27, 47/230/80, 47/690/80, 142/230/27, 142/690/27, 142/

0/0/0, 94/102/53, 0/102/53, 189/102/53, 94/0/53, 94/204/53, 94/102/0, 94/102/

12,47/51/27, 47/51/80, 47/153/27, 47/153/80, 142/51/27, 142/51/80, 142/153/

0/0/0, 460/102/53, 460/0/53, 460/204/53, 460/102/0, 460/102/12, 0/102/53,

920/102/53, 230/51/27, 690/51/27, 230/51/80, 690/51/80, 230/153/27, 690/153/
27,230/153/80, 690/153/80

Cu™/Zn™/ICd™
/ 230/80, 142/690/80
Cu*"/Ni#/Cd*
27, 142/153/80
70 NiT/Cdr
Quaternary metal systems Cu®'/Zn” /Ni*"/Cd*

0/0/6/0, 16/152/17/9, 31/306/34/18, 47/460/51/27, 63/612/68/36, 79/765/85/44
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iron oxidation rate (V,,,) and Michaelis constant (K,) were
obtained to determine the effect of individual metal toxicity on iron
oxidation activity. The inhibition on the iron oxidation of 4. ferrooxidans
due to the presence of a single metal inhibitor takes the form of
noncompetitive inhibition where V,, . is decreased with increase in
the inhibitor’s concentration.

The noncompetitive inhibition model is expressed as follows:

V= IVm —- VK ()
(1+%)(1+ﬁ) (1+[?"i)
where, V,, .= Vi
-9

where K; is an inhibition constant, and [S] and [I] are the
concentrations of substrate (Fe™") and inhibitor, respectively. As can
be seen from Eq. (1), when the rate of the apparent reaction (V,, )
is one-half of the maximum value, the inhibitor concentration is equal
to the inhibition constant. So, K; means the inhibitor concentration
or the toxicity showing one-half of the maximum reaction rate (or
microbial activity). Since the inhibitor is generally present as a
mixture in the microbial reaction solution, an advanced inhibition
model, which can be applied to mixed as well as single inhibitors, is
needed. Therefore, we now propose a new model (the reduced
inhibition model) allowing the conversion of the effects of various
inhibitors on microbial activity to that of the reference inhibitor. Central
to the proposed model is the reduced inhibition constant, defined as
the ratio of the inhibition constant (or inhibitor concentration) of
each metal species to that of a reference inhibitor metal species:

Ao

o K[ o
(Kl)ref [I] ref
If Cu** is the reference compound, the reduced inhibition constant is

as follows:

o &1L 3
KD, e

This means that the reduced inhibition constant represents the
tolerance of any other inhibitor relative to that of the reference inhibitor.
The reduced inhibitor concentration is the conversion of an inhibitor
concentration to a reference inhibitor concentration via the reduced
inhibition constant, and is expressed mathematically as

[ I ]reduced= L]l (4)
a

The basic idea behind the reduced inhibition constant is that all the
inhibitors behave alike at the same reduced concentration.

The new model enables universal and simple evaluation of inhibition
effects in complex mixed systems. The reduced inhibition model is
obtained with modification of Eq. (1) by the reduced inhibition
constant that is derived from the inhibition constant (K,;) and inhibitor
concentration [I}:

Ve Vo _ Vi ®)

(H(LIS—;‘) (H[KS_"i) (1 +ai([II(]:)re)(l+[KS_ni)

— Vm . Vm, app

(1+%)(1+%‘i) (1+E%"i)

Ferrous iron concentration (g/1)

0 12 24 36

0 12 24 36 48

Time (h)

Fig. 1. Time profiles of Fe*' concentration in 9 K medium in the presence of a single metal.
A Cu" (mM): @,0; 0, 47; ¥,94; v, 142; M, 160; 1, 189. B. Zn®* (mM): @,0; O, 230; ¥, 460; v, 690; W, 920. C. Ni** (mM): @, 0; O, 102; ¥,204; v, 850;

W, 1,020. D. Cd* (mM): @, 0; O, 53; ¥, 107; v, 440; W, 660.
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For a single inhibitor:

Vo Vo

Vo, a™ = 0
“*"’ (! ) (1 L)
a(K,),. (KDt
For multiple inhibitors:
\%
Voo, ap= - = = an Q]
(1+Z [I]! ‘) <]+ {I]reduced)
= 0K ) i1 (K et

where a, is the reduced inhibition constant of inhibitor i, (K)) . is the
inhibition constant of the reference inhibitor, and (K,); is the inhibition
constant of inhibitor i.

