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Abstract One of the most important factors that affect
the operation efficiency of sequencing batch reactor
(SBR) technology is bacterial viability and biomass
activity. The acute toxicity of three heavy metals to four
dominant strains of sequencing batch reactor (Pseudo-
monas, Aeromonas, Enterobacter, and Bacillus) was

investigated using a resazurin bioassay. After exposing
the bacterial strains to soluble compound of Hg, Cd, and
Pb, at more than five selected concentrations, the medi-
an effective concentration (EC50) and the mortality rate
values were calculated. Large differences were observed
in sensitivities of the four bacterial strains to the metals.
Pseudomonas showed the highest sensitivity for Cd
(EC50=0.06 μmol/L) and Hg (EC50=11.75 μmol/L),
while Aeromonas showed the highest sensitivity for Pb
(EC50=48.27 μmol/L). Considering the EC50 test re-
sults, it was concluded that Pseudomonas and
Aeromonas are excellent and reliable bioindicators for
assessing the toxicity of water and wastewaters polluted
by Cd, Hg, and Pb. The rapidity (30 min) and simplicity
of the resazurin bioassay procedure enable this enzy-
matic test to be used in toxicity assessment of small and
decentralized wastewater treatment plants (WWTPs).
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Introduction

Industrial wastewater, in particular, when originating
from metal plating and chemical industries, usually
contains very toxic compounds (Congeevaram et al.
2007). The variability of the industrial wastewaters on
both composition and flow (because of the shift in
operation of the plant, change of manufacturing product,
washing, etc.) upsets widely the treatment process and
makes it difficult to treat using conventional processes
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(Venkata and Sharma 2002). Sequencing batch reactor
(SBR) is a kind of wastewater treatment plant (WWTP)
which has been developed for periodic exposure of the
bacteria to specific process conditions. These conditions
are effectively achieved in a fed-batch method in which
the frequency of exposure, exposure time, and ampli-
tude of the respective concentration can be achieved
independently of any inflow condition (Venkata Mohan
et al. 2005). One of the most important factors that affect
the operation efficiency of SBR technology is bacterial
viability and biomass activity.

In small quantities, some heavy metals are nutrition-
ally essential for microorganisms, but they become toxic
when they are not excreted or metabolized by the cells.
In fact, heavy metals can be toxic to most microorgan-
isms at specific concentrations. The intensity and char-
acteristics of damage depends on the level and nature of
the metals. For example, it has been revealed that essen-
tial and non-essential metals have different biological
effects on microorganisms (Irato and Piccinni 1996).
Other minerals and water properties, such as organic
matter content and pH, will also affect the intensity of
damage. It has been reported that the heavy metal pol-
lution in water environment leads to reduction/
adaptation in the enzyme expression profile, distribu-
tion, and diversity of bacteria, which may induce ad-
verse effects on ecosystem functioning (Jose et al.
2011).

Numerous toxicological investigations have studied
the heavy metal toxicity or resistance of bacteria isolated
from different media (Abou-Shanab et al. 2007;
Congeevaram et al. 2007; Hassen et al. 1998; Kim
et al. 2007; Sprocati et al. 2006).

Assessment of growth is one of the important factors
when investigating the toxic effects of a compound.
Bacterial growth inhibition can be determined in differ-
ent ways: direct microscopic counts, plate counts (viable
counts), turbiditymeasurement, dry weight, biolumines-
cence, absorbance, etc. (Brock et al. 1994). When sev-
eral mixed strains are to be measured in one assay, it
may be practicable to measure their growth within mi-
croplates. Bacterial growth in microplates is often mea-
sured as an increase in either bioluminescence or in
absorbance (Gellert 2000; Gellert and Stommel 1999).

Tetrazolium-based dyes such as resazurin and
resorufin have been used as bacterial growth indicators
since the 1940s (Liu 1981). They detect activity of
oxidative enzyme systems by acting as electron accep-
tors (Liu 1981; Glenner 1961). Resazurin is a colored

compound (blue), and its color changes from blue to
pink upon reduction via bacterial dehydrogenase en-
zyme. In the presence of active bacteria with dehydro-
genase enzyme activity, resazurin reduces to resorufin
(color changes from blue to pink). Inactive bacteria
induce no change in resazurin color. So, resazurin can
examine the growth and viability of microorganisms
(Sreenivasan et al. 2003), but to our knowledge, it has
not been used to assess the impact of heavy metals on
dominant bacteria existed in SBRs. The aim of this
study was to apply a resazurin assay for evaluation of
toxic effect of heavy metals (Cd, Hg, and Pb) on SBR-
dominant bacteria.

