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Nowadays, thousands of pollutants enter into the water envi-
ronment and exert various kinds of stress on aquatic organ-
isms, which can in many cases result in negative changes in
water quality. Water-inhabiting organisms constitute one of
the essential components of the ecosystem. Recently, aware-
ness of the adverse effects of chemical contamination is grow-
ing as investigations into these pollutants increase and analyt-
ical detection techniques improve. The aquatic environment,
as an important component of the biosphere, has been termed
“the ultimate sink” for natural and man-made chemicals.
Given the finite supply of water available, the continued
chemical contamination of the aquatic environment may
pose a significant environmental health hazard. Laboratories
from Turkey, Brazil, India, and China submitted 19 papers.
Altogether, 9 original papers were accepted after the review-
ing process.

For the part bookmarks andmechanisms of aquatic toxicol-
ogy, six papers have been accepted. Toxicity tests were con-
ducted with sea cucumber (Apostichopus japonicus) exposed
to heavy metals by L. Li et al., who found that, under acute
or chronic heavy metal stress, the sea cucumber has many
physiological adaption mechanisms including decrease or
increase of oxygen consumption rate and adjusted activity
of metabolic enzymes. L. Geng et al. evaluated the individ-
ual and combined effects of salinity and alkalinity on gill
Na+/K+-ATPase enzyme activity, plasma ion concentration,
and osmotic pressure in Luciobarbus capito. The toxic effects
of carbon quantum dots (CDs) on rare minnow (Gobiocypris
rarus) embryos at different developmental stages were inves-
tigated by Y.-Y. Xiao et al., who found that the mechanism

of CDs exposure might result from the pressure of induced
oxidative stress coordinate with the dysregulated develop-
ment related gene expression mediated. L. Luo et al. demon-
strated that adding strain SP1 to aquaculture wastewater
could effectively reduce the COD, TAN, and SS and accelerate
biofloc formation.

For the part environmental factors and aquatic environ-
mental health, three papers have been accepted. J. Li et al.
studied the impacts of dam construction on fish, which
provided basic knowledge of spatiotemporal distribution and
assemblages of fishes in the extended reaches downstream of
Gezhouba Dam. X. Bi et al. found that heavy metals with dif-
ferent stimulatory effects on different stages of the formation
of Microcystis colonies might be one factor that contributes
to the occurrence of M. aeruginosa blooms in natural con-
ditions, through investigating the sequestration and distribu-
tion characteristics of Cd(II) byMicrocystis aeruginosa and its
role inMicrocystis colony formation. To providemore reason-
able references for remedying underground water, Y. Cheng
et al. carried out a study thatwas conducted to achieve a better
understanding of the migration and distribution of benzene,
toluene, ethyl benzene, and xylene (BTEX). And they con-
cluded that alleviating BTEX pollution in underground water
by increasing the concentrations of electric acceptors, such as
nitrate, and by enhancing microbial activities is an effective
and noteworthy method.

The papers of this special issue comprise critical and
new areas of research and recent advances on challenging
issues in different fields of aquatic environmental health and
toxicology, which tried to stimulate the continuing efforts to
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understand the adverse effects and toxicological mechanisms
of chemical contaminants in aquatic systems. We hope that
the special issue will attract more interest from many people,
including scientists, researchers, and related governments
concerned about aquatic environmental health.

Zhi-Hua Li
Kaiyu He

Chunsheng Liu
Ping Li

Vladimir Zlabek
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We evaluated the individual and combined effects of salinity and alkalinity on gill Na+/K+-ATPase enzyme activity, plasma ion
concentration, and osmotic pressure in Luciobarbus capito. Increasing salinity concentrations (5, 8, 11, and 14 g/L) were associated
with an initial increase and then decrease in L. capito gill Na+/K+-ATPase activity. Activity was affected by the difference between
internal and external Na+ ion concentrations and osmotic pressure (𝑃 < 0.05). Both plasma ion (Na+, K+, and Cl−) concentration
and osmotic pressure increased significantly (𝑃 < 0.05). An increase in alkalinity (15, 30, 45, and 60mM) caused a significant
increase in plasma K+ and urea nitrogen concentrations (𝑃 < 0.05) but had no effect on either plasma osmotic pressure or gill
filament ATPase activity. In the two-factor experiment, the saline-alkaline interaction caused a significant increase in plasma
ion (Na+, Cl−, and urea nitrogen) and osmotic pressure (𝑃 < 0.05). Variance analysis revealed that salinity, alkalinity, and their
interaction significantly affected osmotic pressure, with salinity being most affected, followed by alkalinity, and their interaction.
Gill filament ATPase activity increased at first and then decreased; peak values were observed in the orthogonal experiment group
at a salinity of 8 g/L and alkalinity of 30mM.

1. Introduction

In China, saline-alkaline water is an important territorial
resource. This resource is primarily located in northwestern
plateau lakes, in northeastern plain wetlands, and under-
ground in the northern littoral region in China and has an
estimated capacity of 539.8 billion m3 [1]. The distinguishing
features of this water resource include high salinity-alkalinity,
poor buffering capacity, and ion imbalance. Coincidentally,
these features are also limiting to aquatic animal survival [2].
The availability of water resources is decreasing but demand
for aquatic products is increasing [3, 4]. Thus, the use of
saline waters will become important to the development of
sustainable fisheries. In recent years, China has attempted
to breed some fish species in partially saline waters. The
species used to date have been restricted to waters with
salinity of <5 g L−1 and alkalinity <10mM. However, there is
considerable effort being devoted to successfully rearing fish
in higher-salinity waters [5–7]. In 2003, China introduced

the salt-tolerant fish Luciobarbus capito from the Aral Sea
in Uzbekistan. This Cyprinidae (Barbinae, Barbus genus) is
found primarily in the Aral Sea but migrates into the rivers
to spawn. In addition to its high salt tolerance, it has a varied
diet, has fast growth rate, produces meat that has desirable
traits, and is economically important for the region [8].

Gill is the main organ of osmotic regulation in teleosts
and chloride cells are the sites of ion transport across gill
epithelium [9–11]. ATPases are membrane-bound enzymes
responsible for the transport of ions through cell membranes
and thus help in regulation of cellular volume, osmotic
pressure, and membrane permeability [12]. Salinity tolerance
is typically evaluated by measuring gill filament Na+/K+-
ATPase enzyme activity, plasma ion concentration, and
osmotic pressure [13–18]. However, because most studies
have looked at either salinity [12, 19] or alkalinity [20,
21] alone, it is difficult to evaluate the interactive effect
of both factors on aquatic animals. Our objectives were
to evaluate the effect of salinity and alkalinity, alone and
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Table 1: The orthogonal test of salinity and alkalinity.

Experience group number Treatment level
NaCl (g/L) NaHCO

3
(mM)

0 0 0
1 5 15
2 5 30
3 5 45
4 8 15
5 8 30
6 8 45
7 11 15
8 11 30
9 11 45

in combination, on L. capito gill Na+/K+-ATPase activity,
plasma ion concentration, and osmotic pressure. Our results
can be used to inform the range of saline-alkaline conditions
suitable for survival during aquaculture.

2. Materials and Methods

2.1. Study Species. The experimental fish were 1-year-old,
pool-bred fish (40–60 g, 16.57–24.61 cm fork length).The fish
were held in a glass-steel circular cylinder (1m diameter)
containing 300 L aerated water (pH 7.51, salinity 0.28‰, total
alkalinity 1.39mM, total hardness 1.10mM, total phosphorus
0.11mg/L, total nitrogen 2.95mg/L, total iron 0.002mg/L,
SO
4

2− 31.19mg/L, Ca2+ 19.81mg/L, and Mg2+ 2.03mg/L) at
room temperature. The fish were acclimated to experimental
conditions for 3 d. The analytical reagents (AR) were NaCl
and NaHCO

3
.

2.2. Experimental Design. First, we evaluated the individual
effect of salinity or alkalinity. The fish were divided into four
treatment groups for each factor: 5, 8, 11, and 14 g/L NaCl
and 15, 30, 45, and 60mM NaHCO3. Second, we evaluated
the combined effects of salinity and alkalinity. The fish were
divided into 9 treatment groups to test all combinations of
salinity (5, 8, and 11 g/L) and alkalinity (15, 30, and 45mM),
based on orthogonal table L

9
(34) (Table 1). Each treatment

group consisted of three replicates with eight specimens per
replicate, and the number of the experimental fish was 480.
The experiment was performed for 60 days without aeration
at 22 ± 0.5∘C. A third of the water was changed daily and
the corresponding concentration was adjusted with a pre-
prepared master mix.

2.3. Sample Collection and Testing. After the experiment, the
fish were anaesthetized by immersion in Tricaine Methane-
sulphonate (MS-222) at 200mg/L. Approximately 1.5–2.0mL
blood was drawn from the caudal vessels, just behind the anal
fin, with a 2.5mL syringe. The samples were centrifuged at
4000×g for 10min and the plasma was collected and frozen
at −70∘C until required. After collecting the blood, the fish
were put into an ice box. The gills were then removed and

washed with cold saline water (0.7 g/L), the surface moisture
was dried with filter paper, and the gill filament was then
accurately weighed to the nearest 0.2 g. The gill tissue was
then homogenized in 1.8mL saline water according to weight
and volume and centrifuged at 1200×g for 10min, and the
clear supernatant was eluted for testing. Plasma and gill
filament test samples were taken from three fish.

Plasma Na+, Cl−, and K+ concentrations were mea-
sured by using the detection kits (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China). The urea nitro-
gen was spectrophotometrically measured with Nessler’s
reagent as the chromogenic reagent according to Lu export
method [22]. The activity of Na+/K+-ATPase was deter-
mined by Spectrophotometry using ATP as substrate; thus,
1 𝜇mol inorganic phosphorus generated by ATPase enzyme
decomposition is equal to one ATPase enzyme activity
unit (𝜇mol Pi/mg prot/h). Coomassie blue staining and calf
plasma protein as a standard were used for protein deter-
mination [23]. Plasma osmotic pressure was determined
using an autofreezing point osmometer (Labsun Technology
Development Co. Ltd., Beijing, China).

2.4. Statistical Analysis. Count experimental data and sig-
nificance tests were performed in SPSS 11.5 software (SPSS
Inc., Chicago, IL, USA). Each parameter was analyzed sep-
arately by one-way ANOVA. Comparisons between different
groups and between the treatment groups and control were
performed by ANOVA followed by Duncan’s post hoc test.

3. Results

3.1. Influence of Salinity-Alkalinity on Plasma Ion Concentra-
tion. The plasma ion concentrations for L. capito reared at
different salinities are shown in Table 2. The concentration
of plasma ions K+, Na+, and Cl− increased significantly with
increasing salinity (𝑃 < 0.05), and the concentration of these
three ions peaked when salinity was 14 g/L (234.21±3.69mM
for K+, 292.82 ± 7.23mM for Na+, and 0.57 ± 0.04mM for
Cl−). Urea nitrogen concentration was significantly higher
than that of the control group (𝑃 < 0.05) at 14 g/L salinity
but was not different in the other groups (𝑃 > 0.05).

The plasma ion concentrations for L. capito reared at dif-
ferent alkalinities are shown in Table 3. K+ ion concentration
in the experimental groups was significantly higher than in
the control group. Na+ and Cl− ion concentrations were not
significantly affected by changes in alkalinity (𝑃 > 0.05).
Urea nitrogen concentration in the experimental groups was
significantly higher than in the control group (𝑃 < 0.05),
and urea nitrogen concentration increased gradually with
increasing alkalinity.

The single-factor experiment results revealed that salinity
significantly influenced Na+, K+, and Cl− plasma concen-
trations but had only a small influence on urea nitrogen
concentration. Alkalinity had little effect on plasma Na+ and
Cl− concentrations but significantly affected K+ and urea
nitrogen concentrations (𝑃 < 0.05).

The L. capito plasma ion concentrations in the saline-
alkaline orthogonal test are shown in Table 4.With increasing
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Table 2: Plasma Na+, Cl−, and K+ concentration, ammonia content, and osmolarity in L. capito at different salinity conditions.

NaCl (g/L) Na+ (mM) Cl− (mM) K+ (mM) BUN (mM) Osmolarity (mosmol/kg)
0 153.77 ± 8.72a 105.81 ± 3.85a 0.35 ± 0.05a 1.36 ± 0.08a 280.10 ± 4.76a

5 161.84 ± 4.44b 119.17 ± 3.18b 0.49 ± 0.06b 1.43 ± 0.11a 291.02 ± 2.57b

8 216.41 ± 8.82c 174.85 ± 5.75c 0.52 ± 0.03b 1.47 ± 0.10a 354.95 ± 4.83c

11 276.11 ± 5.99d 232.18 ± 4.23d 0.53 ± 0.04b 1.53 ± 0.06a 457.81 ± 2.79d

14 292.82 ± 7.23e 234.21 ± 3.69d 0.57 ± 0.04bc 1.63 ± 0.12b 449.32 ± 4.81e

Different letters in the columns indicate significant differences between variables evaluated (𝑃 < 0.05).

Table 3: Plasma Na+, Cl−, and K+ concentration, ammonia content, and osmolarity in L. capito at different alkalinity conditions.

NaHCO
3
(mM) Na+ (mM) Cl− (mM) K+ (mM) BUN (mM) Osmolarity (mosmol/kg)

0 153.77 ± 8.72a 105.81 ± 3.85a 0.35 ± 0.05a 1.36 ± 0.08a 280.10 ± 4.76a

15 161.22 ± 5.87a 109.61 ± 7.33a 0.58 ± 0.06b 5.06 ± 0.15c 286.27 ± 5.63a

30 153.30 ± 6.89a 105.21 ± 5.71a 0.61 ± 0.03b 5.04 ± 0.24c 284.16 ± 3.11a

45 152.21 ± 6.57a 104.37 ± 5.55a 0.64 ± 0.04b 4.87 ± 0.19c 287.88 ± 4.85a

60 151.78 ± 6.03a 103.00 ± 4.21a 0.65 ± 0.05b 4.57 ± 0.38bc 288.98 ± 5.62a

Different letters in the columns indicate significant differences between variables evaluated (𝑃 < 0.05).

Table 4: Plasma Na+, Cl−, and K+ concentration, ammonia content, and osmolarity in L.capito at different saline-alkaline conditions.

Group number (salinity
× alkalinity) Na+ (mM) Cl− (mM) K+ (mM) BUN (mM) Osmolarity

(mosmol/kg)
0 × 0 153.77 ± 8.72a 105.81 ± 3.85a 0.35 ± 0.05a 1.36 ± 0.08a 280.10 ± 4.76a

5 × 15 155.68 ± 3.84a 113.33 ± 1.85b 0.32 ± 0.05a 1.30 ± 0.08a 296.66 ± 3.69b

5 × 30 164.77 ± 1.88b 116.70 ± 2.88b 0.39 ± 0.04a 1.76 ± 0.05b 308.84 ± 2.16c

5 × 45 169.91 ± 2.49b 118.40 ± 2.62b 0.39 ± 0.05a 1.71 ± 0.03b 320.21 ± 4.31d

8 × 15 180.40 ± 3.70c 118.00 ± 2.81b 0.43 ± 0.05a 1.79 ± 0.03b 350.91 ± 1.41e

8 × 30 189.20 ± 2.31c 144.50 ± 2.26c 0.49 ± 0.07b 1.71 ± 0.04b 359.94 ± 5.46f

8 × 45 191.25 ± 3.61d 156.33 ± 2.23d 0.55 ± 0.06b 1.87 ± 0.03c 363.15 ± 3.12f

11 × 15 195.68 ± 2.66d 173.71 ± 3.19f 0.64 ± 0.03c 3.31 ± 0.06e 376.81 ± 4.67g

11 × 30 205.06 ± 3.69e 177.87 ± 2.75f 0.56 ± 0.04b 3.19 ± 0.06d 389.65 ± 3.96h

11 × 45 209.64 ± 2.25e 169.23 ± 1.50e 0.54 ± 0.06b 3.38 ± 0.09e 405.52 ± 4.80i

ANOVA 𝑆 > 𝐴,
𝑆 > 𝐴 > 𝑆 × 𝐴

𝑆 > 𝑆 × 𝐴,
𝑆 > 𝐴 > 𝑆 × 𝐴

𝑆 × 𝐴 not significant 𝐴 not significant
𝑆, salinity effect.𝐴, alkalinity effect. 𝑆×𝐴, interaction of salinity and alkalinity. Different letters in the columns indicate significant differences between variables
evaluated (𝑃 < 0.05).

salinity and alkalinity, the concentration of plasma ions Na+,
K+, Cl−, and urea nitrogen increased to different degrees,
suggesting that salinity and alkalinity have an interactive
effect on the concentrations of these four plasma ions. The
variance analysis revealed that salinity and the saline-alkaline
interaction significantly affected K+ ion concentrations (𝑃 <
0.05) but that alkalinity had no significant effect (𝑃 > 0.05).
The effect of salinity on Na+ ion concentration was most
significant (𝑃 < 0.05), followed by alkalinity, and their
interaction had no significant effect (𝑃 > 0.05). Both Cl− ion
and urea nitrogen concentrations were significantly affected
by salinity, alkalinity, and their interaction (𝑃 < 0.05).

3.2. Influence of Salinity-Alkalinity on Plasma Osmotic Pres-
sure. The influence of salinity, alkalinity, and saline-alkaline
orthogonal function on plasma osmotic pressure is shown

in Table 2 and Figures 1–3. In the single-factor experiment,
plasma osmotic pressure significantly increased with increas-
ing salinity (𝑃 < 0.05) (Figure 1). Increasing alkalinity
had no significant effect on plasma osmotic pressure (𝑃 >
0.05) (Figure 2). In the orthogonal experiment, plasma
osmotic pressure gradually increased with increasing salinity
and alkalinity concentrations (𝑃 < 0.05) (Figure 3). The
variance analysis revealed that salinity, alkalinity, and their
interaction significantly affected osmotic pressure; salinity
had the most significant effect, followed by alkalinity, with
their interaction being the smallest. The regression equation
for plasma osmotic pressure (𝑌), salinity (𝑆), and alkalinity
(𝐴) is 𝑌 = 260.148 + 10.726𝑆 + 0.306𝐴 (𝑅2 = 0.904).

3.3. Influence of Salinity-Alkalinity on Gill Na+/K+-ATPase
Enzyme Activity. The influence of salinity, alkalinity, and
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Figure 1: The influence of different salinity conditions on plasma
osmolarity in L. capito.
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Figure 2:The influence of different alkalinity conditions on plasma
osmolarity in L. capito.
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Figure 3: The influence of different saline-alkaline conditions on
plasma osmolarity in L. capito.

their interaction on gill filament Na+/K+-ATPase enzyme
activity is shown in Figures 4–6. In the single-factor exper-
iment, gill filament Na+/K+-ATPase enzyme activity signifi-
cantly increased when salinity was between 5 and 11 g/L (𝑃 <
0.05), whereas it was significantly lower at salinity >11 g/L
(𝑃 < 0.05) (Figure 4). The influence of increasing alkalinity
on gill filament ATPase enzyme activity was not significant
(𝑃 > 0.05) (Figure 5). In the orthogonal experiment, gill
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Figure 4: The influence of different salinity conditions on Na+/K+-
ATPase activities in L. capito.
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Figure 5: The influence of different alkalinity conditions on
Na+/K+-ATPase activities in L. capito.

filament ATP enzyme activity increased at first and then
decreased with the interactive effects of increasing salinity
and alkalinity. ATPase enzyme activity peaked in group 5
(salinity 8 g/L and alkalinity 30mM) and was lowest in group
9 (salinity 11 g/L and alkalinity 45mM) (Figure 6).

For the single-factor salinity experiment, the difference
between gill filament Na+/K+-ATPase enzyme activity and
Na+ ion concentration in the water, plasma, and water
osmotic pressure and the difference between plasma Na+
concentration and Na+ concentration in the water are shown
in Table 5. In the water, Na+ concentration and ATPase
enzyme activity were positively correlated but the degree of
correlation was not high. Differences in osmotic pressure
and Na+ concentration were strongly positively correlated
with ATPase enzyme activity. ATPase enzyme activity grad-
ually increased with increasing osmotic pressure differences
and was highest (4.66 ± 0.07) when the osmotic pressure
difference was at its peak (97.17 ± 4.34). The results of
the single-factor salinity experiment suggest that differences
in plasma osmotic pressure and plasma Na+ concentration
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Table 5: The correlation of water Na+ concentration, serum osmosis, and Na+ concentration difference to the Na+/K+-ATPase of L. capito at
different salinity conditions.

NaCl (g/L) Na+ concentration
(mM)

Serum osmosis
difference

(mosmol/kg)

Na+ concentration
difference (mM)

Na+/K+-ATPase
(𝜇molPi/mgprot/hour)

5 90.47 ± 5.78 92.46 ± 5.53 71.38 ± 5.20 4.26 ± 0.13

8 139.56 ± 7.31 94.41 ± 10.41 76.85 ± 15.82 4.48 ± 0.13

11 194.29 ± 3.90 97.17 ± 4.34 81.81 ± 4.91 4.66 ± 0.07

14 243.92 ± 3.25 12.87 ± 3.18 48.90 ± 4.98 2.83 ± 0.20

Regression equation 𝑌 = 3.889 + 0.004𝑋

(𝑅2 = 0.684)
𝑌 = 2.599 + 0.020𝑋

(𝑅2 = 0.922)
𝑌 = 1.319 + 0.038𝑋

(𝑅2 = 0.872) —
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Figure 6: The influence of different saline-alkaline conditions on
Na+/K+-ATPase activities in L. capito.

are important factors affecting gill filament Na+/K+-ATPase
enzyme activity in L. capito both in vitro and in vivo.

