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Abstract: Sulfide is an important water pollutant widely found in industrial waste water
that has attracted much attention. S2−, as a weak acidic anion, is easy hydrolyzed to HS−
and H2S in aqueous solution. In this study, biological tests were performed to establish the
toxicity of sulfide solutions on luminescent bacteria. Considering the sulfide solution was
contained three substances—S2−, HS− and H2S—the toxicity test was performed at
different pH values to investigate which form of sulfide increased light emission and which
reduced light emission. It was shown that the EC50 values were close at pH 7.4, 8.0 and 9.0
which were higher than pH 5 and 10. The light emission and sulfide concentrations
displayed an inverse exponential dose-response relationship within a certain concentration
range at pH 5, 6.5 and 10. The same phenomenon occurred for the high concentration of
sulfide at pH 7.4, 8 and 9, in which the concentration of sulfide was HS− >> H2S > S2−. An
opposite hormesis-effect appeared at the low concentrations of sulfide.
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1. Introduction
Sulfide, a serious environmental problem resulting from the oxidative dissolution of sulfide-rich
mine tailings and coal burning, has been the focus of numerous studies and several comprehensive
reviews [1,2]. It is flammable and explosive and its aqueous solution is alkaline, corrosive and an
irritant. Sulfide, as a molecule, is toxic [3]. Sulfide-rich environments have been shown to interfere
with metabolism, ion uptake, and growth of Spartina alterniflora Loisel and other salt marsh
plants [4–7]. It inhibits mitochondrial cytochrome oxidase at submicromolar concentrations [3]. Other
studies about insoluble sulfide show that sulfide clearly reduces ATP formation by its adverse effects
on energy metabolism. Alcohol dehydrogenase activity is immediately reduced in the presence of
sulfide. Moreover, the post-hypoxic cytochrome pathway is inhibited. The remaining electron flow
may be directed towards an alternative pathway which does not generate any ATP after the branching
point [8–10]. Overall metabolic activity is continually decreased because of the loss of adenylates with
increasing time and sulfide concentrations. Under such conditions, tissues will gradually lose their
viability [11].
However, there is limited or no specific information about the effects of the soluble sulfide on
organisms. One of possible reasons maybe that sulfide is easily oxidized by oxygen in water and air [7],
which conflicted with the living conditions of most organisms used in the toxicity tests. The other
possible reason maybe that in sulfide solution three substances S2−, HS− and H2S exist together, and it
was difficult to identify which substance(s) induce the sulfide solution toxicity [12]. Some authors
used different solutions of NaHS [13] or more often Na2S and implied that HS− was the toxic
component [14]. Other authors thought that the toxicity of sulfide solution mostly was due to hydrogen
sulfide (H2S) because H2S is known as a very poisonous gas that, for example, leads to pulmonary
edema when absorpted by breath [15], and that often was found in sewage treatment plants and under
other anoxic conditions [16].
In this study, the luminous bacterium Vibrio qinghaiensis sp. Q67 was employed to evaluate the
effect of sulfide solutions and to differentiate the different sulfides and their role. The luminescent
bacterium Q67, a freshwater bacterium, can tolerate a wide range of pH values [17], and has been
extensively used to assess the potential toxicity of different types of chemical pollutants [18–21]. Use
of V. qinghaiensis sp. Q67 to evaluate the toxicity of secondary metabolites produced by
microorganisms has therefore been suggested [17]. In addition, the toxicity test method based on
luminous bacteria, which is also called Microtox, is very quick (the reaction time is only 15 min) [22],
simple and sensitive for toxicity determination [23], and this could avoid the oxidization of sulfide to
some extent. Even though the sulfide solutions contain three substances: S2−, HS− and H2S, H2S
dominates in acidic solutions and HS− dominates in alkaline solutions. The toxicity test was performed
at different pH values to investigate which form of sulphur induced the sulfide solution toxicity.
2. Results and Discussion
Sulfide solution contains three substances: S2−, HS− and H2S, existing together (Figure 1). S2−, as a
weak acidic anion, is easy hydrolyzed to HS− and H2S in aqueous solution. The concentrations of S2−,
HS− and H2S in the sulfide solutions depend on the degree of hydrolysis of sulfide which has a direct
relationship with the pH values of the solutions [24–26]. The following relationship could be found by
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calculation: H2S dominates in the solution when the pH is ≤6. The main substance of the solution was
HS− at pH values between 7 and 13. When the pH is more than 14, almost all of the sulfur was
converted into S2−. The optimum pH of the luminescent bacterium Q67 is from 7 to 9. The aqueous
solution was turbid when the pH is ≤4 or ≥11, and the luminescence of these solutions was the same as
that of double distilled water without bacteria. We inferred that the luminescent bacteria in this solution
were already killed by the high concentration of H+ or OH−, so the EC50 values couldn’t be measured
at pH 3, 4 and 11. This study was therefore focused on the toxicity of the sulfide solution in the pH
range 5–10, in which S2− was almost non-existant. As shown in Figure 1, the main sulfide was H2S at
pH 5 to 6.5, and HS− at pH 7 to 11.
Figure 1. The equilibrium distribution of S2−, HS− and H2S in various pH media.