RESULTS

Effect of Heavy Metals on Irom Oxidation by A
ferrooxidans

We evaluated the effects of metals (single, binary, ternary, and
quaternary metal mixtures) on the Fe*” oxidation activity of
A. ferrooxidans. Fig. 1 shows the profiles of iron oxidation
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by A. ferrooxidans for each single metal system. The iron
oxidation activity of A. ferrcoxidans in the presence of 0~
189 mM Cu** decreased with increasing Cu’* concentration
and was completely inhibited at or above 160 mM Cu*’
(Fig. 1A). The strain was able to oxidize iron over a very
broad concentration range of Zn** (0-920 mM), but was
completely inhibited above 920 mM Zn*' (Fig. 1B). Oxidation
in the presence of Ni** (0—1,020 mM) or Cd** (0-660 mM)
similarly decreased with increasing their concentrations
(Figs. 1C and 1D) and was completely inhibited above
1,020 mM and 660 mM, respectively.

Fig. 2 shows the typical iron oxidation by A. ferrooxidans
in 9 K medium in the presence of a ternary metal mixture.
Inhibition increased with increasing total metal concentration,
but the effect was more substantial with increasing Cu®*
concentration. Among the ternary metal mixtures used in
this study, the Ni/Cd/Zn mixture (Fig. 2B} was the only system
without Cu™". The inhibition effect of metal on iron oxidation
by A. ferrooxidans was not significant for the Ni/Cd/Zn
mixture, whereas the three Cu**-containing ternary mixtures
(Figs. 2A, 2C, and 2D) showed considerable inhibition effects
with increasing Cu”* concentration from 47 to 142 mM. This

B

Fe’* concentration (g/1)

Time (h)

Fig. 2. Time profiles of Fe’* concentration in 9 K medium in the presence of a ternary metal mixture.
A, CU/Zo /N (mM): @, 47/230/51; O, 142/230/51; ¥, 47/230/153; 7, 142/230/153. B. Zn®/NI/Cd*" (mM): @, 230/51/27; O, 230/51/80; ¥, 230/153/
27, v, 230/153/80. C. Co*/Ze7* ICE" (mM): @, 47/230/27; O, 142/230/27; ¥, 477230/80; ¥, 142/230/20. D. Cu”/CEINE" (mM): @, 47/27/51; O, 14227/

51; v, 47/80/51; 7, 142/80/51.
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Fig. 3. Time profiles of Fe*" concentration in 9 K medium in the
presence of a quaternary metal mixture.

Cu’/Zn™ INT/Cd (mM): @, 16/152/17/9; O, 31/306//34/18; ¥, 47/460/
51/27; v, 63/612/68/36; B, 79/765/85/44.

suggested that even within a metal mixture, the inhibition of
iron oxidation by the bacterium was mainly governed by the
most toxic metal. The increase in the inhibition effect of metals
on iron oxidation with increasing total metal concentration is
shown clearly for the quaternary metal mixtures, illustrated
in Fig. 3.

Effect of Metal Concentration on Iren Oxidation
Rate.

Fig. 4 shows the rate of iron oxidation vs. total metal
concentration, as calculated from the results shown in
Figs. 1-3. For the single metal systems, the iron oxidation
rate clearly decreased with increasing metal concentration.
The order in toxicity of the metals studied was Cu*>Cd**
>7Zn">Ni*", as shown in Fig. 4A. In binary, ternary, and
quaternary metal mixtures, the iron oxidation rate decreased
with increasing total metal concentration, but only for low
total metal concentrations (Figs. 4B and 4C). These results
suggest that the inhibition effect is dependent on the
composition of metals within the mixture owing to the
different toxicity of individual metal affecting on the iron
oxidation activity of A. ferrooxidans.