4. Discussion

4.1. Changes in Luciobarbus capito Gill Na+/K+-ATPase
Enzyme Activity. All freshwater and saltwater fish exhibit
Na+/K+-ATPase enzyme activity in the gill epithelia. The
main function of this is to maintain ion permeability in
the cytoplasmic membrane, relative stability of various ion
concentrations in the intracellular environment, and osmotic
pressure balance between the intracellular and external
environments [24–26]. Gill filament ATPase enzyme activity
adjusts accordingly when ion concentrations in the external
environment change. Generally, ATPase enzyme activity is
positively correlated with the external salinity concentration
[13, 18, 27, 28]. Based on our single-factor experimental
results, changes in gill filament ATPase enzyme activity
follow the above-mentioned rule when salinity is <11 g/L.
ATPase enzyme activity increased with increasing salinity
in the water. This increased the permeability of the gill
epithelium membrane, accelerated the discharge of Na+ and
Cl− ions, and discharged excess salt ions out of the body.This
maintained plasma ion concentration at a level required for

physical activity, thus ensuring normal activity and energy
metabolism [18].

When salinity was >11 g/L and under high salinity stim-
ulus, gill filament Na+/K+-ATPase enzyme activity in L.
capito decreased. Some researchers have reported a similar
phenomenon in Chanos chanos [29]; ATPase enzyme activity
in juvenile cobia was lower at 20 g/L salinity than at 10 g/L.
Xu et al. have suggested that salinity is not the only factor
affecting juvenile cobia gill ATPase activity but that it may be
associated with a different regulatory mechanism [15]. Our
salinity experimental results revealed that the influence of
differences in osmotic pressure or Na+ ion concentration in
vivo and in vitro on gill filament ATPase enzyme activity in
L. capito was significant and did not increase with increasing
salinity in thewater.Thefish improveATPase enzyme activity
and discharged excess salt ions from the body when there
was a large difference between plasma osmotic pressure in
vivo and water osmotic pressure in vitro. In contrast, the
ATPase enzyme activity was decreased, when the difference
was smaller.

In the saline-alkaline orthogonal experiment, the overall
trend of changes in gill filament Na+/K+-ATPase enzyme
activity was similar to that for salinity, but peak ATPase
enzyme activity was higher than that in the single-factor
salinity experiment. The salinity concentration correspond-
ing to peak ATPase activity was lower than in the single-
factor, suggesting that the saline-alkaline interaction has a
greater influence on ATPase enzyme activity than salinity
alone. At certain concentrations, alkalinity impedes ion
exchange in gill tissue exposed to a salt solution. The gill
tissue needs to maintain a smooth ion channel; therefore,
gill filament ATPase enzyme activity must increase. A similar
phenomenon was observed in our experiment; alkalinity
stimulus increasedmucus secretion from the fish body.Much
of the mucus condensed on the surface of the gill filament,
directly affecting normal breathing and other gill tissue
functions.

4.2. Osmotic Pressure Regulation in Luciobarbus capito. The
plasma osmotic pressure of stenohaline marine bony fishes
is 370–480mOsm/kg, but that of stenohaline freshwater
bony fishes is 260–330mOsmol/kg [15]. The plasma osmotic
pressure range in L. capito is 280–457mOsm/kg. Thus,
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L. capito is considered a euryhaline fish because its plasma
osmotic pressure range is between those of marine and
freshwater bony fishes. Typically, when a euryhaline bony
fish enters high salinity water, osmotic pressure regulation
occurs in two stages. First, as a result of passive water loss,
the osmotic pressure increases because of a relative increase
in plasma ion concentrations. Second, gill filament Na+/K+-
ATPase enzyme activity increases and the ion discharge
mechanism is activated, which causes osmotic pressure to
gradually decrease and finally level off [13, 15, 30–32]. Plasma
osmotic pressure in L. capito initially increased with increas-
ing salinity in the water, as normal, yet it did not gradually
decrease and level off. Thus, the change in plasma osmotic
pressure in L. capito is a response to the external hypertonic
environment.Whether this is a unique reaction of this species
to saline-alkaline waters requires further study.

Urea nitrogen content in L. capito changed under dif-
ferent saline-alkaline concentrations, suggesting that plasma
urea also participates in osmotic pressure regulation. How-
ever, the regulation of urea to osmotic pressure was only
significantly affected by alkalinity and saline-alkaline mixed
water. In the single-factor salinity experiment, the regula-
tion of urea to osmotic pressure was lower. Urea is a key
factor in maintaining the balance between water and salt in
elasmobranchs. When urea content is higher in the blood,
the blood osmotic pressure is higher than the surrounding
environment and close to isotonic, thus reducing moisture
loss [26]. Alkalinity is the limiting factor for aquatic animal
survival and growth in saline-alkaline waters; most euryha-
line fishes find it difficult to overcome alkalinity putting them
at a disadvantage in saline-alkaline waters [33]. Our results
show that, in alkaline water environments, urea supplements
other ions regulating osmotic pressure, enhances the osmotic
regulation ability of L. capito in saline-alkaline waters, and
thus improves its tolerance for saline-alkaline waters.

5. Conclusions

Luciobarbus capito gill Na+/K+-ATPase activity, plasma ion
(Na+, K+, and Cl−) concentration, and osmotic pressure
were increased at first and then decreased with increasing
salinity. L. capito plasmaK+ and urea nitrogen concentrations
increased with increasing alkalinity. All these concentrations
gradually increased with increasing salinity and alkalinity
concentrations in the orthogonal experiment.
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[22] F. Lü, L. Pan, A. Wang, and Y. Hu, “Effects of salinity on
oxygen consumption rate and ammonia excretion rate of
allogynogemetic crucian carp,” Acta Hydrobiologica Sinica, vol.
34, no. 1, pp. 184–189, 2010.

[23] M. M. Bradford, “A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein-dye binding,”Analytical Biochemistry, vol. 72, no. 1-2,
pp. 248–254, 1976.

[24] J. K. Foskett and C. Scheffey, “The chloride cell: definitive
identification as the salt-secretory cell in teleosts,” Science, vol.
215, no. 4529, pp. 164–166, 1982.

[25] K. J. Karnaky Jr., “Structure and function of the chloride
cell of Fundulus heteroclitus and other teleosts,” Integrative &
Comparative Biology, vol. 26, no. 1, pp. 209–224, 2015.

[26] H. R. Lin, Fish Physiology, Guangdong Higher Education Press,
Guangzhou, China, 2002.

[27] J. M. Mancera and S. D. McCormick, “Rapid activation of gill
Na+,K+-ATPase in the euryhaline teleost Fundulus heteroclitus,”
Journal of Experimental Zoology, vol. 287, no. 4, pp. 263–274,
2000.

[28] C. K. Tipsmark, S. S. Madsen, M. Seidelin, A. S. Chris-
tensen, C. P. Cutler, and G. Cramb, “Dynamics of Na+,K+,2Cl−
cotransporter and Na+,K+-ATPase expression in the branchial
epithelium of brown trout (Salmo trutta) and Atlantic salmon
(Salmo salar),” Journal of Experimental Zoology, vol. 293, no. 2,
pp. 106–118, 2002.

[29] Y.M. Lin, C. N. Chen, and T.H. Lee, “The expression of gill Na+,
K+-ATPase in milkfish, Chanos chanos, acclimated to seawater,
brackish water and fresh water,” Comparative Biochemistry and
Physiology—AMolecular and Integrative Physiology, vol. 135, no.
3, pp. 489–497, 2003.

[30] C. M. Wood and W. S. Marshall, “Ion balance, acid-base
regulation, and chloride cell function in the common killifish,
Fundulus heteroclitus-a euryhaline estuarine teleost,” Estuaries
& Coasts, vol. 17, no. 1, pp. 34–52, 1994.

[31] G. T. O. LeBreton and F. W. H. Beamish, “The influence of
salinity on ionic concentrations and osmolarity of blood serum

in lake sturgeon,Acipenser fulvescens,” Environmental Biology of
Fishes, vol. 52, no. 4, pp. 477–482, 1998.

[32] X. He, P. Zhuang, L. Zhang, and C. Xie, “Osmoregulation
in juvenile Chinese sturgeon (Acipenser sinensis Gray) during
brackish water adaptation,” Fish Physiology & Biochemistry, vol.
35, no. 2, pp. 223–230, 2009.

[33] H. G. Fu, “The opinion on our province saline alkali waters in
inland fishery utilization,” Hebei Fishery, vol. 4, p. 12, 2002.



Research Article
Migration of BTEX and Biodegradation in Shallow Underground
Water through Fuel Leak Simulation

Yaping Cheng,1,2 Yudao Chen,1,2 Yaping Jiang,1,2 Lingzhi Jiang,1 Liqun Sun,1

Liuyue Li,1 and Junyu Huang1

1College of Environmental Science and Engineering, Guilin University of Technology, Guilin 541004, China
2Guangxi Scientific Experiment Center ofMining,Metallurgy and Environment, Guilin University of Technology, Guilin 541004, China

Correspondence should be addressed to Yudao Chen; cyd0056@vip.sina.com

Received 22 July 2016; Accepted 19 September 2016

Academic Editor: Ping Li

Copyright © 2016 Yaping Cheng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To provide more reasonable references for remedying underground water, fuel leak was simulated by establishing an experimental
model of a porous-aquifer sand tank with the same size as that of the actual tank and by monitoring the underground water. In the
tank, traditional gasoline and ethyl alcohol gasoline were poured.This study was conducted to achieve better understanding of the
migration and distribution of benzene, toluene, ethyl benzene, and xylene (BTEX), which are major pollutants in the underground
water. Experimental results showed that, compared with conventional gasoline, the content peak of BTEX in the mixture of ethyl
alcohol gasoline appeared later; BTEXmigrated along the water flow direction horizontally and presented different pollution halos;
BTEX also exhibited the highest content level at 45 cm depth; however, its content declined at the 30 and 15 cm depths vertically
because of the vertical dispersion effect; the rise of underground water level increased the BTEX content, and the attenuation of
BTEX content in underground water was related to the biodegradation in the sand tank, which mainly included biodegradation
with oxygen, nitrate, and sulfate.

1. Introduction

With the development of the oil industry, petroleum leakage
during petroleum use, transport, and storage has resulted
in serious water pollution from fuel hydrocarbon, which
became a substantial threat to underground water safety
[1]. At the beginning of 1990s, 90,000 out of 2 million
underground gasoline tanks were found with leaks in the
United States [2, 3]. According to statistics, 70% of under-
ground gasoline tanks with service lives of over 15 years
are more likely to leak [4] and filling stations are potential
pollution source of organic pollution. This concern has then
become a global problem [5, 6]. Benzene, toluene, ethyl
benzene, and xylene (BTEX) are prime contaminants that
have attracted wide attention because of their high water
solubility and toxicity. BTEX can cause cancers,mucosal pain,
blood diseases, damage to the central nervous and respiratory
systems, and liver and kidney functional impairment [7, 8].
Six benzene series including BTEX were placed on the top
blacklist of pollutants for priority control in China [9]. In

China, undergroundwater pollution derived from petroleum
use and other activities is also fairly common. For example,
BTEX was detected in the shallow groundwater of Yangtze
River Delta [10] and benzene series was discovered in Taihu
Lake Basin [11], Nanyang Oilfield, Liulin Spring in Shanxi
[12], and the Shuanghe River andWeigang water sources near
Henan Oilfield [13].

A porous-aquifer sand tank with similar size as that of the
actual tank was constructed in our laboratory for simulation
experiments on fuel leakage after traditional petroleum and
ethanol gasoline pouring. The underground water was mon-
itored for a long period to determine the migration features
of BTEX in underground water and to provide the literature
for pollution control and water recovery.

2. Materials and Methods

2.1. Sand Tank Model. The constructed sand tank (Figure 1)
was 5.8m long in a brick-concrete structure with antiseepage.
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Figure 1: Experimental plan view and cross-sectional view of the sand tank.

The tank included two narrow-slit water sinks of 0.25m
length on two ends and a 5.3m long porous aquifer. The
tank was 2.9m wide. For comparative analysis, the tank was
divided into two parts by a 0.2m thick wall, and the porous
aquifers on the north and south ends were 1.36m in width.
The diameter of the pure fine sands in this tank ranged from
0.25mm to 0.05mm. Oil orifices, specifically multilayered
(five layers of 15, 30, 45, 60, and 75 cmheights, resp.) sampling
observation holes and a water-level observation hole, were
designed.

2.2. Experimental Setup. This experiment was performed
on July 13, 2015. The water level was 50 cm when the fuel
was poured through orifices sw-1 and sw-2. A hose was
placed in the tank and the hose’s bottom altitude was 45 cm,
which corresponded to the level of the 45 cm layered sample
tap. Before the experiment was commenced, the average
background concentrations of the constituents in the tank
were 4.2mg/L nitrate, 14.3mg/L sulfate, 4.0mg/L chloridion,
1.5mg/L acetate, and 4.1mg/L dissolved oxygen, at pH 7.6

and 25.9∘C. To stimulate the underground water flow, water
was directed to flow in from the east side and flow out from
the west side at an initial constant flow of 30mL/min and an
average hydraulic slope of around 0.0013. Furthermore, the
pumping-filling cyclic experiment was performed, when the
porosity was 0.3 at a speed of 30mL/min and Darcy’s under-
ground water velocity of 0.07m/d (actual flow is 0.24m/d).
After MODFLOW simulation, the seepage was observed as a
one-dimensional horizontal flow. To determine themigration
and distribution features of gasoline and ethanol gasoline
in underground water, we poured 3 L traditional gasoline
through sw-1 (northern part) and 3 L 10% ethanol gasoline
in sw-2 (southern part) at the speed of transfusion (about
500mL/h). Meanwhile, 1 L of the 500mg/L KBr solution
was filled in two parts as tracer agent. To maintain their
synchronization, the speed of the poured KBr solution was
1/3 that of the poured gasoline.

2.3. Sampling and Analysis. Fifteen milliliters of water was
sampled from each sample hole with injectors, and 0.5mL
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Figure 2: Distribution of BTEX pollution halo on the 30th day.

mercuric chloride (800mg/L) was used for sterilization. Five
milliliters of water was placed in a headspace bottle sealed by
an aluminium cap for ethyl alcohol and BTEX determination.
Meanwhile, 10mL water was placed in a Dionex alumina
injector for the analysis of acetic acid, nitrate, nitrite, sulfate,
and bromide ion. The interval of the large-volume sampling
was 15–30 days.

Ethyl alcohol and BTEX compounds were tested through
a gas chromatograph (agilent 6890N) with a flame ion-
ization detector. The chromatographic conditions were as
follows: column temperature, 50∘C (5min), at rates of 20
and 150∘C/min; injection port-temperature 200∘C; detec-
tor temperature, 250∘C; flow rate of carrier nitrogen,
1.0mL/min; headspace bottle temperature, 60∘C; equilibrium
time, 10min; frisking time, 5min; clamping time, 0.13min;
injecting time, 1min; lower limit of ethyl alcohol detection,
0.1mg/L; and limit of BTEX detection, 0.002mg/L.

Acetic acid, nitrate, nitrite, sulfate, and bromide ion
were measured through an ion chromatograph (Dionex ICS-
1000); the detection limit was 0.1mg/L.The chromatographic
conditions were column temperature, 30∘C; tank tempera-
ture, 35∘C; suppressor type-ASRS-4MM, SRS current, 50mA;
leachate flow rate (3.5mmol Na

2
CO
3
and 1mmol NaHCO

3
),

1.20mL/min; and sample size, 25𝜇L.
Dissolved oxygen, pH, and water temperature were mea-

sured in site through water-level observation holes (w1–w10)
using electrodes matching the multifunctional water quality
analyzer made in Italy (HANAA, HI9804D).

3. Results and Discussion

3.1. Distribution Law of BTEX Pollution Halo. Fuel was filled
at 45 cm depth; the BTEX content in the tank at this height
corresponded to the highest value and dropped at 30 and
15 cm from the monitoring results. The distribution of the

BTEX pollution halo in the tank during the first 71 days is
shown in Figures 2, 3, and 4.

Figures 2–4 reveal that the BTEX contents at C2-45 in the
north tank on the 30th, 56th, and 71th days are 43.565, 31.277,
and 20.250mg/L, respectively, and the content reaches the
peak during 30–60 days and declined afterwards. In the south
tank where ethanol gasoline was filled, the contents at C6-
45 on the 30th, 56th, and 71th days were 18.808, 33.921, and
28.894mg/L, respectively. Because of ethyl alcohol [14], the
pollution halo is small in this tank and the content peak lags
behind. However, with time progression, the pollution halo
shrank inward because of volatilization [15–17], adsorption
[18, 19], and biodegradation [20–22]. As a result, BTEX
content diminished.

In the first 78 days, the undergroundwater level remained
at 45–50 cm in the sand tank. To simulate the influences
of rain on BTEX, we added water in the tank until the
69 cm level was reached. Figure 5 shows the distribution
of the BTEX pollution halo on the 118th day, from which
the BTEX content clearly rose, especially in the south tank,
reaching as high as 79.41mg/L. This result indicates that
the rise of water level after rainfall achieved fuller contact
between gasoline near the pollution source and underground
water. Consequently, a great amount of BTEX dissolved in
the water. The increased pollutants content deteriorated the
underground water quality.

3.2. Longitudinal Distribution Law of BTEX. Water sample
monitoring results show that, at the same depth, the BTEX
content on the C row of central axis was the highest and
decreased along two sides, at the order of C > B > A and C
> D > E. The longitudinal monitoring results of the BTEX
pollutant concentration on the C row at 45 cm depth are
shown in Figure 6.
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Figure 3: Distribution of BTEX pollution halo on the 56th day.
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Figure 4: Distribution of BTEX pollution halo on the 71th day.

Figure 6 reveals that BTEX was detected but with the
lowest content upstream of pollution sources C1 and C5,
where the pollutants mainly originated from the dispersion.
By contrast, particularly downstream, the contents at the
same height dropped (C2 > C3 > C4 and C6 > C7 > C8)
because of the underground water flow.

3.3. Vertical Distribution Law of BTEX. The vertical migra-
tion and distribution of BTEX on each row were almost
identical between the north (traditional gasoline) and the
south (ethanol gasoline) tanks. At the C row, the content was
highest but declined along two sides. For instance, inC2 of the
north tank and C6 of the south tank, the vertical monitoring

results of the BTEX pollutant concentration at the depths 15,
30, and 45 cm are shown in Figure 7.

Figure 7 shows that, in either tank, the BTEX content
was the highest at the 45 cm depth, followed by the 30 and
15 cm depths. 78 days after adding water, the content at 45 cm
depth rose more rapidly than those at the 30 and 15 cm levels,
which only changed slightly. The density of BTEX is lower
than that of water; hence, downward vertical migration was
rarely observed, and BTEX contents were found at lower
water levels.

3.4. Declining Features of BTEX by Biodegradation. Biodegra-
dation is amajormechanism of destructive declinationwhich
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Figure 5: Distribution of BTEX pollution halo on the 118th day.
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Figure 6: Longitudinal monitoring results of BTEX pollutant concentration on C row at the same depth.

can essentially remove pollutants by transforming pollu-
tants in aquifers from macromolecules into small molecules
or converting toxic compounds into nontoxic substances.
Degradation is classified based on electron acceptor type;
the respiratory action of a microorganism is called “aerobic
degradation” when oxygen is used as the electron acceptor;
“anaerobic degradation” for nitrate, ferric ion, sulfate, or
carbon dioxide; and “facultative degradation” for dissolved
oxygen and nitrate.

Microbial activity is active and common in an under-
ground environment, including those of simple microor-
ganisms, such as prokaryotic bacteria and cyanobacteria, as
well as complicated eukaryotic algae, fungi, and prokaryotes.
Since the 1970s, 28 kinds of bacteria and fungi capable
of degrading hydrocarbon were extracted from the under-
ground environment [23]. In aerobic conditions, almost

all of the oil-hydrocarbon can be degraded by organisms
[24]. In the underground water which is seriously short of
dissolved oxygen, microorganisms can degrade petroleum
hydrocarbon through electron acceptors, such as nitrate,
ferric irons, and sulfate, resulting in reduction reactions.

3.4.1. Changes of Dissolved Oxygen. The dissolved oxygen in
each sample was detected. In the first 92 days, the injector
(early stage) and peristaltic pump (middle stage) were used in
sampling. Hence, aeration occurred in the water sample. As a
result, the detected values were higher than the actual levels
and did not reflect the real situation. After 92 days, dissolved
oxygen was detected through a probe from the water-level
monitoring hole. The results are shown in Table 1.

The background value of dissolved oxygen at each
hole was 3–5mg/L. After gasoline was poured, the content
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Figure 7: Vertical monitoring results of BTEX pollutant concentration on C2 and C6 in the sand tank.

Table 1: The monitoring results of dissolved oxygen concentration in the water level monitoring hole of sand tank (mg/L).