The experimental EC50 values at various pH media are given in Table 1.
Table 1. EC50 values of sulfide to Q67 with the concentration distribution in various
pH media.
pH
5.0
6.5
7.4
8.0
9.0
10.0

Total S, mg/L
1.68
45.30
33.19
34.20
38.89
8.32

H2S, mg/L
1.66
33.62
8.78
2.85
0.35
0.01

HS−, mg/L
0.002
11.68
22.4
31.35
38.35
8.31

The effect of the diverse sulfide forms in the sulfide solution on luminous bacteria Q67 at different
pH values were plotted in Figure 2. It was shown that the relationship between the light emission and
the sulfide concentration displayed an inverse exponential dose-response at pH 5, 6.5 and 10
(Figure 2a–c). The low-dose stimulation and a high-dose inhibition appeared at pH 7.4, 8 and 9
(Figure 2d–f), in which [HS−] >> [H2S] > [S2−]. The error range was less than 5%.
As shown in Table 1, the EC50 values of sulfide were 1.68 mg/L at pH 5 and 8.32 mg/L at pH 10,
which were less than those at pH 7 to 9. The toxicity of this solution almost coincided with the
concentration of H2S at pH 5, i.e., the toxicity depended on H2S. Similarly, the toxicity of sulfide
depended on HS− at pH 10 (Figure 2c). Since the EC50 value at pH 5 was lower than that at pH 10, the
toxicity of H2S could be higher than HS−.
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Figure 2. The relationship between the inhibition ratio and sulfide concentration in various
pH media: (a) pH 6; (b) pH 6.5; (c) pH 10; (d) pH 7.4; (e) pH 8; and (f) pH 9.

However, it was difficult to compare the EC50 values of sulfide obtained in this study to the values
reported in the literature due to the limited information about the toxicity of soluble sulfide on
luminous bacteria found. The EC50 values were close (Table 1) and the toxicity of sulfide solution and
HS- almost coincided at pH 7.4, 8.0 and 9.0 (Figure 2d–f). This indicated that pH itself had little effect
on the light emission of luminescent bacteria within the optimum pH range. An explanation for this
was that, as many microorganisms do, luminescent bacterium was able to maintain its internal pH
when the external pH changed [27,28].
From Figure 2a–c inverse exponential dose-response relationships were observed at pH 5, 6.5, and
10. The light emission decreased rapidly with the increasing sulfide concentration, and then tended to
be constant. A possible reason was that toxicant destroyed irreversibly the bioluminescence system
enzyme [29]. The influence of xenobiotics on enzyme bioluminescence systems could be described in
terms of effects on the primary physicochemical processes: electron and proton (e−, H+) transfer, and
the physicochemical characteristics of the compounds specify the changes in bioluminescence
emission kinetics [30]. The bioluminescence emitted by luminescent bacteria comes from the
nicotinamide adenine dinucleotide phosphate [NAD(P)H]-mediated respiratory electron-transport
chain [31]. H2S could produce a reversible inhibition of the NADH oxidase activity [32] which might
inhibit respiratory electron flow from NAD(P)H to flavin mononucleotide (FMN), and preventing the
turnover of oxyluciferin (FMN) to luciferin (FMNH2). This would result in decreased light emission
from the luminescent bacteria [33].
It must be pointed out that at pH 7.4, 8 and 9 (Figure 2d–f), the sulfide solution caused a typical
biphasic dose-response phenomenon called hormesis-effect that was characterized by a low-dose
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stimulation and a high-dose inhibition [34–37]. However, the mechanisms underlying hormesis
induced by environmental agents are not well elucidated [38]. The current explanation about hormesis
was that it is due to an overcompensation in response to a disruption in homeostasis and this was
supported through experimentation [39]. The hormetic responses has an initial inhibitory response has
has usually been reported, followed by a compensatory response that would happened when the
organism was stimulated by external environmental pollutants. The compensatory response may
eventually exceed the performance of the controls, resulting in the net stimulatory response commonly
referred to as a hormetic effect [40]. This response to a temporal disruption in homeostasis may had an
advantage to adapt to low levels of biological stress which was sufficient to elicit an overcompensation,
however, higher levels were less likely to affect the organism after this initial exposure [41]. Under
these stressed conditions the organisms must repair the stress-induced damage to ensure survival, and
so overcompensating activities would ensure that enough repair was completed to accomplish this,
until homeostasis was reached once again [38]. Recently no mechanisms underlying hormesis induced
by sulfide solution have been reported, but one paper illustrated that sulfide was a substrate for the
mitochondrial electron transport chain in mammals at even lower concentrations [42], so we speculate
that sulfide as a substrate could stimulate the vital movement of bacteria at low concentration, and then
promote the light emission. Although the mechanisms of action of soluble sulfide solutions on
luminescent bacteria cannot be revealed from these experiments, H2S as a gasotransmitter rapidly
travels through cell membranes without utilizing specific transporters and exerts a host of biological
effects on a variety of biological targets resulting in a variety of biological responses [43–47]. HS− goes
through cell membranes less easily than H2S does. To permeate the membrane, HS− had to pick up a proton
at the membrane surface and release a proton intracellularly [48]. Even if it existed, transport of HS−
through Cl− channels or other anion channels is not likely to play a physiologically relevant role.
3. Experimental
3.1. Materials
Na2S·9H2O (98%) was purchased from Shanghai TongYa Chemical Industry Science and
Technology Co. Ltd. NaOH and HCl (Sinopharm Chemical Reagents Co. Ltd.) was used to adjust pH
values. The water used was double distilled water, passed through a reverse osmosis system and
further treated with a Hitech-K flow water purification system.
3.2. Toxicity Tests
For the acute toxicity test, luminescent bacterium Q67 freeze-dried particles (Patent No.
ZL 97 1 06203.X) was purchased from Beijing Hammatsu Photon Techniques Inc. The optimum pH
range of luminescent bacterium Q67 was 7 to 9. First, bacteria freeze-dried as pellets in glass bottles
were removed from −20 °C storage. Then recovery liquid (0.8% NaCl) was added and bacteria were
rehydrated at 20 °C for 15 min. The standard methods for culture medium preparation and Q67
incubation are referenced to previous articles [49–51].
Toxicity of soluble sulfide was evaluated by measuring the inhibition of bioluminescence
of luminescent bacterial strains. Dilutions of Na2S (0.01 to 80 mg/L) at pH 3, 4, 5, 6.5, 7.4, 8, 9, 10 and
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11 that adjusted by NaOH (0.1 mol/L), HCl (0.1 mol/L) were prepared before the toxicity detection.
The concentration of different forms of sulphur could be found by calculation:
H2S↔H++HS−, K a1 