Reduced Inhibition Model

An apparent maximum iron oxidation rate (V,,,,) and
Michaelis constant (K} were used to determine the effect
of individual metal toxicity on iron oxidation activity. The
relationship between V,, .. obtained from the kinetic analysis
and metal concentration is shown in Fig. 5. The maximum
oxidation rate, V,_, in the absence of inhibitor was 12.2 mMh™
and K, was 92.5mM. The inhibition of metal on the

Fe’* oxidation rate by A. ferrooxidans was identified as
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Fig. 4. Iron oxidation rates for different metal concentrations.
A. Single metal: @, Cu™"; O, Zn*"; ¥ Ni*"; v, Cd*". B. Binary metals: @,
Cu¥/Zn; O, Zn*NiET; v, 202 /Cd v, NETCEE m, Cu¥NIT; O,
Cu®/Cd*. C. Ternary and quaternary metals: @, Cu™/Ni*/Cd™; O, Cu*/
2 Cd s w | CEZnINE v, Zo INECE M, G 2o NP CE

noncompetitive inhibition, where V- decreased with increase
in the inhibitor’s concentration.

The K, and o values for each metal species were calculated
using the data in Fig. 5 along with Cu’" as the reference
metal. The K, and o values for Cu®', Ni*", Cd*, and Zn"" are

Table 2. K, and o values for the metals.

Metal
et n* Ni*t cd
K, (mol/l) 0.07 0.57 0.67 0.19
o 1.00° 8.14 9.57 271

*Reference metal.
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Fig. 5. Noncompetitive inhibition of iron oxidation by metals.
@, Cu™; O, Zn™ v N, v, Cd¥,

summarized in Table 2. By using the appropriate equations
among {4), (5), and (6) or (7) for each system, we converted
the concentration of each metal to the reduced concentration;
the relationships of the two concentrations to apparent maximum
iron oxidation rate (V,, ) are illustrated in Figs. 6A and
6B. Cu™" was selected as the reference inhibitor because of
its high toxicity compared with the other metals. The result in
Fig. 6B clearly demonstrated that with conversion of [I] to
Wrcaucess the Vi o, value was always the same at the equivalent
1] requecs value regardless of metal type.

To confirm the applicability of the reduced inhibition
model, we converted the concentration of each metal presented
in Fig. 4 for single, binary, ternary, and quaternary metal
systems to the reduced concentration; the results were replotted
against iron oxidation rate, as shown in Fig. 7. After this
conversion, the iron oxidation rates for all metal systems,
regardless of system type, were positioned close to the reference
line (solid line) at the reduced concentration ([1],.,..s<150 mM).
This indicated that the inhibition effect of Ni, Cd, and Zn
on the iron oxidation activity of 4. ferrooxidans is similar to
that of the reference compound, Cu”, at this range of [I], 4,ccq-

Iren Oxidation Patterns in the Presence of Complex
Metal Mixtures

Iron oxidation by 4. ferrooxidans in single, binary, ternary,
and quaternary metal systems shows diverse patterns, as
previously revealed in Figs. 1-3. However, careful analyses
indicated that these patterns can be categorized into four
types (Fig. 8). These are as follows: Type I: the same oxidation
pattern with no heavy metal system (control) and almost
complete oxidation of ferrous ions in the medium by 4.
Jerrooxidans; Type I1: substantial iron oxidation followed by
a sudden decrease in iron oxidation rate; Type III: initial iron

0 { L L ]
0 200 400 600 800 1000

(1] (mM)

12%

Vopapp (MM )

4+ —

0 i i L
0 50 100 150 200

[ I ]Rednced (mM)

Fig. 6. Maximum iron oxidation rates for different metal
concentrations {A) and for reduced metal concentrations where
Cu™" is the reference compound (B).

®, Cu’ O, Zn™; v NI v, Cd™.

oxidation followed by complete impediment of oxidation
owing to the inhibition effect of heavy metal; and Type IV:
complete absence of iron oxidation owing to the severe
inhibition effect of heavy metal.

The types of iron oxidation patterns of A. ferrooxidans for
the four heavy metals (Cu**, Zn*", Ni*", Cd*) in single to
quaternary metal systems are summarized in Table 3. Type
[ patterns were common in the systems with low total metal
concentration and low concentration of Cu”" (<100 mM),
regardless of the metal system. Type II patterns were evident
in binary and ternary systems without Cu**, and in quaternary
systems at reduced metal concentrations of 79 mM and
113 mM. Type 11 patterns appeared in a total of 39 systems
where the concentrations of Cu*', Zn*", Ni*", and Cd** were
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Fig. 7. Iron oxidation rates versus reduced metal concentration.