Materials and methods

Sampling, isolation, and molecular identification
of dominant bacteria

SBR biomass samples were obtained from biological
process of SBR facilities, located in Isfahan, Iran (Sep-
tember 2013). Effluents from this SBR were used for
landscape irrigation. The operation parameters of this
WWTP were as follows: flow rate, 900 m3/day; hydrau-
lic retention time, 1.5–2.5 day; solid retention time,
8 day; dissolved oxygen, 1–3 mg/L; and temperature,
15–25 °C.

The SBR biomass was obtained by cultivation of
0.5 cm3 of SBR samples in nutrient broth. Aseptically,
each single bacterial colony was transferred onto a fresh
culture medium and then incubated at 35 °C for 48 h.
Transferring process was repeated until a pure bacterial
culture was obtained. The isolated bacteria were resus-
pended in 100 μL of deionized water, and genomic
DNAwas extracted by boiling (15 min) and centrifuga-
tion (7500g, 5 min). The supernatant was used for PCR
amplification with Eubac 27 F and 1492R primers,
which amplify a ~1420-bp fragment of 16 s rDNA. All
PCR reactions with a final volume of 50 μL contained
0.2 μM of each primer, 2 μL of DNA template, 0.2 mM
of each dNTP, 1.25 units of Taq polymerase, and 5 μL
of 10× PCR buffer. PCR was performed in a
thermocycler (MJ Research, USA) under the following
conditions: pre-denaturing (94 °C for 5 min) followed
by 30 cycles of denaturing (94 °C for 1 min), annealing
at 55 °C for 1 min, and elongation at 72 °C for 2 min and
then a final extension at 72 °C for 7 min. PCR products
were purified using a QIAquick PCR purification kit
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(Qiagen Inc., CA), and DNA sequencing of the ampli-
fied gene was performed. DNA sequences were ana-
lyzed by BLAST algorithms and databases from the
National Center for Biotechnology Information (http://
blast.ncbi.nlm.nih.gov/Blast.cgi).

Toxicity assays

For the resazurin assays, all heavy metals of analytical
grade were obtained from Sigma Chemical Co., Poole,
UK. Stock solutions of mercury chloride (HgCl2), cad-
mium chloride (CdCl2), and lead chloride (PbCl2) were
obtained by dissolving them in distilled water. The pH
of the solutions was adjusted to 7.0 by adding 1 N HCl
or 1 N NaOH.

For keeping the bacterial age constant during the
period of the toxicity experiments, the isolated bacterial
cultures were transferred every day to a fresh nutrient
broth medium. A clean sample of isolated bacteria using
an aseptic preparation method and the aid of centrifuga-
tion (3000g for 10 min) was prepared for evaluation of
the toxicity of metals. This step was repeated until the
supernatant was clear. The pellets were then resuspend-
ed in 20 mL of sterile phosphate buffer. The optical
density of the suspension was recorded at 540 nm, and
serial dilutions were carried out until the optical density
of 1.0±0.05 was achieved.

The assay mixture (5 mL) contained 0.5 mL of
nutrient broth (10×), 0.05 mL of resazurin solution at
1 g/L concentration, 0.5 mL phosphate-HCl buffer, and
distilled water to a volume of 4 mL. The reaction was
started by adding 1 mL of freshly harvested isolated
bacteria with an optical density of 1.0±0.05. In parallel,
bacteria-free experiments were carried out as controls.
The experiments were incubated (21 °C) in the dark on a
shaker. After 0 and 30min, a 1-mL sample was removed
from the assay. After removing the bacteria by centrifu-
gation (3 min at 5500g), resazurin reduction was mea-
sured spectrophotometrically at 610 nm. All assays were
carried out in four replicates, and the means were cal-
culated. In the existence of active bacterial culture, the
activity of dehydrogenase enzyme changes resazurin to
reduced compound resorufin and the color turns from
blue to pink. The results were used for calculating the
median effective concentration (EC50, a statistically de-
rived estimate of a concentration of a toxicant resulting
in 50 % reduction in growth within a specified time)
values.