Time (day) W1 W2 W3 W4 W5 W6 W7 W8
92 6.43 0.23 0.2 0.17 7.19 0.33 0.06 0.13
106 6.98 0.23 0.24 0.72 6.73 1.07 0.91 1.06
117 7.61 1.11 0.47 0.5 7.92 1.43 0.78 0.32
142 8.0 1.0 0.5 0.3 8.1 0.8 0.4 0.3

increased upstream the pollution source (water continued
flowing in), but the dissolved oxygen was almost consumed
downstream. This observation indicates that biodegradation
with oxygen took place in the tank and some BTEX was
degraded [25–27].

3.4.2. Changes of𝑁𝑂3−, 𝑆𝑂42−, and𝑁𝑂2− Contents. The fuel
was filled to the 45 cm level; hence, the BTEX content at this
point was the highest, whereas the contents of NO

3

− and
SO
4

2− were basically the same.The concentrationmonitoring
results from C2-45 and C6-45 are displayed in Figure 8.

Figure 8 shows that the contents ofNO
3

− andNO
2

− atC2-
45 and C6-45 are much lower, approximately 0, implying that
biodegradation with nitrate occurred in the tank when NO

3

−

was degraded as the electron acceptor. When the dissolved
oxygen was nearly consumed, some anaerobes can replace
O
2
with NO

3

− to serve as the final electron acceptor for later
hydrocarbon degradation [25–27]. The content of SO

4

2− was
elevated initially but fluctuated slightly after filling with water
close to the background value. The content then began to
drop on the 91st day to 0 on the 118th day. This observation
implies that oxidation-reduction environment changed from
oxidation to a reduction environment, when biodegradation
with sulfate ensured. When some electron acceptor with
strong oxidizability is consumed, SO

4

2 serves as the electron
acceptor in the hydrocarbon degradation of contaminants by
anaerobes. For these reasons, BTEX is degraded [25–27].

4. Conclusions

The BTEX content near the injection point was the highest.
The lateral dispersion of the BTEX pollution halo laterally
extended continuously. Longitudinally, the BTEX pollution
migrated downstream mainly because of the water flow and
longitudinal dispersion. Given the slight vertical dispersion,
BTEX content reached the highest level at the 45 cmdepth but
dropped successively at the 30 and 15 cm depths. Meanwhile,
effect of ethyl alcohol caused the concentration peak of BTEX
in ethanol gasoline in the underground water to lag behind
that of tradition gasoline.

When the underground water level rose, the BTEX
content at 45 cm increased more rapidly than those at 30 and
15 cm, which changed only slightly. The density of BTEX is
lower than that of water; hence, vertical migration downward
was rarely observed, and lower contents were found at lower
water levels.

The geochemical characteristics of the underground
water environment revealed that downstream the pollution
source, the concentration of dissolved oxygen and NO

3

−

decreased more rapidly, whereas the concentration of SO
4

2−

changed slightly initially and then decreased slowly. This
observation indicated that oxidation, denitrification, and
desulfurization took place. The fall of the BTEX content
in the underground water was related to many kinds of
biodegradations, such as biodegradationwith oxygen, nitrate,
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Figure 8: Monitoring results of electron acceptors on C2 and C6 at the 45 cm depth in the sand tank.

and sulfate.Thus, alleviating BTEX pollution in underground
water by increasing the concentrations of electric acceptors,
such as nitrate, and by enhancing microbial activities is an
effective and noteworthy method.
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The toxic effects of CDs on rareminnow (Gobiocypris rarus) embryos at different developmental stageswere investigated.The results
showed that rare minnow embryos had decreased spontaneous movements, body length, increased heart rate, pericardial edema,
yolk sac edema, tail/spinal curvature, various morphological malformations, and decreased hatching rate. Biochemical analysis
showed the CDs exposure significantly inhibited the activity of Na+/K+-ATPase and Ca2+-ATPase and increased theMDA contents
and the activity of SOD, CAT, and GPX. Further examination suggested that the CDs exposure induced serious embryonic cellular
DNA damage. Moreover, the CDs exposure induced upregulation of development related genes (Wnt8a andMstn) along with the
downregulation of Vezf1. Overall, the present study revealed that the CDs exposure has significant development toxicity on rare
minnow embryos/larvae. Mechanistically, this toxicity might result from the pressure of induced oxidative stress coordinate with
the dysregulated development related gene expression mediated by the CDs exposure.

1. Introduction

Carbon quantum dots (CDs) denote a class of less than 10 nm
sized nanoparticles composed of carbon, hydrogen, oxygen,
nitrogen, and other elements [1]. Bearing the advantage as
higher thermostability, photostability, quantum yield, and
lower release rate of heavy metal ions than the traditional
semiconductor quantum dots [2], CDs have been proposed
broadly to the potential application in analytical chemistry,
biological probing and imaging, drug delivery, and so forth
[3–5]. Further, with the advent of nanotechnology, CDs are
becoming more prevalent in the environment. This raises
increasing public concerns about biosafety and the potential
health risks of long term exposure to CDs. Previous study
has shown that concentration of the TiO2 in surface waters
is 21 ng/L and the C60 in sewage is 4 ng/L, which could
increase to 35mg/L through the suspension process in the
natural water system [6]. Further, a series of studies has
shown the nanomaterials including CdSe/ZnS and TiO2
could induce the fishes embryos’ developmental defect such
as embryonic pericardial edema, yolk sac edema, and tail

malformation [7], suggesting the potential risky impact of
CDs on the natural water ecosystem. Thus, the biological
and environmental toxicity of CDs gradually attracted great
research interest which is required for the safety evaluation
for further application.

However, only limited studies regarding this issue have
been reported while the comprehensive toxic effects and the
exact underlying mechanism are still not clear. In 16 HBE
cells, high concentration of CDs treatment results in oxidative
damage and decreased proliferation rate. Besides, CDs could
form a complex with BSA leading to the structural alteration
of some functional proteins [8]. In animal models, when CDs
were administrated through the tail vein injection in rats, the
oxidative damage and the disrupted immunologic balance
were observed in the target organs which eventually induced
the compensable pathological lesions [9].

Here we report a biosafety research of CDs on rare
minnow (Gobiocypris rarus), an endemic cyprinid fish in
China [10]. With serious features such as short life cycle,
high fertilization rates, and hatching rates, rare minnow has
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Table 1: Primers sequences used for real-time PCR.

Gene Forward primers Reverse primers
𝛽-Actin CCCCATTGAGCACGGTATTG GGGAGCCTCTGTGAGCAGGA
Wnt8a CCAAAGGCTTACCTCACA AACCCAACCACGACCC
Vezf1 GTGGCGGGCATCCTCACCAC GCCGCACATCTCACAGCCGT
Mstn CACCGCCTTTGCAACAACTT CCGATCTACTTGAACGATGG

been regarded as one of the suitable aquatic organisms for the
biological toxicity assessment [11].

In our study, we have investigated the developmental
toxicity of the CDs on the embryos/larvae of rare minnow.
Our data would not only enrich the scientific understanding
for the biocompatibility and risk assessment of CDs, but also
promote the early diagnosis of potential pollution in fishery
water area introduced by nanomaterials.

2. Materials and Methods

2.1. CDs. CDs (W-900-440) were purchased from Beida
Jubang Science & Technology Co. Ltd. (Beijing, China).
Monodispersed CDs were 2–6 nm sized and prepared as
10mg/mL (water solution). The fluorescence emission wave-
length of the CDs is 440 nm.

2.2. Fish Husbandry and Embryo Collection. Sexually
matured and healthy rare minnow were selected as parent
fish. Following long term acclimation (more than 4 weeks)
in the circulating water system with the sex ratio as 1 : 1, the
spawning time points were set to 20:00 daily through the
circadian rhythm manipulation. Once the sexual chasing
behavior of the parent fishes was observed, the fertilized
eggs were collected followed by artificial insemination
(fertilization rate > 95%). The parent fishes were fed
three times daily to visual satiation (twice with commercial
granular food and once with fairy shrimp). Culture condition
was set as 25 ± 1∘C with the daily photoperiod cycle as 12 : 12
(light : dark).

2.3. Embryo Toxicity Assay. The toxicity assay was designed
according to the established protocol [12]. Briefly, the rare
minnow embryos were collected immediately after fertil-
ization; at blastocyst stage, normal embryos were selected
and introduced individually into 24-well plates filled with
1mL/well daily renewed solutions or controls per well. The
plates were incubated at 25 ± 1∘C in water bath for 96 h
with the photoperiod of 12 : 12 h (light : dark). The toxicity
effects of CDs on the subsequent embryonic development of
rare minnow were evaluated by exposing fertilized eggs to
a range of concentrations (0, 1, 5, 10, 20, 40, and 80mg/L).
The standard dilution solution served as the control. Three
wells for concentration groups and three replicates were set
for the tests, with 20 embryos per replicate. In our study,
embryos/larvae from the five early embryonic development
stages (12 hpf, 24 hpf, 48 hpf, 72 hpf, and 96 hpf)were sampled
and analyzed.

2.4. Microexamination. The developmental parameters were
monitored and documented every six hours between 12 hpf
(hours after fertilization) and 96 hpf. Toxicological endpoints
were determined by the observation through microscopy
(Nikon SMZ 25, Japan). Between 12 hpf and 96 hpf stage, the
hatching rate, the mortality rate, and the malformation rate
were calculated. The spontaneous movement frequency at
36 hpf stage and the heart rate at 60 hpf stage were calculated,
respectively, as well. The body length (mm), the area of peri-
cardial edema (𝜇m2), area of sac-yolk edema (𝜇m2), and SV-
BA distance (𝜇m) at 96 hpf stage were photographed with a
digital camera and measured from these digital images using
Image pro plus 6.0 software (Media Cybernetics, America).

2.5. Measurement of Antioxidant Enzymes, Na+/K+-ATPase,
Ca2+-ATPase Activity, and Malondialdehyde (MDA) Content.
20 embryos/larvae were collected from each group. Each
sample was defrosted and homogenized on ice with 0.65%
ice-cold saline. Following centrifuging at 2500×g at 4∘C
for 10min, the supernatants were collected and subject to
the measurement of the MDA content and the activity
of the antioxidant enzymes, Na+/K+-ATPase, Ca2+-ATPase
based on the kits manual (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.6. Comet Assay. 20 embryos/larvae were collected from
each group. Samples were completely digested in 37∘C water
bath with 0.25% trypsin. Following centrifuging at 2500×g
for 10min and the supplementation with moderate amount
of PBS (pH 7.4), the single-cell suspension (104–106/mL) was
prepared and subject to the single-cell gel electrophoresis
(SGCE). For each treatment group, about 100 cells per
slide were randomly scored with an image analysis through
fluorescent microscopy. The comet images were analyzed
by the auto comet image analysis system [13]. The DNA
damage of the samples was evaluated by comet tail length,
percentage of total DNA in the tail, tail moment, and olive tail
moment.

2.7. Gene Expression Analysis. According to the gene sequen-
ces in GenBank, primers were designed by the primer 5.0
software (Table 1) and synthesized by biotechnology com-
pany (Invitrogen). The total RNA of tested rare minnow
embryos/larvaewas extracted using the RNAiso Plus (Takara,
Kyoto, Japan). The total RNA contents were determined by
measuring the absorbance at 260 nm and the RNA quality
was verified by the ratio of the absorbance at 260/280 nm
(range within 1.8∼2.0). The first-strand cDNA synthesis was
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Figure 2: The hatching rate and mortality rate of rare minnow embryos exposed to different CDs concentration. The hatching rate (a) and
mortality rate (b) for rare minnow embryos exposed to different CDs concentration. Triplicates were set for the tests, with 20 embryos/larvae
each time.

performed by using PrimeScript �RT reagent Kit with gDNA
Eraser (Takara, Kyoto, Japan) following the manufacturer’s
instruction. The qPCR results were calculated using 2−ΔΔCT
method [14].

2.8. Statistical Analysis. Statistical analysis was conducted
with the one-wayANOVAor t-test depending onheterogene-
ity of variance (SPSS 17.0). Following the one-way ANOVA
analysis, LSD multiple range test was employed for the
evaluation between control and treated groups; otherwise
t-test was performed between control and treated groups
because of heterogeneity of variance. The differences were
considered significant at p < 0.05 and extremely significant
at p < 0.01.

3. Results

3.1. Morphological and Behavioral Analysis of Embryo Devel-
opment of Rare Minnow. The toxicity effect of CDs on rare
minnow embryos/larvae at different developmental stage was

investigated in a concentration-dependentmanner. As shown
in Figure 1(a), in the stage of 12 hpf, no obvious develop-
mental defects were observed in lower concentration groups
(1, 5, 10, and 20mg/L) compared with the control group.
In higher concentration groups (40mg/L and 80mg/L),
embryos yolk turbidity/agglutination was observed. More-
over, longer exposure time increased the malformation rate
indicated by the shorter body length, tail/spinal curvature
and pericardial edema, and yolk sac edema of the rare
minnow embryos/larvae (Figure 1(b)).

The effects of CDs on hatching rate and mortality rate in
embryos of rare minnow were tested. As shown in Figure 2,
compared with the control group, the highest CDs concen-
tration resulted in accelerated hatching. The hatched larvae
were firstly observed at the stage of 54∼60 hpf in the highest
concentration group while they were detected at the stage
of 60∼66 hpf in control group. The hatching rate decreased
significantly in response to the CDs treatment (Figure 2(a)).
When the exposure time was extended to 96 hpf, most of
unhatched embryos died.
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Table 2: Effects of CDs on behavior and morphological parameter measurement of rare minnow embryos/larvae.

Indicator 0mg/L 1mg/L 5mg/L 10mg/L 20mg/L 40mg/L 80mg/L
Spontaneous
movements of
36 hpf (bends/30
seconds)

11.17 ± 2.32 9.50 ± 1.52 10.17 ± 1.47 8.17 ± 2.79∗∗ 6.83 ± 1.94∗∗ 7.83 ± 1.17∗∗ 9.17 ± 1.17

Heart rate of 60 hpf
(bends/30 seconds) 67.00 ± 2.45 64.50 ± 2.88 60.67 ± 4.17∗ 64.00 ± 4.24 75.50 ± 3.27∗∗ 70.67 ± 5.74 71.00 ± 3.58

Malformation rate
(%) 5.00 ± 1.00 6.67 ± 1.73 8.33 ± 1.73 13.30 ± 1.73∗∗ 26.67 ± 4.58∗∗ 25.00 ± 3.00∗∗ 43.33 ± 4.58∗∗

SV-BA (×102 𝜇m) 1.90 ± 0.19 2.07 ± 0.27 2.15 ± 0.28 2.70 ± 0.45∗∗ 3.13 ± 0.26∗∗ 3.05 ± 0.47∗∗ 3.32 ± 0.26∗∗

Area of pericardial
edema (×104 𝜇m2) 2.48 ± 0.53 2.60 ± 0.65 2.97 ± 0.32 4.05 ± 0.67∗∗ 5.43 ± 0.64∗∗ 5.50 ± 0.97∗∗ 5.55 ± 0.75∗∗

Area of sac-yolk
edema (×105 𝜇m2) 2.44 ± 0.10 2.56 ± 0.10 2.42 ± 0.22 2.83 ± 0.16∗∗ 3.17 ± 0.23∗∗ 3.49 ± 0.27∗∗ 3.41 ± 0.27∗∗

Body length (mm) 3.11 ± 0.21 3.13 ± 0.18 3.16 ± 0.11 3.03 ± 0.08 2.96 ± 0.14 2.82 ± 0.20∗∗ 2.80 ± 0.18∗∗

Values are presented as mean ± SD. Spontaneous movements, heart rate, SV-BA, area of pericardial edema, and area of sac-yolk edema (𝑛 = 6); body length
(𝑛 = 7) and malformation rate (𝑛 = 60). Values that are significantly different from the control are indicated by asterisks (one-way ANOVA or t-test,∗𝑝 < 0.05,
∗∗𝑝 < 0.01).

Consistently, the increasedmortality rate was observed in
a concentration-dependent manner following the exposure
to CDs at the stage of 96 hpf. It is interesting to note that no
significant change among all concentration group treatments
was detected before 72 hpf in contrast to themarked elevation
of the mortality rate after 72 hpf (Figure 2(b)). It suggested
that 72 hpf stage might be important for the fate determina-
tion of the rare minnow embryo development in response to
the environmental stress introduced by the CDs.

The spontaneous embryonic movement at 36 hpf stage
decreased in a concentration-dependent manner after the
exposure to CDs. In the 10, 20, and 40mg/L groups, the
spontaneous embryonic movements decreased significantly
against control group (p < 0.01). At the 60 hpf stage, the
embryos heart rate in control group was 67.00 ± 2.45 beats
per 30 seconds (mean ± SD) (Table 2). Embryos heart rates
increased significantly in 20mg/L group (p < 0.01). In the
40 and 80mg/L group, heart rates just increased slightly.
The malformation rates were increased in a concentration-
dependent manner after the CDs exposure at the stage of
96 hpf. In 10∼80mg/L concentration group, the malforma-
tion rate was significantly increased compared with that in
the control group (p < 0.01).

We also investigated the effects of CDs on hearts devel-
opment of rare minnow embryos. In the 1 and 5mg/L
concentration group, compared with control, no significantly
changed SV-BA distance was detected (p < 0.05) while, in
the 10∼80mg/L concentration groups, the SV-BA distance
was significantly increased (p< 0.01).The significant enlarged
area of pericardial edema and sac-yolk edema appeared,
respectively, in proportion to the increasing CDs concen-
tration. In groups with concentration higher than 10mg/L,
the areas of pericardial edema and of sac-yolk edema were
significantly decreased in comparison to control larvae (p <
0.01).

In addition, high concentration CDs treatment resulted
in body length alteration of the larvae. At the 96 hpf stage, the

larvae in control group have significantly shorter body length
than that in higher concentration (40 and 80mg/L) groups
(Table 2) (p < 0.01).

3.2. Effects of CDs on Ca2+-ATPase andNa+/K+-ATPase Activ-
ity of Rare Minnow Embryos/Larvae. As shown in Figure 3,
the activities of Ca2+-ATPase and Na+/K+-ATPase decreased
in a concentration-dependent manner following exposure
to CDs. In the highest concentration (80mg/L) group, the
Ca2+-ATPase activities were decreased to 43%, 28%, 33%,
and 25% of control at the stage of 12 hpf, 48 hpf, 72 hpf,
and 96 hpf, respectively. Similarly, Na+/K+-ATPase activity
decreased in a concentration-dependent manner following
exposure to CDs. In the highest concentration (80mg/L)
group, the Na+/K+-ATPase activities were decreased to 40%,
47%, 65%, 63%, and 67% of control at the 12 hpf, 24 hpf,
48 hpf, 72 hpf, and 96 hpf stage, respectively.

3.3. Development Related Genes Expression. We discuss the
effects of CDs on the expression pattern of the development
related genes. As shown in Figure 4, Wnt8a, Vezf1, and Mstn
mRNA levels at different concentrations (1, 5, 10, 20, 40, and
80mg/L) were examined with 𝛽-actin gene as endogenous
control. The values of the mRNA levels were assessed as
the fold of control. At the 12 hpf stage, Mstn and Wnt8a
showed the increased expression while the Vezf1 expression
is downregulated in all concentration group.

At 24 bpf stage, Mstn expression was upregulated. Fur-
ther, with increasing ofCDs concentration, these fold changes
ofMstn expression showed the tendency as it rose up first and
then went down. Further, with increasing concentration of
CDs,Mstn expression showed the tendency as it rose up first
and then went down.Wnt8a expression is upregulated. In 40
and 80mg/L group,Wnt8a expression is significantly elevated
compared to control (𝑝 < 0.05). In contrast, Vezf1 expression
is downregulated as the increased CDs concentration. In
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Figure 3: Effects of CDs on Ca2+-ATPase and Na+/K+-ATPase activity of rare minnow embryos/larvae. The Ca2+-ATPase (a) and Na+/K+-
ATPase (b) activities for rare minnow embryos exposed to different concentration of CDs. Values are presented as mean ± SD (n = 20). Values
that are significantly different from the control are indicated by asterisks (one-way ANOVA or t-test, ∗𝑝 < 0.05, ∗∗𝑝 < 0.01).

40 and 80mg/L groups, Vezf1 expression is significantly
decreased compared to control.

At later stage (48–96 hpf), Wnt8a expression is upreg-
ulated as the increased CDs concentration. In response
to the treatment of 80mg/L CDs, the Mstn expression
level increased significantly in company with the marked
decrease ofVezf1 expression at 48 hpf, 72 hpf, and 96 hpf stage
(Figure 4).

3.4. Effects of CDs on SOD, CAT, and GPX Activities and
MDA Contents of Rare Minnow Embryos/Larvae. We also
investigated the effects of CDs on SOD, CAT, and GPX
activities and MDA contents of rare minnow embryos/larvae
(Figure 5). The SOD activity increased with the extending
exposure duration compared with control group except at
the 72 hpf stage. In the higher concentration (20, 40, and
80mg/L) groups, significantly elevated SOD activity was
detected compared with control (p < 0.05) (Figure 5(a)). The
CAT activity alteration showed the similar pattern with that
of SOD. With the extended exposure duration, significant
higher CAT activity was detected accordingly (Figure 5(b)).
GPXactivity tended to rise up in relation to the increasedCDs
exposure duration. At each stage, higher CDs concentration
treatment is induced sharply increase of the GPX activity (p <
0.05) (Figure 5(c)). CDs exposure increased theMDAcontent
significantly compared to control at each developmental
stage. As the exposure time got longer, the MDA content
showed the tendency of increase which was more prominent
in higher concentration groups (20, 40, and 80mg/L) (p <
0.01) (Figure 5(d)).