1500 2000 2500

Iron oxidation rate (mM - h'l)

vyWy
vy od v
v
H oy i
0 500 1000 1500 2000 2500

[HReduced zn (mM)

o

wm N =

Iron oxidation rate (mM - h'l)
-~

0 200 400 600 800

[HRreduced Ca (mM)

—, Reference metal (Cu*"); @, single system; O, binary system; ¥, ternary system; v, quaternary system.

142, 690, 850, and 440 mM, respectively, or the reduced
concentrations of the metal mixture were above 100 mM.
Type IV patterns were shown in five single metal systems
(160 or 189 mM Cu’™*, 920 mM Zn, 1,020 mM Ni*", and
660 mM Cd*") and a quaternary system with the reduced
metal concentration of 197 mM. These results clearly

Inflection point

Iron concentration

Time

Fig. 8. Patterns of Fe** oxidation by A. ferrooxidans in the
presence of inhibitor metal compounds.

demonstrated that the pattern of iron oxidation shifted
from Type I to Type IV with increasing total metal
concentration or increasing concentration of highly toxic
heavy metals such as Cu®".

DISCUSSION

The metal toxicity order in this study was Cu*">Cd*>Zn*">
Ni*" and the maximum tolerance concentration (MTC) values
for each metal were 142 mM Cu®*, 690 mM Zn**, 850 mM
Ni*, and 440 mM Cd**. Nevertheless, a wide range of MTC
and the order of metal toxicity can be found in the literatures
[7-10, 13, 21, 23]. For example, Cabrera et al. [8] found that
the toxicity order for A. ferrooxidans was Cd™” (89 mM)>Cu’*
(160 mM)>Zn™" (459 mM)>Ni** (511 mM). This discrepancy
may be due to the difference of strains and/or experimental
conditions employed.

On the contrary, the study in the toxicity of multiple
inhibitors on the activity of 4. ferrooxidans is rather scarce
in the literatures [9]. When a complex mixture of metals is
present in A. ferrooxidans medium, it is difficult to separate
the inhibition effect of an individual metal on the iron
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Table 3. Types of iron oxidation rate patterns for different toxic metal systems.”

Patterns

Metal system

Metal concentrations (mM)

Type I Single

Binary

Ternary

Quaternary

Type II Binary

Ternary
Quaternary
Type I Single
Binary
Ternary

Cu™: 0,47,94

7Zn*": 0,230 (28), 460 (56)

Ni*": 0, 51(5), 102 (11), 153 (16), 204 (21)

Cd*: 0,27 (10), 53 (20), 80 (30), 107 (40)

Cu™"/Ni*": 94/102 (105), Cu®'/Cd*": 94/53 (114),

70N :460/102 (66), Zn* /Cd>": 460/53 (75),

Ni*'/Cd*":102/53 (30),

Cu*'/Zn™INP*": 0/0/0, 47/230/51 (80), 47/230/153 (91)

Cu™/Zn™/Cd>": 0/0/0, 47/230/27 (85), 47/230/80 (104)

Cu™"/Ni*"/Cd™: 0/0/0, 47/51/27 (62), 47/51/80 (82), 47/153/27 (73), 47/153/80 (93)

Zn NI /CA™: 0/0/0, 230153/27 (54), 230/51/80 (63), 230/51/27 (43), 230/153/80 (73),
460/102/12 (71)

Cu*"/Zn™ INI*/Cd*": 0/0/0/0, 16/152/17/9 (40)

Zn*INP: 460/102 (67)

Ni*/Cd™: 102/53 (30), Cd*/Zn*": 53/460 (75)

Zn™NI**/Cd>": 460/102/53 (86)

Cu™/Zn™ /Ni*/ICd™: 31/306//34/18 (79), 47460//51/27 (113)

Cu™: 142, Zn®": 690 (84), Ni*™: 850 (89), Cd*": 440 (162)

Cu™/Zn™: 94/460 (150)

Cu™/Zn™ INP*: 94/460/102 (160), 189/460/102 (255), 94/460/204 (171), 94/920/102
(216), 47/690/51 (136), 47/690/153 (147), 142/230/51 (175), 142/69/51 (231), 142/230/
153 (186), 142/690/153 (242)

Cu™//Zn™ /Cd*": 94/460/53 (169), 189/460/53 (264), 94/460/12 (154), 94/920/53 (225),
47/690/27 (141), 47/80/690 (160), 142/27/230 (180), 142/27/690 (236), 142/230/80 (199),
142/690 /80 (255)