HS H  S2 , K a 2 

7
[ H  ]  [ HS -]
 1 .1  10
[H 2S ]

[ H  ]  [ S 2 ]
 1.26  10 13

[ HS ]

where [H+], [HS−] and [H2S] means the concentrations of H+, HS− and H2S [28,52,53]. The luminescence
inhibition assay was performed in test tubes using a luminometer (Model RS9901, Shanghai Rongsheng
Biological Electronics Co.). For each test, 10 test tubes were prepared, eight for different concentration
samples, one for blank control (recovery liquid) and one for pH control (only the pH was adjusted to a
certain value without sulfide solution in it). Sample or control liquid (2 mL) was added into each tube,
and the bacterial suspension (50 μL) was added at 10 s intervals. After 15 min exposure [19–21] of the
bacteria to the sample at 20 °C, the relative light unit (RLU) of luminescent bacterium Q67 was
measured, and the acute toxicity of the sample on Q67 was expressed as an inhibition ratio, calculated
by the following expression [28]:
X (%)  (1 

LU
)  100%
LU O

where LU0 was the RLU of Q67 exposed to the pH control and LU was the RLU of the same
concentration samples. EC50 values were calculated to express the toxicity of sulfide. EC50 is the
concentration of toxicant that produces 50% inhibition of light emission from a specific strain of
bioluminescent bacteria. Each test was repeated three times, and the average inhibition ratio was taken
as final result. To avoid as far as possible sulfide solution contact with oxygen, a Parafilm membrane
should be added to seal the test tubes during the sulfide reaction stage. Moreover, turbulent mixing
should be avoided during the tests, for example, using pipette for aspiration instead of shaking when
the reaction solution need be mixed.
4. Conclusions

Soluble sulfide solution at various pH values showed different toxicity on luminescent
bacteria Q67. This work demonstrated that light emission rapidly decreased as sulfide concentration
increased in strongly acidic solution where H2S dominated or alkaline solution where HS− dominated,
then tended to be constant, which displayed an inverse exponential dose-response relationship. A
hormesis-effect occurred in alkaline solutions in which the concentration of the sulfides in the solution
was HS− >> H2S > S2−. The most toxic substance was H2S in the soluble sulfide solution. The
low-dose soluble sulfide would stimulate the light emission of luminescent bacteria in alkaline solution
where HS− dominated. From the experiment, H2S might be the substance that induced the toxicity to
luminescent bacteria. On the contrary, it is possible for HS- to induce the stimulation. The results
provided a useful approach for further demonstrating mechanism of soluble sulfide interacting
with organisms.
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