3.5. DNA Damage Analysis. Through comet assay, we exam-
ined if the CDs exposure would induce the DNA damage
in embryonic cells. The results showed that CDs exposure
induces the DNA damage in cells (Figure 6). At 72 hpf stage,
control cells showed uniform and regular round sized nucleus
without tail (Figure 6(a)). In 1mg/L concentration group,

the cells showed oval nuclear staining without observed
tail (Figure 6(b)). Elevated tail staining signal appeared in
response to the increase of the CDs concentration (Figures
6(c)–6(g)).

Further, we tested if the tail length staining in cells is
proportion to the CDs concentration with which the cells
were treated. As shown in Figure 7, CDs treatment promotes
the tail formation in cells. In 20, 40, and 80mg/L group,
the tail length staining is significantly stronger than control
(𝑝 < 0.01). Except in the low concentration groups (1, 5,
10mg/L), longer CDs exposure time promotes the length and
DNA content of the comet tail. At later stage (48 hpf, 72 hpf,
and 96 hpf), the length and DNA content of the comet tail
increased in a concentration-dependent manner.

4. Discussion

4.1. Early Developmental Toxicity of CDs to Rare Minnow
Embryos. A series of studies has shown the nanomaterials
could induce the fish embryos’ developmental defect among
which the pericardial edema, yolk sac edema, and curvature
of the spine appeared most frequently, suggesting the poten-
tial risky impacts of CDs on the natural water ecosystem.

Chen et al. have shown the abnormal condensation of
embryonic eggs, pericardial edema, and curvature of the
spine of zebrafish embryos/larvae following exposure to
CdSe/ZnS QDs [15]. Kim and collogues showed that citrate-
functionalized TiO2 nanoparticles caused pericardial edema,
yolk sac edema, craniofacial malformation, and opaque yolk
in zebrafish embryos [16]. Lv showed that nano-ZnO induced
zebrafish embryonic pericardial edema, yolk sac edema, and
tail malformation [17].

Consistently, our results showed the CDs exposure also
induced the pericardial edema, yolk sac edema, and tail mal-
formation in the embryos/larvae of rare minnow. These data
confirm the conclusion that the nanoparticle exposure would
induce the developmental defects of fish embryos/larvae. On
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Figure 4:TheMstn, Vezf1, andWnt8amRNA levels for rare minnow embryos exposed to different concentration of CDs.TheMstn (a), Vezf1
(b), and Wnt8a (c) mRNA levels for rare minnow embryos exposed to different concentration of CDs. Values are presented as mean ± SD
(n = 15). Values that are significantly different from the control are indicated by asterisks (one-way ANOVA or t-test, ∗𝑝 < 0.05, ∗∗𝑝 < 0.01).

the other, our data also suggest the pericardial edema, yolk
sac edema, and tail malformation are the main consequences
of nanoparticles exposure in different fish spices other than
the zebrafish, implying the common potential environmental
risk of the CDs and the possible dysregulated molecular
mechanism of the conserved development pathway in fish
embryos/larvae.

4.2. Molecular Mechanism Underlined the Developmental
Defect Induced by the CDs Exposure. Providing energy for the
active movements of Na+ and K+ across the cell membrane
and the epithelia and Na+/K+-ATPase plays a central role
in whole body osmoregulation, ionic transportation, muscle
function, and several other membrane transportation depen-
dent physiological processes. Previous study has reported that
the activity of Na+/K+-ATPase is important for the growth
and survival for the Penaeus vannamei in the postlarval

stage [18]. Hill et al. showed the significant decreased mal-
formation rate induced by TCDD through regulating the
osmotic pressure balance of the zebrafish embryos [19],
suggesting the correlation between the chemical induced
hydropic malformation and osmoregulation. In our study,
CDs treatment decreased the Na+/K+-ATPase activity in
concentration-dependent manner (Figure 4(b)). It might
block the pumping out of the Na+ and subsequently break the
balance of Na+ accumulation, which eventually result in the
edema and destruction of cells [20].

The hatching process of fish eggs was largely determined
by the collaboration between hatching enzymes and mem-
brane lipid peroxidation, which weakened the eggmembrane
along with embryos squirm [21]. In the majority of fishes,
hatching enzyme is synthesized by the hatching gland dis-
tributed on the outer surface of embryo and yolk sac [22].
In our study, by means of interferometer spectrometer, we
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Figure 5: The SOD, CAT, and GPX activities and MDA contents for rare minnow embryos exposed to different concentration of CDs. The
SOD (a), CAT (b), and GPX (c) activities andMDA contents (d) for rare minnow embryos exposed to different concentration of CDs. Values
are presented as mean ± SD (n = 20). Values that are significantly different from the control are indicated by asterisks (one-way ANOVA or
t-test, ∗𝑝 < 0.05, ∗∗𝑝 < 0.01).

did observe that, in rare minnow, the hatching gland cells
were located on the surface of yolk sac (data not shown).
Thus, the defective development of the yolk sac could trigger
the inactivation of hatching gland. CDs could enter into the
cytoplasm by endocytosis mechanism [23]. In addition, CDs
could be complexed with proteins, polysaccharide, or other
biological molecules in cells, which subsequently affect the
hatching enzyme activity. It could explain the lower hatching
rate result from the CDs treatment (80mg/L).

In our study, the vascular endothelial zinc finger (Vezf1)
expression level decreases with the increased CDs concen-
tration (Figure 5(b)). Vezf1 participates in the molecular
pathways that control early blood vessel development. Vezf1
may play an important role in the endothelial lineage deter-
mination and embryonic vasculogenesis and angiogenesis
at later stages [24]. Silencing Vezf1 on chicken embryo in
vivo suggested that Vezf1 is important for the development
of blood vessel and heart [25]. Decreased expression levels
of Vezf1 influenced the function of cardiovascular system

during early development. Eventually, the heart physiological
compensation promotes the increased heart rate and SV-BA
distance of the embryos in 10∼80mg/L concentration group
(Table 2).

In our study, the Ca2+-ATPase activities decreased with
the increased CDs concentration and exposure duration
(Figure 3(a)). The Ca2+-ATPase plays a crucial role in main-
taining the intracellular concentration ofCa2+[26]. Inhibition
of the activity of Ca2+-ATPase leads to the intracellular
accumulation of Ca2+ which induces the skeletal develop-
mental defect. Myostatin (Mstn) and Wnt8a expressions
were observed to be upregulated significantly in response to
the CDs treatments in a concentration-dependent manner
(Figures 4(a) and 4(c)). Mstn belongs to the transforming
growth factor-b (TGF-b) family and has been identified as an
important negative regulator of muscle development [27].

MOD mediated muscle development is tightly regulated
by the TGF-𝛽 pathway. As the important transcriptional
regulator of MOD, Mstn could be recruited by the SMAD
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Figure 6: DNA damage. Effects of different concentration CDs (control (a), 1mg/L (b), 5mg/L (c), 10mg/L (d), 20mg/L (e), 40mg/L (f), and
80mg/L (g)) on DNA damage of rare minnow embryos/larvae cells by comet assay.

proteins to the regulatory sequences of MOD which account
for the retarded muscle growth [28]. Wnt8a is a key fac-
tor in Wnt/𝛽-catenin signaling pathway for the body axis
extending [29]. Wnt8a initially locates at the bottom area
of the animal pole of fertilized eggs which activate the
classical Wnt/𝛽-catenin signaling through translocating to
the destined microtube region, contributing to the curvature
of the spine or tail within the development progression [30].
Downregulated Wnt8a results in lacking of the tail shaft
structure in zebrafish embryos/larvae [31]. The significant
increased expression of Wnt8a indicates the inhibited body
axis extension. Taken together, on one hand, both of the
Wnt8a expression upregulation and the inhibited Ca2+-
ATPase activity promote the skeletal development and, on
the other hand, increasedMstn expression blocks the muscle
developmentwhich could explain the observed tail and spinal
curvatures in this study.

It is noteworthy that the detailed mechanism underlined
the CDs induced alteration of the target gene expression is
poorly understood. Previous studies have shown that the
CDs could be complexed with both double strand DNA
(dsDNA) [32] and cellular functional proteins [9]. These
results provide the probability that the CDs could affect the
transcription of target gene through either cis- or transregula-
tion. Accordingly, in our study, we reasoned that there are two
possible mechanisms either working separately or together
to alter the development related gene expression induced by
CDs exposure: (1) the CDs might bind to the cis-elements
which block the binding sites of transcriptional factors. (2)
The CDs might be complexed with and dysregulated the
transcriptional factors directly. However, the further study is
needed to clarify this issue in the future.

4.3. Oxidative Stress and DNA Damage. Oxidative DNA
damage and the inflammatory response by far are the two
major involved mechanisms concerning the biological tox-
icity of the nanomaterials [33, 34]. In normal physiological
condition, the endogenous antioxidant enzymes combat the
reactive oxygen species (ROS) and prevent the oxidative
damage to the organism. In fact, fish can combat the oxidative
stress with the enzyme system consisting of SOD, CAT, and
GPX. SOD convert superoxide anions (O2

−) into H2O2 and
then the enzymes of CAT and GPX catalyze the reaction to
digest H2O2 into H2O and O2

− [35]. Upon exogenous stress,
abnormal ROS accumulation would break this balance and
generate cellular oxidative damage.

Environmental pollutants go into the body and produce
active oxygen free radicals through a series of metabolic
conversions. If they are not cleared promptly, the balance
will be destroyed and cause organisms oxidative damage [36].
LPO can be defined as the oxidative damage of cellmembrane
lipids and has been used extensively as a biomarker of
oxidative stress in vivo [37]. As one of the main products
of cell membrane LPO, MDA level has been regarded as the
indicator of the LPO level [38].

In the present study, the activities of SOD were increased
followingCDs treatments (Figure 5(a)), suggesting the occur-
rence of the oxidative stress. SOD act first to scavenge the
O2
−; then antioxidant system becomes active to defense and

synchronizes the activity of SOD with that of CAT. These
results are in agreement with the previous study [39] in which
the correlations between SOD and CAT were found in the
mussel Mytilus galloprovincialis upon the stress introduced
by copper nanoparticles exposure. Moreover, due to the
accumulating H2O2 generated from O2

− by SOD, the CAT
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Figure 7: The comet tail length, tail DNA percent, tail moment, and olive tail moment for rare minnow embryos exposed to different
concentration of CDs. The comet tail length (a), tail DNA percent (b), tail moment (c), and Olive tail moment (d) for rare minnow embryos
exposed to different concentration of CDs. Values are presented as mean ± SD (n = 20). Values that are significantly different from the control
are indicated by asterisks (one-way ANOVA or t-test, ∗𝑝 < 0.05, ∗∗𝑝 < 0.01).

turn active quickly to keep pacewith SOD (Figure 5(b)). Also,
the GPX activity is induced by the higher intensity of stress
result from higher CDs concentration (Figure 5(c)).

In sum, in rare minnow, the antioxidant enzyme system
consists of SOD, CAT, and GPX combined together that act
against oxidative stress and keep theMDAcontent in a certain
range in lower CDs concentration group. However, long time
of CDs exposure in 20, 40, and 80mg/L concentration groups
breaks the organism antioxidant capacity and results in the
increase of the MDA content (Figure 5(d)), indicating that
CDs exposure induced the oxidative stress to the embryo.
Consequently, the defective development of rare minnow
embryo appeared.

With the increased CDs concentration and extended
exposure time, serious DNA damage of rare minnow
embryos/larvae cells was detected (Figures 6 and 7). It
could be the reason for higher malformation and mortality
rate. Further increase of the CDs concentration results in

more serious DNA damage induced by the ROS attacking
nucleotides. The damaged DNA cannot be repaired in time;
thus the malformation rate and mortality rate increased
significantly [40].

5. Conclusion

(1) In summary, the higher concentrations of CDs have
significant development toxicity on rare minnow
embryos which could be characterized as decreased
spontaneous movements and body length, increased
heart rate, and pericardial edema, yolk sac edema and
tail/spinal curvature, various morphological malfor-
mations, and decreased hatching rate.

(2) The underlying mechanism of this developmental
toxicity appears to be related to the generation of
oxidative stress, repressed DNA repair efficacy, and
altered development related gene expression.
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Now more and more ecologists concern about the impacts of dam construction on fish. However, studies of fishes downstream
Gezhouba Dam were rarely reported except Chinese sturgeon (Acipenser sinensis Gray). In this study, catch investigations and
five hydroacoustic detections were completed from 2015 to 2016 to understand the distribution, size, and categories of fishes and
their relationship with the environmental factors below Gezhouba Dam in protected reach in the Yangtze River main stream.
Results showed significant differences in fish distribution and TS (target strength) between wet and flood seasons. Mean TS in five
hydroacoustic detectionswere−59.98 dB,−54.70 dB,−56.16 dB,−57.90 dB, and−59.17 dB, respectively, and dominant fish species are
Coreius guichenoti (Bleeker), Siniperca chuatsi (Basilewsky), and Pelteobagrus vachelli (Richardson). In the longitudinal direction,
fish preferred to stay in some specific sections like reaches 2, 4, 7, 8, 11, and 16. Since hydrology factors change greatly in different
seasons, environmental characteristics vary along the reaches, and human activities play an important role in the fish behavior, it
is concluded that great cross-season changes in hydrology lead to the differences in TS and fish assemblages and that geography
characteristics, especially channel geography, together with human activities influence fish longitudinal distribution. This finding
provides basic knowledge of spatiotemporal distribution and assemblages of fishes in the extended reaches downstream Gezhouba
Dam. In addition, it offers implications for river management. It could also serve as reference of future research on fish habitat.

1. Introduction

Yangtze River is the largest river in China and the third
largest in the world. It originates in mount Tunggula and
flows into the East China Sea, with the total length of about
6300 kilometers. The complex geological environment and
climate conditions bring Yangtze River a high biodiversity
[1]. There are more than 360 species of freshwater fishes in
the Yangtze River. This river exhibits a seasonal flow. And
water temperature is high in the summer and low in the
winter. Other ecological environments also vary from season
to season. Gezhouba Dam ( lowermost dam in the Yangtze

River), part of the Three Georges water conservancy project,
was the first dam in the Yangtze main stream and located
in Yichang city, Hubei province, China, about 40 kilometers
away downstreamThree Georges Dam.

With the development of the acoustic methods, hydroa-
coustic technology has been used in fisheries research suc-
cessfully for decades. It was often used to estimate fish
abundance and distribution and observe fish behaviors like
swimming speed or direction not only in the marine but also
in the river.This technology provides a convenient and direct
means to observe fish in situ without disturbance or damage
of various aquatic systems [2], and it has been successfully
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used to monitor the fish in river both vertically [3, 4] and
horizontally [5]. Horizontal sonar is usually used in shallow
waters to study the fish size, migration, and abundance in the
upper layer waters [6–8], and the “dead-zone” of layer waters
was detected [9], while vertical sonar has been well applied
to understanding of fish distribution and density in various
waters including seawater and freshwater [2, 4]. Vertical
sonar is also widely used in Chinese rivers [10–12]. Hydroa-
coustic technique has many advantages over traditional
methods in studying fish size, abundance, and swimming
speed, and it reduces manpower and reflects the fish behavior
in natural state and is also less environment-dependent.

There existed more than 90 fish species in downstream
section of the Gezhouba Dam in 1980s at the beginning
of its construction. Among these species, there are some
endangered and protected species at China national animal
protection level, such as Chinese sturgeon (Acipenser sinensis
Gray, CR, in the IUCN Red list) and Dabry’s sturgeon.
However, investigations on the catches in last decades showed
that the reduction trend in fish species and fishery resources
has become apparent in this downstream section [13, 14].
Since the construction ofThree Gorges Dam, spatiotemporal
distribution of dominant species was influenced by the
changes in hydrological conditions [15].Therefore, protection
of fishery resources is of great significance, and the knowledge
of the fish distribution and behavior is essential for river
management.

Many studies of fish size and density in the downstream
area of the GezhoubaDamwere carried out. However, almost
all of them focused only on the area near the dam and
the limited species like Chinese sturgeon (Acipenser sinensis
Gray) [12, 15, 16], and the fish distribution in extended section
remains unknown.

In this present study, acoustic detections coupled with
fish sampling and the other datum collected were performed
and this study is aimed at (1) understanding the fish distri-
bution in the extended river section in downstream reach
of Gezhouba Dam and its differences in different seasons,
(2) finding out relations between the fish behaviors and
environmental factors, (3) providing valuable information for
fishery management and fish potential habitat.

2. Materials and Methods

2.1. Study Area. The study area covers the protected river
reaches from downstream Gezhouba Dam (rkm 1678 km)
to Songzi River (rkm 1598), with the span of about 80 km
(Yangtze River estuary was defined as river kilometer (rkm)
0). The geomorphology of this area changes apparently from
mountainous to flat and its hydrological characteristics are
regulated by Gezhouba Dam and Three Georges Dam. The
average annual flow discharge and water level at Yichang
HydrologicalMonitoring Station (YHMS) from 1950 to 2000,
respectively, were 13900m3/s and 43.8m [17]. In the study
area, there are two tributaries, one is Qingjiang River which
flows into the Yangtze River, and the other named Songzi
River flows out. The reaches are microbend straight from
Gezhouba Dam (rkm 1768) to Yidu city (rkm 1633) and

tortuous in the last 35 km (Figure 1).The geographical advan-
tages (river flows through the whole Yichang city and the
study area is located at the junction of the upper and middle
Yangtze River) and economic development in this area result
in frequent human activities like shipping, wading engineer-
ing, and sewage disposal, which brings about tremendous
pressure to the protection of aquatic environment in this area.

2.2. Hydroacoustic Detections. Five acoustic detections were
performed in different seasons from 2015 to 2016, using
a fiberglass-reinforced plastic boat with the length 6.3m
and engine power 85 hp, respectively. The echo sounder was
equipped with a 199 kHz BioSonics DT-X with a 6.7∘ split-
beam transducer and set to a source level of 221.0 dB re 1 𝜇Pa
at 1m and a receiver sensitivity of −51.3 dB re 1𝜇Pa. While
detecting, the pulse duration was 0.4ms and pulse rate was
5 pings/s.

The transducer was anchored on the right side of the boat
and at a depth 0.5m into the water vertically so as to sample
the entire water column from 1.5m below the water surface
to 0.5m above the bottom. The vertical motion detection
was performed at a speed of about 8–10 km/h with zigzag
transects using a GPS receiver (JRC, Tokyo, Japan). It took 4
days to complete one detection due to the limited longitudinal
detection distance of approximately 25 km one day. All the
detections were performed in the daytime from 9:00 am to
17:00 pm (waterway transports make the detection in the
night dangerous).

2.3. Fish Sampling. Fishingwith various gillnets (6, 8 cm)was
carried out to obtain catches and fish species. Investigations
on catches were conducted in July, November, December
2015, and January 2016. Two different habitat types were
selected to investigate catches and these two habitats were
classified into running water area with fast flows and pool
water area with smooth water surface. In the running water
area, drift nets were used to fish, while in the pool water area,
set gill nets were used. Body length (inmillimeter) andweight
(in grams) of each fish weremeasured.The fish sampling area
covered the 20 km downstream reach from Gezhouba Dam.

2.4. River Environment. In river environment description,
the waterway kilometrage was divided according to channel
chart supplied by the Yangtze River navigation agencies.
Frequency of the human activities was divided into two cate-
gories, frequent or less. Frequent category was classified into
two main types: wading engineering (type I) and anchorage
zone (type II), and less frequent category refers to nonwading
engineering and nonanchorage zone as previouslymentioned
(Table 1).

The data of water level and flow discharge were obtained
from China Three Gorges Corporation. The detection date
was divided into two periods, wet seasons (area I) and flood
seasons (area II) (Figure 2).

2.5. Acoustic and Fish Density Analysis. Acoustic data were
processed by Echoview software v. 4.9 (Myriax Pty Ltd,
Hobart, TAS, Australia) with times-varied gain (TVG) of
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Figure 1: Study area, about 85 km in downstream reach of Gezhouba Dam, Yangtze River.
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Figure 2: Flow discharge and water level in study area, 85 km
downstream Gezhouba Dam, Yangtze River, 2015-2016.

20 log𝑅. However, not all the acoustic data were chosen. Data
fromwater surface to 1m below surface was filtered through a
straight line due to the movement of vessels and the existence
of “dead-zone.” In the same way, data of 0.5m above the river
bottom were also removed. Only the data of 1m under the
water surface and 0.5m above river bottom were retained
to be analyzed. Some noise echoes were manually identified
and deleted. In the single-echo detection (SED) echogram,
the maximum one-way gain compensation was set to 10 dB
with TS threshold being −65 dB so as to exclude the echoes

of fish below threshold value. When 4 single echoes were
detected from one target with a maximum gap of 2 pings,
one acceptable fish track detection (FTD) was obtained.Then
information of every individual fish, such as TS, depth in
water, location, and so on, was exported. The total length
of every individual fish was usually calculated by a typical
version equation: TS = 19.1 × log (TL) − 0.9 × log (Frequency)
− 62.0 (Love, 1971) [18].