Statistical analysis

Data were log transformed before the tests were set up.
To determine 30-min EC50 values, probit analysis was
performed using the SPSS version 16.0 software. The
95 % confidence intervals of the EC50 were also deter-
mined, presented as±mean EC50 values. Statistical anal-
ysis of the EC50 values was performed using both the
non-parametric Kruskal–Wallis test and analysis of var-
iance (ANOVA). The Dunnett multiple comparison T3
test was used for testing the significance of the differ-
ences of EC50 among species. P values of <0.05 were
considered as significant. All analyses were carried out
using the SPSS version 16.0 software.

Results

The dominant bacterial species within the SBR were
isolated, and the results are shown in Table 1. Table 1
shows that the dominant bacterial species in the SBR
samples were Pseudomonas, Aeromonas, Enterobacter,
and Bacillus.

Bacterial inactivity values (±S.D.), as resazurin re-
duction inhibition, were measured for the four SBR-
dominant bacteria after 30 min of exposure to different
concentrations of heavy metal ions, and the results are
shown in Fig. 1, while the 30-min EC50 values are
reported in Table 2. It should be noted that no mortality
was observed after 30 min in the control tests which
allows us to reject possible stress conditions in bacterial
cultures. Statistical analysis of the data, performed using
one-way ANOVA (Table 3), demonstrated significant
differences (P<0.05) among the EC50 values of the
three tests for each tested heavy metal (Cd, Hg, and
Pb). These results were also confirmed using the
Kruskal–Wallis test. The significance of the differences
in the relative toxicity of heavy metals to each bacterial

Table 1 Distribution of bacterial species in SBR biofilm

Bacteria species Number of colonies
(10−7 dilution)

Distribution (%)

Pseudomonas 38 60.32

Aeromonas 12 19.05

Enterobacter 8 12.70

Bacillus 5 7.93

Total 63 100
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species is shown in Table 4. The results of the Dunnett
multiple comparison test demonstrated the following
order of sensitivity among the four bacterial species to
the tested metals:

Cd: Pseudomonas > Enterobacter > Aeromonas >
Bacillus
Hg: Pseudomonas > Aeromonas > Enterobacter >
Bacillus
Pb: Aeromonas > Pseudomonas > Enterobacter >
Bacillus

The Dunnett multiple comparison T3 analysis
showed no statistical differences between EC50 mean

values for Aeromonas and Enterobacter and for Bacillus
and Enterobacter in the tests with Hg. No statistical
differences were also found between the Pseudomonas
and Enterobacter in the tests with Cd, which their 30-
min EC50 values were 0.06 and 0.13 μmol/L, respec-
tively. Cd was generally more toxic to bacterial species
than either Hg or Pb. The 30-min EC50 values ranged
from 0.06 to 2.77 μmol/L; Pseudomonas and Entero-
bacter showed a high sensitivity to this heavy metal. Hg
and Pb showed different toxicities towards the four
bacterial species. Among the tested bacterial species,
Pseudomonas and Aeromonas showed the highest sen-
sitivity, while Enterobacter and Bacillus were the most
tolerant species.
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Fig. 1 Resazurin reduction
inhibition (±S.D.) registered for
the four SBR-dominant bacteria
after 30 min of exposure to
different concentrations of heavy
metals: Cd (a), Hg (b), and Pb (c)

Table 2 The 30-min EC50 (μmol/L) mean values of the four SBR-dominant bacteria tested with heavy metals

Bacterial strain 30-min EC50 (95 % confidence limits)

Cd Hg Pb

Pseudomonas 0.06 (0.04–0.09) 11.75 (7.19–16.81) 91.96 (72.39–111.45)

Aeromonas 0.43 (0.23–0.97) 42.01 (29.93–54.13) 48.27 (33.40–62.44)

Enterobacter 0.13 (0.08–0.18) 47.57 (35.12–59.98) 155.03 (54.74–316.72)

Bacillus 2.77 (1.57–6.67) 64.97 (49.6–103.07) 963.40 (390.83–1020.21)

EC50 represents the concentration of a heavy metal where 50 % of the population exhibits a response (reduction of dehydrogenase activity),
after a specified exposure duration
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Discussion

The hazardous effect of chemicals has traditionally been
investigated with bioindicators such as fish and

invertebrates. Due to the large inventory of chemicals,
new emerging materials, and the time-consuming nature
of traditional bioassays, micro-bioassays based on mi-
cro-algae, protozoa, bacteria, and enzymes have been

Table 3 Results of one-way ANOVA and Kruskal–Wallis tests performed on data from the four replicates of EC50 values for the four
bacterial species