Cu™"/NPF/CA”: 94/102/53 (124), 189/102/53 (219), 94/204/53 (135), 94/102/107 (144),
142/51/27 (157), 142/51/80 (177), 142/153/27 (168), 142/153/80 (188)

Zn* N IC™: 160/204/53 (97), 920/102/53 (142), 690/51/27 (99), 690/51/80 (119), 690/

153/27 (110), 690/153/80 (129)

Type IV Single

Quaternary

Cu™: 160, 189, Zn*": 920 (112), Ni*": 1,020 (160), Cd*": 660 (243)
Cu* /N /Cd*/Zn™": 79/85/44/765 (197)

*Numbers in parentheses indicate the total metal concentrations where each metal concentration is converted as the reduced metal concentration using Cu®*

as the reference metal.

oxidation of the bacterium. The toxicity of metals for unadapted
and adapted strains of A. ferrooxidans in the presence of
binary and ternary combinations of metal ions such as Cu**,
Fe™, and Zn®" was estimated in terms of toxicity index (TT)
by Das et al. [9]. They only reported the toxicity behavior
of the adapted cells in the presence of the above metal ions
in comparison with that of wild unadapted cells under
similar conditions. The TI used was defined as the ratio of the
time required for completion of ferrous ion oxidation by the
strain with dissolved metal ion to that required by the wild
unadapted strain without any dissolved metal ion.

Several studies had been conducted to investigate the
combined effect of heavy metals on organisms [2, 19, 24—
26, 34]. In the ecotoxicological studies, the combined effects
of multiple chemicals are generally analyzed using the toxic
unit (TU) approach, which tested the response addition model
for the toxicant mixture [19, 24-26, 34]. Concentration in
the mixtures was expressed by TU with fractions of their
median effective concentration (EC5,=1 TU).

__G

" (ECq):

The sum of TU in the mixtures can be expressed by the
following equation:

TTU=Y S
7 (ECs):
and TU was calculated after exposure for a certain period of
time.

These models had been developed basically for individual
toxicants, and the effect of multiple toxicants interactions
can be predicted or interpreted from the sum of the toxic units
of the individual compounds [25]. The TU approach appeared
to be a good model in estimation of the combined effect of
metals, but has certain limitations. Only the sum of TU in
the mixture represents whether or not the toxicity behavior
is an antagonistic, additive, or a synergistic effect |2, 8, 25,
26]. With the TU approach therefore, it is difficult to predict
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the inhibition behaviors of cell growth or activities with
varying concentrations of the toxicant in the mixture.

In this study, the reduced inhibition constant derived from
the inhibition constant (K;), which was obtained from kinetic
analysis of cell growth and activity, has been introduced in
lieu of the TU approach. As shown in Figs. 67, this study
clearly reveals that the reduced inhibition constant from our
proposed reduced inhibition model enables the conversion
of complex inhibitor concentrations into concentrations of
the reference compound (e.g., Cu™). Such a conversion allows
the systematical separation of the toxicity effects of individual
inhibitors within a complex mixed system, thus providing an
efficient evaluation. In other words, in mixed metal systems
containing many types of metals, the effects of these mixed
inhibitors on cell activities can be normalized to the effect of
the reference inhibitor via the reduced inhibition concentration
derived from the reduced inhibition constant.

Furthermore, the oxidation patterns are categorized into
four types, as shown in Fig. 8. This is one of the most useful
approaches in evaluation of the toxicity (or inhibition behavior)
in a single as well as in mixed toxicants. The reduced inhibition
model and TU approach can be applicable to Type I and II
patterns, but they are insignificant in evaluation of the
toxicity for Type III and IV patterns. Most of Type 111 is
the mixture rather than the single system and is the metal
system having either high concentration of a highly toxic
metal such as Cu”" or a number of metal ions (Table 3). In
Type 111, the antagonistic effect is observed even at high
reduced metal concentrations. This effect is probably due
to disparities in the binding opportunities of the inhibitor
(or heavy metal) to active sites of enzymes; this is in turn
related to the iron oxidation activities of 4. ferrooxidans
and cell activity. For instance, the binding opportunity of a
highly toxic metal such as Cu™ to active sites of enzymes
is expected to be less in the systems mixed with other toxic
metals than in single metal systems.
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