Fish density algorithm was calculated as follows:

𝜎𝑏𝑠 = 10
𝑇𝑆/10 (m2)

𝜌V𝑆 =
𝑆V
𝜎𝑏𝑠
(m−3) .

(1)

𝜎𝑏𝑠 is the mean backscattering cross-section of all species
(m2), 𝜌V𝑆 is the volumetric fish density in the region (fish/
m3), and 𝑆V is the linear mean 𝑆𝑉 value for the region (m2/
m3).

3. Results

3.1. Assemblages of Fishes. Totally, 5687 fishes collected
belong to 4 orders, 11 families, 38 genera, and 53 species.
Of these 53 species, 13 species whose percentage (% N),
respectively, exceeded 1% of the total number of catches



4 BioMed Research International

Table 1: Parameters of the divided reaches.

Reach ID Left rank Right rank Human
activity

Channel
geography

1 Revetment Revetment Less Curing
2 Revetment Mountain Less Curing
3 Revetment Revetment Less Straight

4 Revetment Mountain
and riffle

Frequent
(II) Straight

5 Revetment Revetment Less Straight
6 Revetment Revetment Less Straight

7 Revetment
and riffle

Revetment
and riffle

Frequent
(II) Straight

8 Mountain Revetment
and riffle Less Curing

9 Revetment
and riffle

Revetment
and riffle

Frequent
(I) Straight

10 Revetment Revetment
and riffle Less Straight

11 Mountain Revetment
and riffle Less Curing

12 Revetment Revetment
and riffle Less Straight

13 Revetment Revetment Less Straight

14 Revetment Revetment Frequent
(I) Straight

15 Revetment
and riffle Revetment Less Curing

16 Revetment
and riffle Mountain Less

Curing
and

straight

(5687) together account for 92.84% of the total number and
87.43% of the total weight of all catches.The breeding seasons
of these 13 species are all in flood seasons about from March
to August. 5 species are peculiar to the upper reaches of the
Yangtze River whose stays are related to the lock and opening
and flow discharge ofThree Gorges Dam andGezhoubaDam
(Table 2).

3.2. Fish Vertical and TS Distribution. TS and TD (target
depth) were obtained by Echoview analysis. Mean TS of
the five detections were −59.98 dB, −54.70 dB, −56.16 dB,
−57.90 dB, and −59.17 dB, respectively, and the mean target
depth was 12.06m, 11.47m, 12.78m, 13.72m, and 12.44m,
respectively. Five acoustic detections indicated that differ-
ences of main TS distribution in various months were more
significant than that of TD. The results of TS detection,
respectively, in January 2015 November 2015, and January
2016 mainly ranged from −63 dB to −58 dB, while TS detec-
tion in May and July 2015 mainly ranged from −58 dB to
−52 dB. In other words, target length converted from D1, D4,
andD5was bigger than that fromD2 andD3 after using Love’s
TS-TL equation. Signals of TS> −30 dBwere founded in each
of five detections and they were maybe sent back by Chinese
sturgeon (Acipenser sinensisGray) [12].The results of five TD
detections concentrated in the depth layer from 5 to 15m and
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Figure 3: Fish vertical and TS distribution of the five hydroacoustic
detections.

no obvious differences were found between these detections
(Figure 3).

3.3. Fish Longitudinal Distribution. Fish longitudinal distri-
butionwas displayed by the fish density (ind/1000m3). Eighty
kilometers of distance from the Gezhouba Dam to Songzi
River was divided into 5 km interval reaches according to
the river geomorphology and there were 16 reaches in total.
Shades of the color represented the area density. Black area
represented high density and white represented low density.

Thefish gathering placeswere different in the five acoustic
detections. Fish longitudinal distribution differed greatly
between the flood and wet season. B (the hydroacoustic
detection in May 2015) found that fishes mainly were dis-
tributed in the first eight reaches, while C (the hydroacoustic
detection in August 2015) found more even distribution of
fishes. Few fishes were distributed in reach 9 and reach 14
with anchorage zone there, and fish preferred to stay in some
specific reaches like reaches 2, 4, 7, 8 11, and 16 (Figure 4).

4. Discussion

Most of the studies by using hydroacoustic technology
focused on fish biomass, size, and distribution in large
estuaries, lakes, and rivers [3, 19, 20]. Few studies reported the
research findings in the longer downstream river section of a
dam. This study indicated that the combination of hydroa-
coustic technology and traditional fish sampling turned out
to be an effective way to understand the fish spatiotemporal
distribution and assemblages downstreamGezhouba Dam in
different seasons. The results showed significant differences
in fish longitudinal distribution and size in different seasons.
Fish preferred to stay in the specific reaches where river
channel was curving, where there were geographical riffles
and less human activities. There may be three reasons for the
results. First, great changes in hydrology in different seasons
may result in the different fish longitudinal distribution,
assemblages, and size. Second, the geography characteristics
of river channel in this study area vary along the reaches,
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Table 2: Catches catalogue downstream Gezhouba Dam, Yangtze River.

Species Number (𝑁) % 𝑁 Weight (𝑊) % 𝑊 Mean TL
Coreius guichenoti (Bleeker) 1665 29.28 363385.10 36.88 275
Siniperca chuatsi (Basilewsky) 1492 26.24 199257.10 20.22 156
Pelteobagrus vachelli (Richardson) 642 11.29 51837.86 5.26 154
Rhinogobio cylindricus Günther∗ 330 5.80 25424.00 2.58 201
Parabramis pekinensis (Basilewsky) 237 4.17 80081.90 8.13 283
Siniperca scherzeri Steindachner 188 3.31 36476.70 3.70 214
Rhinogobio typus Bleeker 145 2.55 20825.20 2.11 244
Xenocypris davidi Bleeker 130 2.29 11253.90 1.14 196
Mystus macropterus (Bleeker) 113 1.99 19892.90 2.02 278
Xenocypris davidi Bleeker 108 1.90 12287.60 1.25 146
Leiocassis crassilabris Günther 95 1.67 6657.00 0.68 138
Carassius auratus (Linnaeus) 77 1.35 21265.30 2.16 167
Leptobotia elongata (Bleeker)∗ 58 1.02 12850.30 1.30 258
Cyprinus carpio Linnaeus 52 0.91 40802.30 4.14 169
Pseudolaubuca sinensis Bleeker 49 0.86 2858.80 0.29 173
Saurogobio dabryi Bleeker 42 0.74 2664.00 0.27 183
Pelteobagrus fulvidraco (Richardson) 35 0.62 2601.00 0.26 162
Silurus asotus Linnaeus 27 0.47 15022.70 1.52 281
Squalidus argentatus (Sauvage et Dabry) 24 0.42 678.60 0.07 122
Hemibarbus maculatus Bleeker 18 0.32 2689.80 0.27 187
Pseudobrama simoni (Bleeker) 16 0.28 658.90 0.07 145
Pelteobagrus nitidus (Sauvage et Dabry) 14 0.25 309.50 0.03 128
Leiocassis longirostris Günther 13 0.23 4842.30 0.49 307
Hypophthalmichthys molitrix (Cuvier et Valenciennes) 11 0.19 2320.80 0.24 212
Coreius guichenoti (Sauvage et Dabry)∗ 10 0.18 5494.60 0.56 360
Squaliobarbus curriculus (Richardson) 9 0.16 2442.50 0.25 280
Silurus meridionalis Chen 9 0.16 12231.90 1.24 545
Megalobrama amblycephala Yih 8 0.14 5533.70 0.56 371
Pseudobagrus pratti Günther 7 0.12 327.20 0.03 184
Hemiculter bleekeriWarpachowsky 6 0.11 103.40 0.01 128
Pseudobagrus truncates (Regan) 6 0.11 102.00 0.01 117
Hemiculter leucisclus (Basilewsky) 5 0.09 204.90 0.02 123
Ctenopharyngodon idellus (Cuvier et Valenciennes) 5 0.09 13477.81 1.37 606
Tinca tinca (Linnaeus) 5 0.09 1690.90 0.17 284
Culter alburnus Basilewsky 5 0.09 2185.60 0.22 167
Odontobutis obscura (Temminck & Schlegel) 3 0.05 34.40 <0.01 10
Hyporhamphus intermedius (Cantor) 3 0.05 317.90 0.03 201
Jinshaia sinensis (Sauvage et Dabry)∗ 3 0.05 147.50 0.01 101
Parabotia fasciata Dabry 2 0.04 82.40 0.01 188
Lepturichthys fimbriata (Günther) 2 0.04 11.80 <0.01 116
Culter molitorella (Cuvier et Valenciennes) 2 0.04 170.70 0.02 219
Culter mongolicus mongolicus (Basilewsky) 2 0.04 1090.50 0.11 375
Culter oxycephaloides Kreyenberg et Pappenheim 2 0.04 1016.10 0.10 431
Myxocy prinus asiaticus (Bleeker) 2 0.04 235.40 0.02 183
Pelteobagrus eupogon (Boulenger) 2 0.04 110.00 0.01 19
Saurogobio gymnocheilus Lo Yao & Chen 1 0.02 67.60 0.01 224
Opsariichthys bidens Günther 1 0.02 32.00 <0.01 15
Misgurnus anguillicaudatus (Cantor) 1 0.02 37.00 <0.01 162
Channa argus (Cantor) 1 0.02 781.50 0.08 432
Gobiobotia filifer (Garman) 1 0.02 7.50 <0.01 107
Aristichthys nobilis (Richardson) 1 0.02 59.40 0.01 180
Rhinogobio ventralis Sauvage et Dabry∗ 1 0.02 179.60 0.02 251
Spinibarbus sinensis (Bleeker) 1 0.02 224.10 0.02 267
Total 5687 100 985343.47 100
Number (𝑁), percentage number (% 𝑁), weight (in grams,𝑊), percent weight (% 𝑊), and mean total length (mm, mean TL). ∗ means that this species is
peculiar to the upper reaches of the Yangtze River.
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Figure 4: Fish longitudinal distribution of the five hydroacoustic detections. (a) Hydroacoustic detection in January 2015; (b) hydroacoustic
detection inMay 2015; (c) hydroacoustic detection inAugust 2015; (d) hydroacoustic detection in September 2015; (e) hydroacoustic detection
in January 2016.

which may influence fish gathering. Third, human activity is
also a limiting factor.

Fish distribution and abundance in rivers displayed lon-
gitudinal zonation from upstream to downstream [20, 21].
Water level changes from May to October in the Yangtze
River, and many fishes migrate when water level changes
seasonally in the Yangtze River. In flood seasons, hydrologic

factors like water temperature, depth, flow velocity, flow
discharge, and nutrients change rapidly. High flow discharge
could bring high flow velocity and more nutrients, which
play an important role in fish behaviors including migration,
feeding, and reproduction. In addition, flood seasons are fish
breeding periods for most of the species in this study area.
Riverine fish assemblages change rapidly or gradually with
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rapid or gradual changes in the physicochemical habitat [22].
Therefore, great differences in mean TS and fish longitudinal
distribution between flood andwet seasonswere found in this
study.

Fish habitat is an essential component of ecosystem [23],
while studies of fish habitats downstream Gezhouba Dam
were merely limited to the habitats of large endangered
individual Chinese sturgeon (Acipenser sinensis Gray) [24–
27]. This study covers different reaches with different geog-
raphy characteristics that are habitats of various fish species.
Reaches 4 and 7 of this study area are straight geomorpho-
logically with riffles where fish preferred to inhabit. Ranges
of velocity and depth around the island are wider than those
in other straight river sections without islands [28]. Reaches
with riffles represent more complex environment beneficial
for fish to avoid interference and predators. There also exists
anchorage zone in reaches 4 and 7, and human waste such as
deserted food and sanitary waste are discharged directly into
the river here, which provides muchmore food and nutrients
for these two reaches andmake them an ideal habitat place for
fish to feed and avoid disadvantage behaviors. Reaches 2, 8, 11,
and 16 are curing section with mountains and riffles and with
less human activities. Therefore, the environment of these
reaches is much more natural and less disturbed externally.
This may explain why fish preferred to stay in these reaches.

There are still some limitations in this study. Because of
the fishing ban seasons (fromMarch toMay every year before
2015 and February to May from 2016), fish sampling and
hydroacoustic detections could not be conducted simultane-
ously.The calculation results of the corresponding fish length
of five acoustic detections were 1.64 cm, 3.09 cm, 2.59 cm,
2.10 cm, and 1.80 cm, respectively, by using the typical version
equation: TS = 19.1 × log (TL) − 0.9 × log (Frequency) − 62.0
[18]. However, these calculation results significantly differ
from actual measurement results of fish length of the catches.
Since few researches on conversion equations of TS values
and fish length about fish species in Yangtze River were
reported, there have been no appropriate equations to match
these two results so far. According to the average annual flow
discharge and water level at YHMS in the last 50 years (from
1950 to 2000) and the situation of hydroacoustic detection
in recent years [12, 17], the periods of wet seasons and flood
seasons are almost the same every year.They could be divided
into flood seasons and wet seasons (Figure 2). Therefore,
five hydroacoustic detections were conducted in these two
seasons: three in thewet seasons and two in the flood seasons.
What is more, high flow discharge (when flow discharge
> 20000m3/s) in the flood seasons brings high velocity
and much more bubbles which make the hydroacoustic
detection unsafe and inaccurate.Therefore five hydroacoustic
detections were conducted in the two periods (Figure 2, wet
seasons and flood seasons).

Previous studies focused on the distribution and spawn-
ing grounds of Chinese sturgeon [16, 24, 29] or fish assem-
blages and behaviors in the downstream zone adjacent to
Gezhouba Dam. This research extended the study area to
80 km away from Gezhouba Dam to offer the knowledge of
fish longitudinal distribution and size in different seasons.
Our study results demonstrated that fish distribution was

influenced by both environment factors and human activ-
ities. Fish habitat loss has become a big threat to aquatic
biodiversity [1]. Although quantitative factors like velocity,
dissolved oxygen, and fish assemblages are not measured,
the reaches of Yangtze River reported by this study where
fish preferred to inhabit could be considered as potential fish
habitats, which would be helpful for future research on fish
habitat. Furthermore, how Gezhouba Dam affects the fish
is still unknown, but the effects of Gezhouba Dam on fish
survival were exemplified by the Acipenseriformes [30, 31].
Researches on the effects of Gezhouba Dam and conserva-
tions for fish biodiversity are also essential in the future work.

Based on this study findings, the suggestions for river
management are as follows.

(1) Fishing ban seasons may be adjusted to containing
the whole flooding seasons especially July and August
since the breeding seasons of dominant fish species
such as Coreius guichenoti (Bleeker), Siniperca chuatsi
(Basilewsky), and Pelteobagrus vachelli (Richardson)
in this study area are in the flooding seasons.

(2) Strengthen the supervision over poaching and over-
fishing in the specific reaches mentioned in this study
where fishes prefer to inhabit.

(3) Select wading engineering location scientifically to
avoid the loss of fish habitat.
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A bioflocculant-producing bacterium, Bacillus megaterium SP1, was isolated from biofloc in pond water and identified by using
both 16S rDNA sequencing analysis and a Biolog GEN III MicroStation System. The optimal carbon and nitrogen sources for
Bacillus megaterium SP1 were 20 g L−1 of glucose and 0.5 g L−1 of beef extract at 30∘C and pH 7. The bioflocculant produced by
strain SP1 under optimal culture conditions was applied into aquaculture wastewater treatment. The removal rates of chemical
oxygen demand (COD), total ammonia nitrogen (TAN), and suspended solids (SS) in aquaculture wastewater reached 64, 63.61,
and 83.8%, respectively. The volume of biofloc (FV) increased from 4.93 to 25.97mLL−1. The addition of Bacillus megaterium SP1
in aquaculture wastewater could effectively improve aquaculture water quality, promote the formation of biofloc, and then form an
efficient and healthy aquaculture model based on biofloc technology.

1. Introduction

Bioflocculant is an active substance produced by growing
microorganisms and is composed of macromolecular poly-
mers, such as glycoprotein, polysaccharide, protein, cellulose,
and nucleic acid [1–3]. Bioflocculant offers many advantages
for suspended solids (SS) removal, such as high security
and efficiency, low cost, being nontoxic, and producing no
secondary pollution for the environment [4–10]. The use
of bioflocculant for SS removal has been widely used in
industrial, domestic, and building material and livestock
wastewater treatment as a new water treatment agent [11–14].
Although there were some general reports of bioflocculant
in wastewater treatment, relevant research and application
of bioflocculant in aquaculture wastewater treatment have
rarely been reported.

In recent years, the aquaculture industry had developed
rapidly with a worldwide presence, especially in China.
However, low feeding utilization rates caused approximately

75% of the aquaculture feed to remain as nitrogen and
phosphorous in the wastewater [15]. Aquaculture wastewater
was discharged arbitrarily into rivers, lakes, and ocean,
resulting in eutrophication and even red tide disasters. Many
efforts have sought to reduce and regulate the generation
and emission of aquaculture wastewater, such as upscaling
aquaculture wastewater treatment by microalgal bacterial
flocs [16], application of probiotics in carp aquacultures
[17], removal of organic matter from polluted coastal waters
by floating bed phytoremediation [18], and the application
of artificial wetlands in multistage aquaculture wastewater
purification [19]. Biofloc technology as one of the most
advanced aquaculture technology models has been widely
applied in shrimp, tilapia, and carp pond cultures. Using
biofloc technology produced more aquaculture products
without significantly increasing the usage of the basic natural
resources of water and land, minimized damage to the
environment, and provided an equitable cost/benefit ratio to
support economic and social sustainability [20–24].
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Compared with industrial and domestic wastewater,
aquaculture wastewater is mainly composed of carbon,
nitrogen, phosphorous, and other nutrients. Aquaculture
wastewater also has its own characteristics, such as fewer
poisonousmetal materials and lower concentrations of nitro-
gen, phosphorous, SS, and chemical oxygen demand (COD).
Therefore, bioflocculant-producing bacteria could feasibly be
added to ponds and then used to effectively treat aquaculture
wastewater. The aim of the present study was basically
developed by two sections. The first section was to isolate
and identify a bioflocculant-producing bacterium from fish
pond and to optimize its culture conditions. In the second
section, the bioflocculant produced by Bacillus megaterium
SP1 was applied in the aquaculture wastewater treatment
to reduce the COD and inorganic nitrogen, promote the
formation of biofloc, improve the utilization rate of nitrogen,
and ultimately form a highly efficient and healthy aquaculture
model suitable for China’s pond aquaculture.

2. Materials and Methods

2.1. Biofloc Samples and Isolation of Bioflocculant-Producing
Bacterium. Biofloc samples were collected by Imhoff cones
from the carp biofloc technology pond atHulan experimental
station of Heilongjiang River Fisheries Research Institute
in Heilongjiang Province, China (45.97∘N, 126.63∘E). The
samples were stored at 4∘C in sterile containers. First, each
biofloc sample was homogenized and serially diluted in
sterile water. Second, each dilutionwas spread on enrichment
medium and incubated at 30∘C for 72 h. Strains with different
colony morphology were taken and repeatedly cultivated for
purification, and the single pure colony was saved for later
use. Third, each pure colony was spread on fermentation
medium and cultured at 30∘C in a rotary shaker at 160 rmin−1
for 72 h. The culture broth was used to determine for floc-
culating efficiency. The strain with the highest flocculating
efficiency and good several subcultures was selected as the
bioflocculant-producing bacterium for further study. Kaolin
suspensions at a concentration of 5 g L−1 were then used
to evaluate the flocculating capability of a series of the
culture. Among them, the enrichmentmedium included beef
extract (3 g L−1), peptone (10 g L−1), and NaCl (5 g L−1) and
was amended with 1.8% agar. The fermentation medium
included glucose (20 g L−1), KH

2
PO
4
(2 g L−1), K

2
HPO
4

(5 g L−1), MgSO
4
⋅7H
2
O (0.5 g L−1), (NH

4
)
2
SO
4
(0.2 g L−1),

NaCl (0.1 g L−1), urea (0.5 g L−1), and yeast extract (0.5 g L−1).

2.2. PCR Amplification and Phylogenetic Analysis. The bac-
terial genomic DNA of strain SP1 was extracted using the
E.Z.N.A.� Bacterial DNA Kit (Omega Bio-Tek, Inc., USA).
PCR amplification of the 16S rDNA was performed with uni-
versal primers (27F, 5AGAGTTTGATCCTGGCTCAG3,
and 1492R, 5GGTTACCTTGTTACGACTT3). The ampli-
fication system was composed of a total volume of 50 𝜇L
containing 3 𝜇L of total DNA, 1 𝜇L of 27F, 1 𝜇L of 1492R, 1 𝜇L
of dNTP, 5 𝜇L of 10x buffer, 0.6 𝜇L of Taq DNA polymerase,
and 38.4 𝜇L of ddH

2
O [25]. The reaction conditions were as

follows: 94∘C for 4min followed by 30 cycles of denaturation

at 94∘C for 1.5min, annealing at 55∘C for 1min, and primer
extension at 72∘C for 1.5min and a final extension at 72∘C
for 10min [26]. PCR products were purified using PCR
production purification kit, and the purified PCR products
were sent to Suzhou GENEWIZ Biotechnologies Co. Ltd.
(China) for sequencing.The sequence results were submitted
(accession number: KU529280) to the GenBank database.
SoftwareMEGA6.0 was used to construct a phylogenetic tree
by the neighbor-joining method [27].