Heavy metal One-way ANOVA Kruskal–Wallis

Between groups Within groups Total df P

Cd Sum of squares 15.364 1.353 16.718 3 0.025

df 3 8 11

Mean square 5.121 0.169

F 30.272

P 0.000

Hg Sum of squares 4418.344 268.918 4687.262 3 0.022

df 3 8 11

Mean square 1472.781 33.615

F 83.813

P 0.000

Pb Sum of squares 1,700,705.967 7028.120 1,707,734.087 3 0.016

df 3 8 11

Mean square 566,901.989 878.515

F 645.296

P 0.000

Table 4 Multiple comparisons of the mean EC50 values

Heavy metal Species Significance of the difference between mean EC50 values

Pseudomonas Aeromonas Enterobacter Bacillus

Cd Pseudomonas – * n.s. *

Aeromonas * – * *

Enterobacter n.s. * – *

Bacillus * * * –

Hg Pseudomonas – * ** *

Aeromonas * – n.s. *

Enterobacter ** n.s. – n.s.

Bacillus * * n.s. –

Pb Pseudomonas – * * **

Aeromonas * – ** **

Enterobacter * ** – **

Bacillus ** ** ** –

EC50 represents the concentration of a heavy metal where 50 % of the population exhibits a response (reduction of dehydrogenase activity),
after a specified exposure duration

n.s. no significance

*P<0.05; **P<0.01
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developed for assessment of environmental toxicants. In
the present study, the toxic effect of Cd, Hg, and Pb on
SBR-dominant bacteria was investigated using a
resazurin assay. The most dominant bacterial species
in the SBR samples were Pseudomonas and Aeromonas
that consisted 79.37 % of all isolated colonies. A previ-
ous study (Li et al. 2003) has also reported that Pseudo-
monas and Aeromonas are dominant in the SBR reac-
tors. Concerning their existence as a dominant bacterial
community in the SBR and high sensitivity in compar-
ison with the other tested bacteria, Pseudomonas and
Aeromonas bacterial species are reliable and convenient
bioindicators for assessing the toxicity of wastewaters
polluted by heavy metals.

Heavy metals can concentrate in the bacterial mem-
branes and demolish their integrity. Most of the heavy
metals have a very rapid effect on bacterial enzyme
systems, inactivating them by binding to amino, sulfhy-
dryl, and amino groups of enzyme protein (Albergoni
and Piccinni 1983). Concerning the metals tested in this
study, cadmium, at low concentrations, has a known
effect on mitochondria and rough endoplasmic reticu-
lum, while at higher concentrations, it can affect cell
membranes, destroying their integrity and causing lysis
(Ord and Al-Atia 1979). Wang et al. (2010) found that
when environmental samples (from soil) were exposed
to heavy metals, the amount of fungi and bacteria de-
creased with the incubation time and the total bacterial

number diminished sharply. This phenomenon indicates
that fungi are more tolerant, and fungus–bacterium ratio
would be changed under metal stress. Changes in the
bacterium-fungus ratio can inherently inhibit the treat-
ment process, because bacterial species are the most
important part of biological treatment in the WWTPs.
In the present study, we found that the most dominant
bacteria in the SBR are the highest-sensitive species to
be studied with heavy metals. So, it can be concluded
that the bacterium-fungus ratio in the SBR can be altered
very fast in the case of exposure to heavy metals.

It is well demonstrated that toxic effects of metals are
highly selective in microorganisms; such selective
targeting of specific enzymatic systems and pathways
suggests that certain members of the environmental
microorganisms would be more sensitive to metal ex-
posure than others, depending on the sensitivity of their
critical metabolic pathways (Fulladosa et al. 2005;
Sobolev and Begonia 2008). In the present study, Pb
in comparison with Cd and Hg exerted lower toxicity to
the SBR-dominant bacteria. The mechanism of metal
resistance takes two forms: either blockage at the level
of the membrane and cell wall transportation or accu-
mulation in the form of particular protein–metal associ-
ation (Ow 1993; Tomioka et al. 1994).