2.3. Identification with Biolog GEN III MicroStation System.
The Biolog GEN III MicroStation System is an automated
microbial identification system based on aerobic metabolic
activities without the labor-intensive requirements of con-
ventional strips or panels. The strain SP1 was characterized
using Biolog GEN III microplate (Biolog Inc., Hayward,
CA, USA). GEN III plate contains 95 different carbon
substrates, which is based on interpreting patterns of sole-
carbon substrate utilization indicated by color development
in a 96-well microtiter plate. By analyzing the similarity
of the metabolic fingerprints between SP1 and standard
strains in the kinetic database by Biolog Retrospect 2.0 Data
Management Software, the strain was identified. Among
them, when SIM is > 0.5 and DIST is < 5.00, this is a more
satisfactory result [28].

2.4. Analysis of Flocculating Efficiency. The flocculating effi-
ciency of the bioflocculant produced by the bacterial culture
was measured by kaolin suspension. In general, 2mL of the
bioflocculant (the culture broth of strain SP1), 5mL of CaCl

2

(1%, w/v), and 93mL of kaolin suspension were mixed in a
200-mL beaker. The mixture was stirred at 180 rmin−1 for
1.5min and at 80 rmin−1 for 3min with a vortex mixer (QL-
861, Shanghai Jingmi Instrument Co., Ltd., China) and then
kept still for 10min. The supernatant portion was absorbed
to determine its optical density (OD) at 550 nm by a 752
spectrophotometer [4]. The steps for the blank control were
similar to the above steps except that the culture broth of
strain SP1 was replaced with distilled water. All assays were
conducted in three duplicates.The flocculating efficiency was
defined and calculated as follows:

Flocculating efficiency (%) =
(𝐴
0
− 𝐴)

𝐴
0

× 100, (1)

where 𝐴
0
and 𝐴 were OD

550
of the blank control and of the

supernatant, respectively.

2.5. Optimization of Culture Conditions. Experiments were
designed in which carbon and nitrogen sources of fermen-
tationmediumwere replaced by various carbon and nitrogen
sources in fresh fermentationmedium.The one-waymedium
was used to determine the flocculating efficiency for kaolin
suspension and to select the optimum carbon and nitrogen
source for strain SP1.

According to the one-way experiment results, specific
carbon and nitrogen sources in the original fermentation
medium were replaced by the optimum carbon and nitrogen
sources for optimal performance. The four factors of carbon
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Table 1: Screening of bioflocculant-producing bacterium and its flocculating ratio for kaolin suspension.

Number Flocculating ratio (%) Number Flocculating ratio (%) Number Flocculating ratio (%) Number Flocculating ratio (%)
1 58.2 ± 1.3e 12 65.1 ± 3.2d 25 68.5 ± 1.9cd 37 91.9 ± 2.2a

2 62.1 ± 1.2e 14 54.5 ± 2.1e 26 75.9 ± 1.6c 38 73.9 ± 1.5c

3 66.9 ± 2.2d 15 41.9 ± 1.8g 27 64.2 ± 2.3d 39 78.1 ± 4.2bc

4 65.1 ± 0.9d 16 51.6 ± 1.1f 28 52.5 ± 1.2f 40 68.5 ± 3.1d

5 89.2 ± 0.8a 17 66.7 ± 0.8d 29 58.1 ± 0.9e 41 76.1 ± 2.1bc

6 65.1 ± 1.7d 18 78.4 ± 2.1b 30 62.9 ± 2.1d 42 52.1 ± 3.6f

7 75.4 ± 1.5bc 19 76.1 ± 3.2bc 31 57.2 ± 1.7e 43 60.3 ± 1.5e

8 68.1 ± 1.9d 20 70.3 ± 1.5c 32 56.6 ± 1.2e 44 73.5 ± 0.8c

9 62.1 ± 2.1e 21 65.2 ± 3.5d 33 75.2 ± 4.3bc 45 66.5 ± 1.3d

10 70.3 ± 0.7c 22 80.9 ± 2.1b 34 88.7 ± 3.5a 46 88.2 ± 2.7a

11 42.1 ± 0.6g 23 49.9 ± 1.4f 35 75.2 ± 2.4bc 47 77.9 ± 1.6b

12 72.5 ± 1.5bc 24 50.2 ± 2.3f 36 43.9 ± 1.6g 48 86.1 ± 2.1a

Note. Each value represents a mean ± SE (𝑛 = 3). Values in the line with different superscript letters are significantly different (𝑃 < 0.05).

source, nitrogen source, initial pH, and temperature were the
major factors influencing flocculation and were selected to
design L

16
(45) orthogonal experiment. The optimum culture

conditions were obtained by the analysis of the orthogonal
experiment results.

2.6. Preliminary Application in Wastewater Treatment of
Aquaculture. The aquaria (90 × 55 × 45 cm) selected for the
experimental tanks had 100 L of three types of water (aqua-
culture wastewater, Hulan river water, and urban domestic
wastewater) with continuous aeration. Culture broth of strain
SP1 containing 1 × 107 CFUmL−1 was added to the aquaria
water samples by an adding ratio of 1 × 104 CFUmL−1 to eval-
uate its effect on wastewater, especially by comparing how the
data changed before and after inoculation. The experiment
was divided into three groups, each group containing three
duplicates. The indexes of chemical oxygen demand (COD),
total ammonia nitrogen (TAN), suspended solids (SS), and
volume of biofloc (FV) were determined.

2.7. Analytical Methods. The COD and SS were determined
using the methods given by the National Standard of China,
TAN was determined by the YSI Professional Plus (YSI
Incorporated, Yellow Springs, USA), FV was determined
by sampling 1000mL pond water into a series of Imhoff
cones [29], and the volume of the floc plug accumulating
on the bottom of the cone was determined 15min following
sampling [20].

2.8. Statistical Analysis. Data analysis was performed by one-
way ANOVAusing SPSS 17.0 software forWindows. Duncan’s
multiple range tests were used to identify differences among
experimental groups, and the level of statistical significance
was accepted as 𝑃 < 0.05.

3. Results and Discussion

3.1. Isolation of Bioflocculant-Producing Bacterium. Approx-
imately 48 isolates were selected from the biofloc samples

(Table 1). However, only six strains with flocculating effi-
ciency exceeding 80% were able to actively flocculate kaolin
suspension, as measured after five or more subcultures.
Among them, the bacterium named SP1 with the highest
flocculating efficiency was selected as the bioflocculant-
producing bacterium for further study.

3.2. Identification and Characterization of Bioflocculant-
Producing Bacterium. Strain SP1 was a circular, smooth,
white, rod-shaped, Gram-positive bacterium with fermented
liquid that was brown and turbid. Molecular analysis based
on 16S rDNA confirmed the strain SP1 to be a Bacillus
sp.; therefore, it was named Bacillus sp. SP1. The nucleotide
sequence obtained in the present study had been submitted
to GenBank and assigned accession number KU529280. In
the phylogenetic tree, strain SP1 and the other closest Bacillus
strains were grouped together (Figure 1). Strain SP1 was fur-
ther identified using the BiologGEN IIIMicroStation System,
which was Biolog’s latest generation product for the testing
and microbial identification of aerobic Gram-negative and
Gram-positive bacteria because they were in the same test
panel; Gram stain and other pretests were no longer needed
[30]. The results showed that strain SP1 was Bacillus mega-
terium (probability 59.6%, SIM 0.596, and DIST 5.883) based
on the carbon source metabolic characteristics (Table 2).
Therefore, this strain was named Bacillus megaterium SP1.

Bioflocculants were produced by many microorgan-
isms widely distributed in soils and waters [31]. More
than 70 bioflocculant-producing microorganisms have been
reported, such as Bacillus subtilis [5], Bacillus firmus [32],
Bacillus licheniformis [33], Bacillus mucilaginosus [2], Proteus
mirabilis [34], and Klebsiella sp. [35]. However, biofloccu-
lant produced by Bacillus megaterium and its application
in wastewater treatment have rarely been reported. It was
found that the extracellular polymeric substances (EPS) from
Bacillus megaterium TF10 exhibit a high flocculation activity
[36]. One report of a Bacillus megaterium strain producing
a biodegradable flocculant was observed for turbidity and
arsenic removal during growth [37]. Another bioflocculant
produced by Bacillus megaterium YWO-5 was used for
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Figure 1: Neighbor-joining tree between Bacillus megaterium SP1 and its phylogenetically closest microorganisms based on the 16S rDNA.
The scale bar indicates 0.005 substitutions per nucleotide position.
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Figure 2: Effects of various carbon sources (a) and nitrogen sources (b) on flocculating efficiency. The bars are the respective standard
deviations (𝑛 = 3), and values in the line with different superscript letters are significantly different (𝑃 < 0.05).

wastewater treatment [38]. In this work, the highly efficient
bioflocculant-producing bacterium Bacillus megaterium SP1
was especially isolated from biofloc samples of aquaculture
ponds for the purpose of accelerating biofloc formation and
improving the water quality in aquaculture ponds.

3.3. Optimization of Culture Conditions

3.3.1. The Selection of the Optimum Carbon Source. Carbon
source is a carbonaceous material used in microbial cells
to supply energy for microbial growth, reproduction, and

movement. To investigate the effect of various carbon sources
on flocculating rate (in a kaolin suspension) under optimal
culture conditions, the carbon source glucose (carbon con-
tent 0.4%) was used as fermentation medium in the control
group and was replaced by various carbon sources (sucrose,
fructose, maltose, soluble starch, citric acid, glycerol, and
ethanol at the same concentration; other components remain
unchanged) (Figure 2(a)). It was evident that glucose, fruc-
tose, sucrose, and soluble starch were suitable for biofloc-
culant production with the flocculating efficiency exceeding
80% after 72 h cultivation. The strain SP1 adapted well to a
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Table 2: Carbon source metabolic characteristics of SP1 in GN III
microplate.

Carbon source reactions SP1
Polymers

Dextrin /
Glycogen −
Tween 40 ///

Sugars and sugar derivatives
N-Acetyl-d-galactosamine −
N-Acetyl-d-glucosamine /
N-Acetyl-𝛽-d-mannosamine −
d-Arabitol −
d-Cellobiose −
d-Fructose /
d-Fucose /
d-Galactose /
Gentiobiose −
𝛼-d-Glucose /
3-Methyl-glucose −
Myoinositol −
𝛼-d-Lactose −
d-Salicin −
d-Maltose /
d-Mannitol /
d-Mannose −
d-Melibiose −
𝛽-Methyl-glucoside /
Stachyose −
d-Raffinose /
l-Rhamnose −
d-Sorbitol −
Sucrose +
d-Trehalose /
d-Turanose /

Methyl esters
Methyl pyruvate ///
d-Lactic acid methyl ester −

Carboxylic acids
Acetic acid −
Acetoacetic acid /
Citric acid −
Formic acid /
l-Galactonic acid lactone /
d-Galacturonic acid /
d-Gluconic acid /
d-Malic acid −
l-Malic acid +
d-Glucuronic acid /
𝛼-Hydroxy-butyric acid −
𝛽-Hydroxy-d,l butyric acid /
𝜌-Hydroxy-phenylacetic acid −
d-Saccharic acid −
Mucic acid /

Carboxylic acids
𝛼-Keto butyric acid −
𝛼-Keto glutaric acid −
l-Lactic acid /
Propionic acid −
Quinic acid +
Bromosuccinic acid /

Table 2: Continued.

Carbon source reactions SP1
Amides
Glucuronamide //

Amino acids, peptides, related chemicals
l-Alanine +
l-Aspartic acid +
l-Glutamic acid /
l-Histidine /
Glycyl-l-proline −
l-Pyroglutamic acid /
d-Serine −
l-Serine −
d-Aspartic acid −
l-Arginine /
𝛾-Amino butyric acid /

Nucleosides
Inosine −

Alcohols
Glycerol //
d-Glucose-6-phosphate −
d-Fructose-6-phosphate //

Else
pH 5 +
pH 6 +
1% NaCl +
4% NaCl /
8% NaCl /
1% sodium lactate +
Fusidic acid −
Troleandomycin −
Rifamycin SV −
Minocycline −
Lincomycin −
Guanidine HCl −
Niaproof 4 −
Vancomycin −
Tetrazolium violet /
Tetrazolium blue −
Nalidixic acid −
Lithium chloride /
Potassium tellurite +
Aztreonam /
Sodium butyrate /
Sodium bromate −

Note. +: positive response;−: negative response; /: borderline; //: mismatched
positive; and ///: mismatched negative.

variety of carbon sources; the specific flocculating rates of
glucose and soluble starchwere 87.9%and 86.8%, respectively.
Therefore, glucose was chosen as the optimum carbon source
of strain SP1 because it had the highest flocculating activity
and it has the lowest cost.

3.3.2.The Selection of theOptimumNitrogen Source. Nitrogen
sources provide the raw material for microbial amino acid
synthesis.The effect of various nitrogen sources on the floccu-
lating efficiency (in a kaolin suspension) after 72 h cultivation
was observed. Beef extract, peptone, urea, (NH

4
)
2
SO
4
, and
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Table 3: The orthogonal experiment L
16
(45) of optimization of

culture conditions.

A (g L−1) B (g L−1) C (∘C) D E Flocculating
ratio

1 1 (10.0) 1 (0.2) 1 (20) 1 (7.0) 1 0.785
2 1 2 (0.5) 2 (25) 2 (6.5) 2 0.813
3 1 3 (0.8) 3 (30) 3 (6.0) 3 0.839
4 1 4 (1.0) 4 (35) 4 (5.5) 4 0.765
5 2 (15.0) 1 2 3 4 0.786
6 2 2 1 4 3 0.822
7 2 3 4 1 2 0.806
8 2 4 3 2 1 0.836
9 3 (20.0) 1 3 4 2 0.840
10 3 2 4 3 1 0.866
11 3 3 1 2 4 0.858
12 3 4 2 1 3 0.856
13 4 (25.0) 1 4 2 3 0.788
14 4 2 3 1 4 0.906
15 4 3 2 4 1 0.827
16 4 4 1 3 2 0.808
I 0.800 0.800 0.818 0.838 0.828
II 0.812 0.851 0.820 0.824 0.817
III 0.855 0.833 0.855 0.825 0.826
IV 0.832 0.816 0.806 0.813 0.829
R 0.055 0.052 0.049 0.025 0.002
Note. A: glucose; B: beef extract; C: culture temperature; D: medium initial
pH; and E: blank control.

NH
4
NO
3
replaced yeast extract (nitrogen content 0.03%) at

the same concentration which was shown in Figure 2(b).
The flocculating efficiency of six different nitrogen sources
ranged from 66.88% to 89.37% and illustrated that certain
nitrogen sources had a greater influence on the flocculating
activity for the strain SP1. Specifically, beef extract and
yeast extract produced bioflocculant with the flocculating
efficiency exceeding 85% after 72 h cultivation. As a result,
the beef extract was chosen as the best nitrogen source of
strain SP1 for further study because of its high flocculating
efficiency, complicated composition, and abundant nutrition.

3.4. Optimization of Culture Medium and Culture Conditions
by Using Orthogonal Experiments. Orthogonal test factors
and levels for flocculation of strains SP1, including glucose,
beef extract, culture temperature, and culture medium initial
pH values (with A, B, C, and D), were shown in Table 2.
Orthogonal experiments were conducted to determine the
optimal culture conditions. Orthogonal experimental results
were shown in Table 3. The results of the range analysis
suggested that the flocculating efficiency was influenced by
the following factors in the descending order: glucose > beef
extract > culture temperature > culture medium initial pH.

Microbial growth is influenced by culture medium com-
position and various survival factors. Lower concentration
of carbon and nitrogen sources keeps strains such as SP1

from getting enough nutrients, thus affecting its growth and
flocculating efficiency of the bioflocculant. In contrast, higher
concentrations of carbon and nitrogen sources can make
higher concentrations of inhibitory substances that negatively
affect microbial growth as well as the flocculating rate of
bioflocculant [31, 39, 40]. Microbial activity and metabolism
are related to temperature; the suitable temperature is benefi-
cial to microbial growth and metabolic rate. It was generally
believed that the optimum temperature for bioflocculant
formation was between 25 and 35∘C, with low temperatures
slowing bacterial growth and high temperatures changing
the structure of the protein or peptide chain included in the
bioflocculant (leading to degeneration) [41]. Initial pH also
can affect the growth of bioflocculant-producing bacteria;
in general, the optimal pH value of bioflocculant-producing
bacteria is from neutral to weak alkaline. For different
microorganism, the optimum pH value is not the same [42].

In this study, the optimal factor combination for floc-
culating efficiency from the result above was A

3
B
2
C
3
D
1
:

20 g of glucose, 0.5 g of beef extract, culture temperature of
30∘C, and a medium initial pH of 7. Under these optimum
culture conditions, the flocculating efficiency of bioflocculant
produced by strain SP1 for kaolin suspension was 94.32%.

3.5. Preliminary Application in Wastewater Treatment of
Aquaculture. Based on the orthogonal experiment results,
two types of wastewater and Hulan river water were treated
under optimal conditions (A

3
B
2
C
3
D
1
), and the results were

shown in Figure 3. The aquaculture wastewater quality after
the treatment improved significantly. COD decreased from
35.6 to 12.8mg L−1 (𝑃 < 0.05), TAN decreased from 6.43 to
2.34mg L−1 (𝑃 < 0.05), SS decreased from 27.1 to 4.43mg L−1
(𝑃 < 0.05), and FV increased from 4.93 to 25.97mLL−1
(𝑃 < 0.05). Under optimal culture conditions, the strain
SP1 produced bioflocculant for aquaculture wastewater with
a better purification effect: the removal rate of COD was
from 44.19% to 64.04%, the removal rate of TAN was from
33.83% to 63.61%, and the removal rates of the SS were
all over 70%. Interestingly, the FV ratio increased from
255.25% to 426.35%, which demonstrated that adding the
culture broth of strain SP1 to wastewater could effectively
accelerate the formation of biofloc. Adding SP1 could not only
solve the problem of accumulation of harmful substances in
aquaculture water but also promote the volume of biofloc
which could be eaten by fish, improve the efficiency of protein
generation in fish, reduce the feed demand for fish, and
increase the income gained from aquaculture [20, 43].

High levels of inorganic nitrogen such as ammonia nitro-
gen and nitrite nitrogen are harmful to fish and are regarded
as a limiting factor to production in intensive aquaculture
[44]. Compared with residential and industrial sewage, the
aquaculture wastewater had its own characteristics with
low pollutant concentration and large water flow. Nitrogen,
phosphorus concentration, suspended solid content, and the
COD of aquaculture wastewater are lower than those of
other types of wastewater. Bioflocculant-producing bacteria
can use these substances, which are harmful to the growth
of fish, and produce bioflocculant with high flocculating
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Figure 3: Effects of culture broth of strain SP1 on the chemical oxygen demand (COD), total ammonia nitrogen (TAN), suspended solids
(SS), and volume of biofloc (FV) of aquaculture wastewater, the Hulan river water, and urban domestic wastewater.The bars are the respective
standard deviations (𝑛 = 3).

activity. These bioflocculant-producing bacteria were suc-
cessfully used to flocculate particulate and organic matter,
improve water transparency and dissolved oxygen, reduce
oxygen consumption, and thus improve environment and
water quality of aquaculture.

It was of great significance to generate a mutual fusion
between the bioflocculant technology of industrial wastew-
ater treatment and biofloc technology of aquaculture to
enhance the quality and efficiency of aquaculture and to
promote characteristics of Chinese aquaculture that are
being friendly to the environment, being healthy, and being
sustainable for development.

4. Conclusions

In this study, a bioflocculant-producing bacterium Bacillus
megaterium SP1 was isolated from biofloc in pond water. The
optimal carbon and nitrogen sources for Bacillus megaterium

SP1 were 20 g L−1 of glucose and 0.5 g L−1 of beef extract at
30∘C and pH 7. Under these optimum culture conditions,
the flocculating efficiency of bioflocculant produced by strain
SP1 for kaolin suspension was 94.32%. It was demonstrated
that adding strain SP1 to aquaculture wastewater could
effectively reduce the COD, TAN, and SS and accelerate
biofloc formation.
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Roles of nutrients and other environmental variables in development of cyanobacterial bloom and its toxicity are complex and not
well understood. We have monitored the photoautotrophic growth, total microcystin concentration, and microcystins synthetase
gene (mcyA) expression in lab-grown strains ofMicrocystis NIES 843 (reference strain), KW (Wangsong Reservoir, South Korea),
and Durgakund (Varanasi, India) under different nutrient regimes (nitrogen, phosphorus, and boron). Higher level of nitrogen and
boron resulted in increased growth (avg. 5 and 6.5 Chl 𝑎mg/L, resp.), total microcystin concentrations (avg. 1.185 and 7.153mg/L,
resp.), andmcyA transcript but its expression was not directly correlated with total microcystin concentrations in the target strains.
Interestingly, Durgakund strain had much lower microcystin content and lacked microcystin-YR variant over NIES 843 and KW.
It is inferred that microcystin concentration and its variants are strain specific. We have also examined the heterotrophic bacteria
associated with cyanobacterial bloom in Durgakund Pond and Wangsong Reservoir which were found to be enriched in Alpha-,
Beta-, and Gammaproteobacteria and that could influence the bloom dynamics.

1. Introduction

Bloom-forming freshwater cyanobacterial genera such as
Microcystis, Oscillatoria, Anabaena, and Nostoc produce tox-
ins and other bioactive compounds that can poison and
kill humans and livestock [1, 2]. Microcystis sp. is the most
frequently encountered one in freshwater bodies and is
associated with production of hepatotoxic microcystin (MC)
[3].MCs are coded by themicrocystins synthetase (mcy) gene
cluster having 10 genes [4]. The gene cluster is transcribed in
two polycistronic transcripts (mcyABC and mcyDEFGHIJ).
The larger, mcyD-J, encodes a modular polyketide synthase
(PKS) (mcyD), two hybrid enzymes comprising nonriboso-
mal peptide synthetase (NRPS) and PKS modules (mcyE
and mcyG), and enzymes putatively involved in the tailoring
(mcyJ, F, and I) and transport (mcyH) of the toxins. The

smaller operon,mcyA-C, encodes threeNRPS enzymes.More
than 89 MC variants have been described from natural
blooms and laboratory cultures of cyanobacteria [2]. The
physiological role of MCs in the producing organism is little
understood. However, their roles were proposed in extracel-
lular signaling and autoinduction [5, 6], photosynthesis [7],
protein modulation [8], scavenging of oxygen radicals [9],
and maintenance of colonies [10].

Parameters like light intensity, pH, temperature, nutri-
ents, and trace metals could play a critical role in MCs
production [11, 12]. Various field studies have demonstrated
that nutrient enrichment of aquatic bodies by nitrogen
(N) and/or phosphorus (P) could promote toxic blooms of
Microcystis [13, 14]. In large aquatic systems highly complex
interactions among the physical, chemical, and biological
variables regulate the proliferation ofMicrocystis blooms and
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toxin production, which could lead to contradicting results
[13]. Laboratory studies have also shown the effects of nutri-
ents on the growth andMC production ofMicrocystis [15, 16].
Only a few studies have focused on response of Microcystis
to differing nutrient concentrations and trace metals on mcy
transcription andMCs production [17, 18]. Recently, bacterial
population associated with Microcystis bloom also received
attention for its role in development of bloom [19]. Apotential
role of boron (B) in signaling and bacterial interspecies
communication [20] aroused interest in studying its role in
growth ofMicrocystis sp. and MC production in lab cultures,
in addition to N and P.

A part of genemcyA codes for the section of the conden-
sation domain that contains the conserved motif C5 and is
essentially required forMCbiosynthesis inMicrocystis sp. [4].
Therefore, we have monitored themcyA gene expression and
MCproduction and growth of three different strains ofMicro-
cystis, namely, M. aeruginosa NIES 843 (reference strain),
M. aeruginosa KW (Wangsong Reservoir, South Korea),
and Microcystis sp. (local pond, Durgakund, India), under
selected nutrient regimes. As we had accessibility to natural
algal bloom material from Durgakund Pond and Wangsong
Reservoir, a seasonal variation in community dynamics of
bacteria associated with cyanobacteria was also investigated.

2. Materials and Methods

2.1. Photoautotrophic Growth of Target Strains of Microcystis
sp. and MC Analysis. Culture of M. aeruginosa NIES 843
strain and M. aeruginosa KW strain was maintained in
BG-11 medium [21]. M. aeruginosa Durgakund strain was
isolated from bloom samples collected from Durgakund
Pond, Varanasi, India (25∘1720N, 82∘5958E), in which
cyanobacterial bloomswere noticed throughout the year.Our
previous study characterized the real state of cyanobacterial
bloom composition and the levels ofMCvariants in the target
pond [12]. This pond lies 8.77m above the sea level and has
an area of 8010m2 with a mean depth 26.6m. The pond is
not connected to any river with exception of incoming water
from adjacent temples and is often used for various religious
activities. Samples were purified by repetitive subculturing in
solid (soft agarose) and liquid culture media alternately [22].
The strains were grown in 165mL sterilized BG-11 in 250mL
flasks. The cultures in all of the experiments were incubated
at 25 ± 0.5∘C with cool white fluorescent lights (80𝜇mol
photonsm−2 s−1, 18 h light/6 h dark).

Growth and MC production curves of all three strains
were determined under different nutrient (N, P, and B)
regimes. Nutrients levels were selected based on the con-
centrations in BG-11 medium (comparatively nutrient rich
media) and further decreased according to N/P ratio in cells
[23]. Microcystis strains were individually grown in 250mL
culture flasks for 15 days in sterile BG-11 medium under
low nitrate (0.015mM), low phosphate (0.001mM), and low
boron (0.23 𝜇M) separately. The growth of the cultures was
followed up every alternate day. Samples were filtered (GF/C,
Whatman, UK) and suspended in 80% acetone for overnight
in dark (4∘C). The supernatant was used to measure chloro-
phyll a (Chl a) (665 nm) according to Myers and Kratz [24].

A known volume of samples was collected four times (days 1,
3, 5, and 11) during the study period, filtered (GF/C, What-
man, UK), and stored until use for total (intracellular and
extracellular)MCanalysis.MCdata are expressed as totalMC
concentration and as a ratio to Chl 𝑎 to indicate the change in
MC content. Extraction and estimation of three MC variants
(MC-LR, -RR, and -YR) were carried out as previously
described [12]. After starvation, 15mL culture was washed
and transferred separately to 250mLflasks containing 150mL
sterilized BG-11 with higher N concentrations (1.5mM and
17.6mM) while P and B concentrations were kept constant as
those of standard BG-11 medium.The experiment design was
the same for all the three strains for higher P (0.1mM and
0.23mM) and B (23 𝜇M and 46 𝜇M) levels.

2.2. RNA Extraction, cDNA Synthesis, and Real-Time RT-
PCR. Microcystis cultures (15mL) were harvested on 11th
day (exponential phase) by centrifugation at 6,000×g for
10min, and the cell pellets were resuspended in 1mL
TRI Reagent® (Sigma-Aldrich, USA). Zirconia beads (0.5 g,
0.2mm; Biospec, Bartlesville, OK, USA) were added to the
cell suspension and cells were disrupted by vortex for 60 s.
Total RNA was isolated according to the manufacturer’s
instructions for the reagent and resuspended in 30 𝜇L of
DEPC-H2O. RNA integrity was verified by agarose elec-
trophoresis with ethidium bromide staining. The quantity
and quality of RNA were assessed with a NanoDrop ND-
1000 Spectrophotometer (NanoDrop Technologies, Inc.). For
construction of cDNA, total RNA was digested using DNase
I (New England BioLabs, MA, USA) to remove genomic
DNA according to the manufacturer’s instructions.The RNA
was reverse transcribed into cDNA in 20 𝜇L reactions using
iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA) accord-
ing to the manufacturer’s instructions. Negative controls
containing no reverse transcriptase were run simultaneously.

Real-time RT-PCRwas carried out using CFX 96 C 1000™
Thermal cycler (Bio-Rad, Hercules, CA). The reaction mix-
ture consisted of 10 𝜇L of SsoFast EvaGreen Supermix, 1 𝜇L of
each primer set for mcyA and 16S rRNA (Table 1), 1 𝜇L 1 : 5
dilution of cDNA, and 7𝜇L of sterile Milli-Q-H2O. Negative
controls (without template DNA) were run simultaneously.
The quantitative PCR program consisted of 94∘C (5min) and
40 cycles of 94∘C (30 s), 60∘C (30 s), and 72∘C (30 s) with a
final extension of 72∘C (5min). The annealing temperature
for 16S rRNA gene was increased to 62∘C.The fold change in
the expression of the target gene relative to the control cells
(grown in low nutrient concentrations) was calculated using
CFXManager Software (Version 2.1) and normalizedwith the
expression of 16S rRNA (reference gene) [30].

2.3. Field Samples. Water samples were collected in 2 L acid
washed glass bottles (Durgakund Pond) and 20 L polyethy-
lene bottles (Wangsong Reservoir) from surface above a
depth of 20 cm after some mixing and stored immediately
at 4∘C until the laboratory analysis was done. The samples
were collected monthly fromMay 2010 to April 2011 and July
2010 toNovember 2010 during the cyanobacterial bloomonly
from Durgakund Pond and Wangsong Reservoir, respec-
tively. The samples were filtered (0.2 𝜇m cellulose nitrate
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Table 1: Primers used in this study.

Primers Sequence Description Reference
mcyA-Cd 1F (forward) 5-AAAATTAAAAGCCGTATCAAA-3 mcyA (condensation domain) [25]
mcyA-Cd 1R (reverse) 5-AAAAGTGTTTTATTAGCGGCTCAT-3

GM5F-GC-clampa,b 5-GC-clamp-CCTACGGGAGGCAGCAG-3 16S rRNA gene DGGE fragment amplification [26]
786R (reverse) 5-CTACCAGGGTATCTAATC-3 16S rRNA amplification for real-time RT-PCR [27]
27F (forward) 5-AGAGTTTGATCMTGGCTCAG-3 Complete sequence of 16S rRNA for nested-PCR [28]
1525R (reverse) 5-AAGGAGGTGATCCAGCC-3 Complete sequence of 16S rRNA for nested-PCR [28]
907R (reverse) 5-CCGTCAATTCCTTTGAGTTT-3 16S rRNA gene DGGE fragment amplification [29]
aGC-clamp: 5-CGCCCGCCGCGCGCGCCGCCCGCCCCGCCCCCGACGGGGGG-3 .
bGM5F (without GC-clamp) was used as forward primer for real-time RT-PCR.

filter, Sartorius, Germany) to harvest most of the bacteria on
the same day of collection and stored (−20∘C) until use for
molecular analyses.

2.4. DNA Extraction, PCR, and DGGE. DNA was extracted
from the filter by grinding in liquid nitrogen and suspending
in TE buffer (pH 8.0, 10mM Tris-HCl and 1mM EDTA)
followed by phenol/chloroform method [31]. A nested-PCR
was carried out for the amplification of nearly complete
sequence of 16S rRNA with primers 27F and 1525R (Table 1).
PCR was performed in a 50 𝜇L final volume of reaction
mixture with 5 𝜇L of 10× buffer, 5 𝜇L of 2.5mM dNTP
mixture, 1.5 𝜇L of the respective primer sets (10 pmol), 1𝜇L of
template DNA, and 5U of Ex-Taq DNA polymerase (Takara,
Japan). The PCR protocol consisted of initial denaturation at
94∘C (5min) and 30 cycles of 94∘C (30 s), 56∘C (30 s), and
72∘C (45 s) with a final extension of 72∘C (10min). This was
followed by a touchdown PCR [32] with primers 341F (with
40 bp long-GC-clamp) and 907R (Table 1).The PCR protocol
consisted of initial denaturation at 94∘C (5min) and 30 cycles
of 94∘C (45 s) and 72∘C (45 s) with annealing temperature
set to 65∘C and decreased by 0.5∘C at every cycle for 20
cycles, and then 15 additional cycles were performed with the
annealing temperature at 55∘C and a final extension of 72∘C
(10min).

The amplified products were separated in a denatur-
ing gradient gel of a 12% polyacrylamide gel [acrylamide-
bisacrylamide (37.5 : 1, w/v)] containing a linear 30–60%
denaturant gradient (100% denaturant corresponded to 7M
urea and 40% (v/v) formamide). DGGE was run for 18 h at
110V on the DCode system (Bio-Rad, Hercules, CA, USA).
The gel was stained with ethidium bromide and visualized
by UV transillumination. Thereafter, the bands were excised
from the DGGE gel and incubated in Milli-Q-water (30 𝜇L)
for 24 h at 4∘C.The eluent was then again amplified using the
same PCR condition and primers but without GC-clamp.

2.5. Cloning and Sequencing. The amplified PCR prod-
ucts were purified using the QIAquick® Gel Extraction Kit
(Qiagen, Hilden, Germany) and ligated into the pGEM-
T Easy Vector (Promega, Madison, WI) according to the
manufacturer’s protocols. They were transformed into HIT™
competent Escherichia coli DH5-𝛼 (RBC Bioscience, New
Taipei, Taiwan) and plated on Luria-Bertani agar plates in

the presence of ampicillin. The white colonies were selected
and incubated in Luria-Bertani broth containing ampicillin
(50 𝜇g/mL). DNA was purified using the QIAprep® Spin
Mini-Prep Kit (Qiagen, Hilden, Germany). The purified
products were sequenced by Solgent Inc. (Daejeon, South
Korea), using an ABI 3730XL automatic DNA sequence
(Carlsbad, CA, USA).

2.6. Statistical Analysis. All experiments were carried out in
triplicate with standard deviation (SD) represented as bars
wherever necessary using Microcal™ Origin® Version 6.0.
Effects of N, P, and B supplementation to the growthmedium
on total MCs production, Chl 𝑎, and MC content were
statistically analyzed using multivariate analysis of variance
(ANOVA). Data were explored using SPSS 16.0 software
and log-transformed to give these an approximate normal
distribution.

3. Results

3.1. Photoautotrophic Growth of the Target Strains in Different
Nutrient Regimes (N, P, and B). Photoautotrophic growth of
target strains was monitored in low levels of nutrients (N,
0.015mM; P, 0.001mM; B, 0.23𝜇M).These strains were trans-
ferred separately in medium having selected higher nutrient
concentrations and growth behavior was monitored up to
15th d bymeasuring Chl 𝑎 at periodic intervals (Figure 1). Chl
𝑎was significantly influenced by different concentrations ofN
(𝐹1,12 = 120,𝑝 < 0.001), P (𝐹1,12 = 5.4,𝑝 < 0.05), and B (𝐹1,12 =
26.4, 𝑝 < 0.001) in all three strains. Increased level of the N in
the medium resulted in the higher Chl 𝑎 yield (avg. 5mg/L,
11th d) in the target strains. The yield was approximately 1.1
times higher in the cultures of all strains with 17.6mMN.
It was interesting that 100 times more concentration of N
(1.5mM) did not affect the Chl 𝑎 yield (avg. 4.1mg/L) in
the target strains as compared to the growth in the lowest N
concentration.The growth of Durgakund strain was lower as
compared to NIES 843 and KW strains.

Likewise, the strains grown in varying levels of P behaved
differently. The Chl 𝑎 yield of the strains in low level of
P (0.001mM) was 1.67 times lower on an average basis as
compared to the cultures with low level of N. Increase in the
P concentration (100 times) in the growth medium increased
the growth of the target strains by 1.21 times (avg. 3.4mg/L)
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Figure 1: Growth curves ofM. aeruginosa NIES 843, KW, and Durgakund (DK) strains under different concentrations of N, P, and B.

(Figure 1). The growth of Durgakund strain was better as
compared to NIES 843 and KW strains. Decrease in the Chl
𝑎 yield (1.1 times) of the target strains at 0.23mM P indicated
that there was no increase in the growth beyond a critical
threshold level of P (0.1mM). This was in contrast to the
level of N in the cultures favoring the growth of the target
strains. Interestingly, photoautotrophic growth of the strains
was favored with increase in B levels (Figure 1). Average Chl 𝑎
yield of the strains was 4.1, 6.2, and 6.5mg/L in low (0.23 𝜇M)
and higher concentrations (23 and 46𝜇M), respectively.

3.2. Effect of Nutrient Concentrations on MC Variants. Sam-
ples were collected simultaneously from the same set of
cultures on 1, 3, 5, and 11 d for MC analysis. Intracellular
and extracellular MCs were referred to as total MC for each
variant. All three MC variants (MC-LR, -RR, and -YR) were
detected in both NIES 843 and KW strains at different N
concentrations with predominance of MC-RR (Figure 2).
MC-YR was not detected in cultures of Durgakund strain at
any of theN addition experiments. TotalMCwas significantly
influenced by N (𝐹1,12 = 653, 𝑝 < 0.001), P (𝐹1,12 = 1179,
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Figure 2: Variations in MC-LR, -RR, and -YR ofM. aeruginosaNIES 843, KW, and Durgakund (DK) strains under different concentrations
of N, P, and B.

𝑝 < 0.001), and B (𝐹1,12 = 1131,𝑝 < 0.001) in the target strains.
MC content was also significantly influenced by N (𝐹1,12 =
381, 𝑝 < 0.001), P (𝐹1,12 = 194, 𝑝 < 0.001), and B (𝐹1,12 = 718,
𝑝 < 0.001). The highest levels of MC-LR (0.77mg/L), -RR
(8.2mg/L), and -YR (1.4mg/L) were recorded at 0.015mMN
in NIES 843. However, at higher concentrations of N (1.5 and

17.6mM), the same levels of MC variants were recorded in
both NIES 843 and KW strains (Figure 2). In comparison,
Durgakund strain had the lowest concentration of MC-LR
and -RR.

Likewise MC-YR was not detected in Durgakund strain
growing in any of the P concentrations while higher level of
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Figure 3: Total MC concentration as a function of chlorophyll 𝑎 concentration inM. aeruginosaNIES 843, KW, and Durgakund (DK) strains
under different concentrations of N, P, and B.

MC-YR was recorded in KW strain at 0.23mM P. Highest
level of MC-LR and -RR was recorded in NIES 843 strain
followed by KW strain and Durgakund strain (Figure 2).
Higher level of P (0.23mM) favored the production of MC-
LR, -RR, and -YR in NIES 843. MC-YR was again not
detected in Durgakund strain at any of the B incubated
cultures. Higher B concentrations favored all MC variants in
both NIES 843 and KW strains (Figure 2).

The total MC concentration in the cultures of the target
strains linearly increased with the Chl 𝑎 concentration (Fig-
ure 3). Very high totalMC concentration was observed under
different concentrations of B in NIES 843 and KW strains
while total MC concentration was much lower in DK strain
under various N, P, and B concentrations (Figure 3). Highly
significant correlation was observed between MC concentra-
tion and total MC content under variable concentrations of
N, P, and B in the target strains (Figure 4).

3.3. Effect of Nutrient Concentrations on mcyA Expression.
Real-time RT-PCR was used to measure the expression of
mcyA at different nutrient concentrations (N, P, and B) in the
target strains (Figure 5).mcyA transcript increased at 1.5 and
17.6mMN relative to the control (0.015mMN). Maximum
increase (12.4-fold) in mcyA transcript was recorded in
Durgakund strain and only 2.3-fold increase in NIES 843.
mcyA transcript in KW strain decreased (0.19-fold) relative to
the control at 17.6mMN.However,mcyA transcript increased
in the target strains at 1.5 𝜇M N indicating a threshold level
of N for optimum expression of mcyA. Similarly, increase
in P levels (0.1 and 0.23mM) increased the mcyA transcript
in NIES 843 and Durgakund strains while only 0.23mM P
slightly increased the expression of mcyA. The maximum
increase of mcyA transcript (10-fold) was recorded in NIES
843 at 0.1mM P. In B-containing cultures, concentration-
dependent increase in mcyA transcript was recorded in the
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Figure 4: Relationship betweenMC content and totalMC concentration inM. aeruginosaNIES 843, KW, andDurgakund (DK) strains under
different concentrations of N, P, and B.

Table 2: Coefficient of determination (𝑅2) among chlorophyll a, microcystin concentrations and content, andmcyA expression inMicrocystis
strains (NIES 843, KW, and Durgakund)a.

Chlorophyll a (mg/L) Total MC (mg/L) MC content (mg/Chl a) mcyA (fold change)
Chlorophyll a 1
Total MC 0.110 1
MC content 0.002 0.769∗∗∗ 1
mcyA 0.000 0.083 0.087 1
MC: microcystin; Chl a: chlorophyll a.
aCalculations based on data at 11th d, ∗∗∗𝑝 < 0.0001.

target strains. The maximum increase (19-fold) in mcyA
transcript was recorded in NIES 843 at 46 𝜇M B followed by
Durgakund (2.8-fold) and KW strain (1.4-fold).

The correlation among growth, MC concentrations, MC
content, and mcyA expression for the target strains is repre-
sented in Table 2. MC content per biomass increased with
the total MC concentrations as significant correlation was
observed among these (𝑝 < 0.0001, 𝑅2 = 0.769). Chl 𝑎 con-
centration and MC production were closely related in differ-
ent concentrations of P in NIES 843 (𝑝 < 0.0001, 𝑅2 = 0.835)
and KW strains (𝑝 = 0.001, 𝑅2 = 0.669) and of B in NIES
843 (𝑝 < 0.0001, 𝑅2 = 0.960) and KW strains (𝑝 < 0.0001,
𝑅2 = 0.918). Such relationship was rather weak in different

concentrations of N in NIES 843 (𝑝 = 0.033, 𝑅2 = 0.378)
and KW strains (𝑝 = 0.004, 𝑅2 = 0.584). In different nutrient
regimes the expression of mcyA was not correlated with MC
concentration (𝑝 = 0.222, 𝑅2 = 0.342) and content (𝑝 =
0.333, 𝑅2 = 0.232) in NIES 843. Similar trend was evident in
Durgakund strain with MC concentration (𝑝 = 0.958, 𝑅2 =
0.001) and content (𝑝 = 0.945, 𝑅2 = 0.001). Contrary to this,
mcyA expression pattern is directly reflected on MC concen-
tration (𝑝 = 0.011, 𝑅2 = 0.834) and content (𝑝 = 0.044, 𝑅2 =
0.679) in KW strain.