The 30-min EC50 value of lead on the most sensitive
bacteria (Aeromonas) is 27–80,000 orders of magnitude
higher than those reported for Vibrio fischeri (Table 5)

Table 5 Toxicity of Cd, Hg, and Pb to some microorganisms measured as EC50 or LC50 (μmol/L)

Microorganism Base of bioassay Heavy metal EC50 or EL50

(μmol/L)
Time (min) Source

Cd Hg Pb

Vibrio fischeri Bioluminescence measurement 2.69 1.88 1.77 15 Sillanpaa and Oikari (1996)

Vibrio fischeri Bioluminescence measurement n.d. n.d. 0.0024 30 Tsiridis et al. (2006)

Agricultural soil bacteria Thymidine incorporation method 5.32a n.d. 4.61a 120 Diaz-ravina et al. (1994)

Shk1 Bioluminescence measurement 17 4.5 18 5 Ren and Frymier (2003)

Vibrio fischeri Bioluminescence measurement 0.097 n.d. 0.0006 15 Fulladosa et al. (2005)

Photobacterium leiognathi Bioluminescence measurement 0.0005 n.d. 0.0005 30 Kahru et al. (2005)

Recombinant Escherichia coli Bioluminescence measurement 0.0001 n.d. 0.0004 50 Kahru et al. (2005)

Vibrio fischeri Bioluminescence measurement 50.4 33 669 15 Hsieh et al. (2004)

Forest soil bacteria Dehydrogenase enzyme activity n.d. 173a n.d. 30 Chaperon and Sauve (2007)

EC50 represents the concentration of a heavy metal where 50 % of the population exhibits a response (reduction of dehydrogenase activity),
after a specified exposure duration

n.d. not determined
a Expressed in micromoles per kilogram
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(Sillanpaa and Oikari 1996; Tsiridis et al. 2006;
Fulladosa et al. 2005). Such high differences in the
toxicity tests and the levels of heavy metal tolerance
might be due to several factors such as the use of
different microorganisms, difference in biotransforma-
tion processes, concentration of inorganic anions, dif-
ferences in the media compositions, competition from
other cations, and concentration of chelating agents
(Sterritt and Lester 1980). Also, the toxicity of a metal
can be affected by various means through bacterial
incorporation and accumulation, through complex for-
mation with organic compounds and through biological
metal transformation (Kim 1985). On the other hand, an
adaptation of bacteria to metals may occur in the aquatic
environments (Hassen et al. 1998). In fact, bacteria
originating from metal-containing environments show
a greater tolerance tometals in comparison to those from
uncontaminated environments.

As shown in Table 5, most of the previous toxicity
studies have used bacterial bioluminescence measure-
ment as a bioassay test. The most thoroughly investigat-
ed bioluminescent bacterium is V. fischeri (also known
as Photobacterium phosphoreum), a marine bacterial
strain. However, the application of this bacterium in
the Microtox® test as a preventative toxicity monitoring
method for WWTPs such as SBR or activated sludge is
limited. The reason is that V. fischeri is excessively
sensitive to many heavy metals and other toxicants,
due to being a marine bacterium, and as a consequence,
the response of P. phosphoreum to toxicants is different
from the response of the WWTP microbial community
(Kelly et al. 1999). Application of resazurin reduction
assay in the toxicity assessments helps to use the same
bacteria existed in the target environments. So, the lab-
oratory data obtained with this method is more reliable
and applicable.

The present study indicated that the order of toxicity
of investigated metals was not different among the test-
ed bacteria, and in all cases, the toxicity order was Cd>
Hg>Pb, while the order of toxicity of heavy metals in
previous studies was Pb>Cd>Cu for soil microorgan-
isms (Wang et al. 2010) and Hg>Co>Cd for bacteria
isolated from different naturally polluted environments
(Hassen et al. 1998). Such variations discourage any
attempt to introduce a unique assay for measuring the
toxicity of heavy metals to microorganisms of different
environments but point out a need for different toxicity
methods with high sensitivity, for toxicity assessment of
heavy metals in different media.

Conclusions

The acute toxicity of three heavy metals (Cd, Hg, and
Pb) to four SBR-dominant bacteria were examined in
laboratory tests. The obtained results led to the follow-
ing conclusions:

& Pseudomonas, Aeromonas, Enterobacter, and Ba-
cillus were the dominant bacteria in the studied
SBR.

& The four tested bacteria showed large differences in
heavy metal toxicity, as observed for other bacteria.

& Considering the EC50 test results for different bac-
terial species, it was concluded that Pseudomonas
and Aeromonas are reliable and excellent
bioindicators for evaluating the toxicity of waters
and wastewaters (especially SBRs) polluted by
heavy metals.

& The short time (30 min) and simplicity of the
resazurin reduction procedure enable this test to be
used in small and decentralized WWTPs.
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