3.4. Bacterial Community. DGGE profile of water samples,
collected during cyanobacterial bloom, from Durgakund
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Pond and Wangsong Reservoir for bacterial and cyanobac-
terial 16S rRNA gene is shown in Figure 6. All labeled
bands were sequenced and most of the analyzed sequences
showed 99% similarity to their closest relatives in the
database (Table 3). Six sequences (bands 5, 10, 16, 17, 18,
and 19) were related to Alphaproteobacteria and retrieved
from all the samples except for August and September in
Durgakund while bands 17 and 18 appeared in July and
August in Wangsong Reservoir samples. Sequence related
to Betaproteobacteria (band 4) appeared in August and
September. One bacterial sequence (band 9) was related to
Xanthomonadales order within Gammaproteobacteria and
found in the Durgakund samples of all months. Among
the cyanobacterial community, bands 8, 12, and 13 (intense)
showed similarity to M. aeruginosa and were present in
all the samples of Durgakund and Wangsong Reservoir.
Interestingly, sequence (band 6) related to M. wesenbergii
was more intense in August and September samples of
DurgakundPond. Sequence (band 2) related toMerismopedia
glauca belonging to order Chroococcales was also seen in all

the samples of Durgakund. In general, the banding pattern of
DGGE in August and September samples differed from the
samples of other months in Durgakund (Figure 6).

4. Discussion

Net production ofMCwas shown to be influenced by growth
rate, that is, cell division process, reflecting a nearly linear
correlation between them [33]. In the present study, the MC
content per biomass increased with the total MC concentra-
tion but growth could not be correlated with total MC con-
centration in the target strains (Table 2).This was in tunewith
observations recorded earlier in the hepatotoxic Microcystis
strains [15]. In this study, low N (0.015mM) approximated
eutrophic conditions in water bodies; therefore increased
N concentration (maximum 17.6mM) favored growth in
the target strains. Higher level of N (1.5mM and 17.6mM)
resulted in increased MC concentrations in the strains which
is consistent with previous lab studies [34, 35]. Fluctuations in
MC level of cyanobacteria with respect to N concentrations
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Table 3: Phylogenetic affinity of 16S rRNA gene sequences retrieved from monthly cyanobacterial bloom samples.

Band number Name Accession number Similarity (%) Taxonomic group
Durgakund Pond

1 Uncultured bacterium JQ906016 99 Uncultured bacterium
2 Merismopedia glauca AJ781044 99 Chroococcales, Cyanobacteria
3 Uncultured bacteriuma KF418783 — Uncultured bacterium
4 Uncultured beta-proteobacterium JN371632 95 Betaproteobacteria
5 Porphyrobacter sp. AB299749 99 Sphingomonadales, Alphaproteobacteria
6 Microcystis wesenbergii AB666079 99 Chroococcales, Cyanobacteria
7 Uncultured bacterium HQ653656 97 Uncultured bacterium
8 Microcystis aeruginosa AF139304 99 Chroococcales, Cyanobacteria
9 Aquimonas sp.a KF418784 — Xanthomonadales, Gammaproteobacteria
10 Roseomonas sp. HM124370 98 Rhodospirillales, Alphaproteobacteria

Wangsong Reservoir
11 Acinetobacter sp. KM108563 79 Pseudomonadales, Gammaproteobacteria
12 Microcystis aeruginosa KF372572 98 Chroococcales, Cyanobacteria
13 Microcystis aeruginosa KJ746519 100 Chroococcales, Cyanobacteria
14 Malikia spinosa NR114228 99 Burkholderiales, Betaproteobacteria
15 Aeromonas sp. KM363229 99 Aeromonadales, Gammaproteobacteria
16 Rhodobacter sp. AB251408 93 Rhodobacterales, Alphaproteobacteria
17 Uncultured alpha-proteobacterium HM153675 98 Alphaproteobacteria
18 Roseomonas lacus JQ349047 99 Rhodospirillales, Alphaproteobacteria
19 Uncultured alpha-proteobacterium HM153673 100 Alphaproteobacteria
aAll the bands except 3 and 9 were based on published papers; therefore bands 3 and 9 were submitted to Genbank (BankIt1645319 Seq1 KF418783 for DGGE
band #3; BankIt1646633 Seq1 KF418784 for DGGE band #9).
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Figure 6: DGGE profile of 16S rDNA fragments of bacteria and cyanobacteria in bloom samples collected monthly from Durgakund Pond
and Wangsong Reservoir. All labeled bands were excised from the gel, reamplified, and sequenced.

in medium have already been reported [16, 33, 36]. Recent
study also demonstrated that N-limited conditions reduced
the MC quota in Microcystis aeruginosa relative to nutrient-
saturated conditions [37]. Increased MC content in higher
levels of N seemed to be rational in this context; however
composition and presence of MC variants also changed with
strains. Composition and dominance of MC-RR variant in

the present context could be explained on the basis that MC
is an N-rich compound (over 14% of MC-LR on molecular
weight basis) [38] and increased intracellular content of the
N-rich amino acid arginine promotes production of the
[Asp3] MC-RR variant inM. aeruginosa [35, 39].

The target strains showed better growth at 0.1mMP, indi-
cating it is a threshold limit.M. aeruginosaNIES 843 and KW
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followed the same trend in growth, while Durgakund strain
seemed more sensitive to the changes in P concentrations.
Fluctuations in MC levels of the target strains under varying
P concentrations again indicate strain specific response to P.
Interestingly, significant decrease in the total MC level was
observed inDurgakund strain under higher P concentrations
(0.1 and 0.23mM).There are some reports where P limitation
slightly reduced or did not influence the toxicity of M.
aeruginosa [36, 37], while increase in MC production by
Microcystis was also reported with decreasing concentrations
of P in culture conditions [40, 41]. In contrast to these results,
a positive correlation between MC content and increasing
phosphate was observed in natural ecosystems suggesting
that raised level of P increased the relative contribution of
toxigenic cyanobacteria to total phytoplankton biomass [42,
43]. Several reports have also emphasized the importance of
N : P ratios in MC production due to variations in response
ofMicrocystis strains to N and P [14, 15, 44, 45]. For example,
Lee et al. [44] reported higher MC and Chl 𝑎 content at total
N : P atomic ratios of 16 : 1 and 50 : 1. Furthermore, it was
suggested that cellular MC content is a function of cellular
nitrogen status and found to be strongly correlated with
cellular protein content at N : P ratios between 18 and 51 in
M. aeruginosa [34].

It is hard to devise a clear role of N and/or P in
development of bloom and its toxicity; therefore we also
investigated the effect of B, which has a potential role in
signaling and interspecies communication. The role of B has
also been shown in organization of cell walls, membrane
function, metabolic activities, and stabilization of hetero-
cyst in cyanobacteria [46]. Recently, a B-containing signal
molecule (autoinducer AI-2), encoded by AI-2 synthase
(luxS), has been reported byChen et al. [20]. AI-2 is produced
by a large number of bacterial species and proposed to serve
as a universal signal for interspecies communication [47].The
production of signalingmolecules calledN-acyl homoserine-
lactones (AHLs) was also reported for the first time in
Gloeothece sp. [48] and M. aeruginosa [49]. They demon-
strated that the concentration of the AHLs was cell density
dependent andmight play an important role in bloom forma-
tion. Since one of the potential roles of MCs in the producing
organismwas proposed in extracellular signaling, autoinduc-
tion, and maintenance of colonies [5, 6, 10], we studied the
effect of B on MC production in Microcystis strains in the
current study. It was interesting that B favored growth of all
the target strains along with MC concentrations (Figure 3).
The total concentrations of MC variants in Durgakund strain
were lowest as compared to NIES 843 and KW strains
under different concentrations of N, P, and B. This could
be explained on the basis that the presence of toxic strains
of cyanobacteria does not always indicate toxicity, as MC-
producing cell quota may vary up to 3-4 orders of magnitude
[50]. Since we have done lab-based study, cyanobacteria also
undergo changes in loss of toxin production [51] and colonial
morphology in Microcystis, if maintained in the culture for
prolonged period [52].

Transcription of mcy genes in M. aeruginosa occurs
via a central bidirectional promoter between mcyA and
mcyD. A total of three NtcA (global nitrogen regulator)

binding sites were identified in themcyA/D promoter region,
suggesting the role of nitrogen in controllingMCbiosynthesis
[53]. In this study, the overall patterns in mcyA expression
were somewhat consistent with MC levels measured under
different N concentrations in all the three strains but not
directly correlated with the total MC concentrations (𝑝 =
0.273, 𝑅2 = 0.287).This finding is consistent with observation
where low N resulted in decrease in transcript levels of MC
synthesizing genes [54]. However, Sevilla et al. [17] reported
that the MC concentration in the cultures correlated with
mcyD expression but the transcript level remained constant
and was independent of nitrate availability. Recently, Horst et
al. [37] suggested that MC quota was not driven by decrease
in copy number of themcyB gene butmediated by phenotypic
responses of individual cells to N availability. As MC is
made up of differentmodules, each having specific enzymatic
function [4], Nmight be helpful in assembly of thesemodules
explaining the increased MC concentration without any
direct correlation with upregulation of transcription. An
alternative explanation could be that there might be an initial
accumulation of MC quota in the cells and since prokaryotic
mRNA is highly unstable, thesemight have already been tran-
scribed and translated leading to variable results at the time
of expression analysis. However, further research on time
dependent real-time analysis is needed.

In this study, mcyA transcript increased under higher
P levels in the target strains. In another study, insignificant
changes were observed in the relative quantification ofmcyD
inM. aeruginosa PCC 7806 under excess phosphate, while P-
deficiency (N/P = 40 : 1) led to an increase inmcyD transcript
and MC-LR per cell [55]. Increases in MC quotas and mcyE
expression were also reported in Lake Rotorua with the
increase inMicrocystis cell concentrations [56].They demon-
strated that MC production was not always continuous and
significant changes inmcyE expression occurred over smaller
time frames.

Increase in mcyA expression in the target strains was
consistent but not correlated with MCs levels under selected
concentrations of B. Correlation analysis revealed thatmcyA
expression in only KW strain was directly linked with MC
content (𝑝 = 0.044, 𝑅2 = 0.679) and concentrations (𝑝 =
0.011, 𝑅2 = 0.834) under different levels of N, P, and B.
Increase in photoautotrophic growth andMC concentrations
in the target strains suggested an indirect role of B but its
role in nonheterocystous cyanobacteria is still not well doc-
umented. Furthermore, it was suggested that accumulation
of mcyB in the lysing Microcystis cells stimulated the pro-
duction of MCs in the remaining intact Microcystis cells [6].
Therefore, a more detailed study on direct role of B in signal-
ing or MC production is needed particularly in nonnitrogen
fixing species like Microcystis. Various field and laboratory
studies failed to assign a single major factor responsible
for promoting cyanobacterial bloom and its toxicity. This
indicated a complex regulation of bloom development and its
toxicity by biological and environmental variables. Induction
of the growth of toxic Microcystis bloom is not yet known
in spite of the fact that cyanobacterial blooms are regulated
by various environmental factors. This study focused on
response of Microcystis to differing nutrient concentrations
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on mcy transcription and MCs production which could help
to decipher the possible regulation of the bloom growth and
its toxicity and in timely management of the water bodies.

The interaction between bacteria and cyanobacteria is
one of the biotic factors that influence the bloom dynamics
[57]. Therefore, we also investigated the community compo-
sitional plasticity of heterotrophic bacteria associated with
cyanobacterial blooms in Durgakund Pond and Wangsong
Reservoir (Figure 6, Table 3). Bacterial groups, such as
Alphaproteobacteria, Betaproteobacteria, and Gammapro-
teobacteria, were frequently found to be the dominant groups
during the bloom of Microcystis. Earlier we have reported
the dominance of Microcystis sp. in Durgakund Pond with
the highest proportion of potentially toxigenicMicrocystis sp.
(14%) and MCs concentration in September [12]. Our obser-
vation was in tune with the findings that Microcystis bloom
changed the microhabitat and quantity and quality of exu-
dates and also microbes have the potential to control bloom
development of potentially toxic cyanobacteria [9, 57]. How-
ever, in future a more comprehensive comparative study of
bacteria associatedwith cyanobacteria andMCproduction in
the field and lab cultures may provide insight in the complex
regulatory mechanisms of MC production.

5. Conclusions

In summary, a comparison of photoautotrophic growth, MC
content and concentration, and mcyA gene expression of
three lab-grown Microcystis strains (NIES 843, KW, and
Durgakund) in different nutrient regimes revealed that MC
content per biomass and total MC concentration were highly
correlated. MC production increased with increase in growth
and this could have important implications for the manage-
ment of freshwater bodies duringMicrocystis bloom upsurge.
Lack of MC-YR in Durgakund strain indicated that MC
concentration and variants were strain specific. Expression
ofmcyA showed nutrient concentration-dependent tendency
but was not correlated with total MC concentration and
therefore necessitates a time dependent real-time analysis
for understanding the role of nutrients and other ecological
variables in MC production. Natural associations of het-
erotrophic bacteria and cyanobacterial bloom were some-
what similar in freshwater bodies; however bacterial com-
munity showed variation during the different phases of the
cyanobacterial bloom.
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To investigate the sequestration and distribution characteristics of Cd(II) byMicrocystis aeruginosa and its role inMicrocystis colony
formation, M. aeruginosa was exposed to six different Cd(II) concentrations for 10 days. Cd(II) exposure caused hormesis in the
growth of M. aeruginosa. Low concentrations of Cd(II) significantly induced formation of small Microcystis colonies (𝑃 < 0.05)
and increased the intracellular polysaccharide (IPS) and bound extracellular polysaccharide (bEPS) contents of M. aeruginosa
significantly (𝑃 < 0.05). There was a linear relationship between the amount of Cd(II) sequestrated by algal cells and the amount
added to cultures in the rapid adsorption process that occurred during the first 5 min of exposure. After 10 d, M. aeruginosa
sequestrated nearly 80% of 0.2mg L−1 added Cd(II), while >93% of Cd(II) was sequestrated in the groups with lower added
concentrations of Cd(II). More than 80% of the sequestrated Cd(II) was bioadsorbed by bEPS.The Pearson correlation coefficients
of exterior and interior factors related to colony formation of M. aeruginosa revealed that Cd(II) could stimulate the production
of IPS and bEPS via increasing Cd(II) bioaccumulation and bioadsorption. Increased levels of cross-linking between Cd(II) and
bEPS stimulated algal cell aggregation, which eventually promoted the formation ofMicrocystis colonies.

1. Introduction

Microcystis blooms frequently occur in eutrophic freshwaters
and their outbreaks always lead to water deoxygenation,
microcystin pollution, and fish kill. During Microcystis
blooms, algal cells aggregate largely on the surface of water
and can be visible. Colony formation plays a vital role in the
occurrence of Microcystis blooms [1]. It protects Microcystis
cells from zooplankton grazing [2], viral or bacterial attack,
and other potential negative environmental factors [3] and
also provides a competitive advantage over other phytoplank-
ton species [4]. However, how unicellular Microcystis cells
aggregate into colonies exactly is not yet known. Previous
studies have found that both biotic and abiotic factors, such as
zooplankton grazing, nutritive salt, and microcystins, could
stimulate Microcystis colony formation [2, 4]. Both zoo-
plankton grazing and microcystins were reported to increase

the amount of extracellular polysaccharides (EPS) and even-
tually stimulate aggregation ofMicrocystis cells [2].

Cyanobacterial blooms frequently occur in eutrophic
waters with serious metal pollution [5, 6]. Cadmium (Cd), as
a nonessential metal for biology, has become an important
pollutant in natural freshwaters due to increasing use in
industry, agriculture, and anthropogenic activities [7]. The
negative effects of Cd on the environment have been recog-
nized and it readily accumulates in living organisms. It was
documented that cyanobacteria (Synechocystis sp. BASO670
and Synechocystis sp. BASO672) had high tolerance to Cd(II)-
induced toxic effects, and Cd(II) could significantly stimulate
EPS production in these two Synechocystis isolates [8]. In our
previous study, we found there were significant differences
in cadmium accumulation in four sizes ofMicrocystis colony
[9] and cadmium accumulation decreased with increasing
Microcystis colony sizes. We speculated that cadmium ions
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might play an important role in the early stage ofMicrocystis
colony formation in natural waters [9].

To better predict, prevent, and controlMicrocystis blooms
in natural waters, it is important to understand all the
factors involved in triggering colony formation ofMicrocystis
species. In this study, both sequestration and distribution
characteristics of Cd(II) by toxic M. aeruginosa and physi-
ological responses related to colony formation were investi-
gated in laboratory conditions.

2. Materials and Methods

2.1. Cyanobacterial Culture. M. aeruginosa FACHB-905, a
very common microcystin-producing Microcystis strain,
which was provided by the Institute of Hydrobiology of
China, can form large visible colonies with non-microcystin-
producing Microcystis strains in natural waters. M. aerugi-
nosa FACHB-905 were cultured in conical flasks containing
sterilized BG11 medium (without EDTA) under a 12 light:12
dark cycle with a light density of 60𝜇molm−2 s−1 at 25∘C. To
reduce any effects related tominor differences in photon irra-
diance and to maintain homogeneity, the flasks were shaken
slightly four times every day and rearranged randomly.
Cultures were grown until the exponential growth phase.

2.2. Experimental Design. CdCl
2

(Merck, Germany) was
dissolved in distilled water to prepare a stock solution
(20000mg L−1). Based on the median effective concentration
EC
50

-96 h = 0.383mg L−1, determined by the method of
Vanewijk and Hoekstra [10] of Cd(II) on M. aeruginosa
obtained in preliminary experiments, Cd(II) was added to
algal culture at an initial density of 5.473 × 106 indmL−1 to
final concentrations of 0 (control), 0.0125, 0.025, 0.05, 0.1, 0.2,
and 0.4mg L−1, with three replicate flasks per concentration.
Sampleswere removed from the cultures at 0, 5, 10, 20, 60, and
120min and then daily until the 10th day of the experiment,
to determine the algal cell density, colony numbers, bioad-
sorption and bioaccumulation characteristics of Cd(II), and
bound extracellular polysaccharide (bEPS) and intracellular
polysaccharide (IPS) contents ofM. aeruginosa.

2.3. Effects of Cd(II) on Growth and Colony Formation of M.
aeruginosa. Algal cell density and M. aeruginosa colonies
were measured using a hemocytometer under a light micro-
scope (×40). To reduce erroneous results, samples were
taken 1 cm below the water surface with movement by a
wide-mouth pipette, and the flasks were shaken up slightly
30min before taking samples. The inhibition rate (IR), the
decrease of intact algae in suspension, was calculated using
the following formula: IR (%) = (𝑁

0

− 𝑁
𝑆

)/𝑁
0

× 100, where
𝑁
0

is algal cell density in the control (ind L−1) and NS is algal
cell density in the Cd(II)-added treatment (ind L−1) [11]. M.
aeruginosawere classified as unicellular, two-cell aggregation
or colony (aggregation of ≥3 cells).

2.4. Determination of Bioadsorption and Bioaccumulation
of Cd(II) by M. aeruginosa. Algal culture (500mL) was

centrifuged at 10,000×g for 10min at 4∘C, and the super-
natant was dried to constant weight at 180∘C to determine
the content of Cd(II) in the medium (𝜇g L−1). The algal
cell deposit was resuspended in 1.0 × 10−3mol L−1 EDTA
solution and then stirred with glass beads for 30min to
detach bEPS associated with the algal cells. After centrifu-
gation at 10,000×g for 30min at 4∘C, the algal cell deposit
was used to determine Cd(II) content accumulated inside
algal cells (pg cell−1). The resulting supernatant was dried
to constant weight at 180∘C to determine Cd(II) content
bioadsorbed on the algal cell walls. The resulting solid was
precisely weighed (0.5 g) and transferred into a polytetraflu-
oroethylene, where 7mL of HNO

3

and 1mL of H
2

O
2

were
added. The digester was sealed tightly and placed in a
microwave digestion system (ETHOS One, Milestone, Italy).
The procedure for microwave digestion is summarized as
follows: the digester was heated from 25∘C to 180∘C over
10min and then held for 25min to digest the samples. After
complete digestion, the digestion solution was evaporated to
2.5mL, transferred to a 50mL volumetric flask, and diluted
with deionized water. A reagent blank was prepared using
the same chemicals and digestion procedure as a compari-
son. Content of Cd(II) in collected samples was measured
using Inductively Coupled Plasma-Atomic Emission Spec-
trometry (ICP-AES) using an ICP-9000 (N + M) (Thermo
Jarrell Ash, USA), for which the detection limit of Cd is
0.01mg kg−1.

2.5. Effects of Cd(II) on bEPS and IPS Production byM. aerug-
inosa. Algal culture (50mL) was centrifuged at 5,000×g
for 10min at 4∘C, and the cell pellet was washed with
1.0 × 10−3mol L−1 EDTA solution using a glass rod. The
resulting suspension was stirred with glass beads to detach
bEPS associated with the algal cells. After centrifugation
at 10,000×g for 30min at 4∘C, the algal cell pellet and
supernatant were collected to determine IPS and bEPS
contents (pg cell−1), respectively. To precipitate proteins from
the supernatant, trichloroacetic acid (TCA) was added to
a final concentration of 10% and the precipitated proteins
were removed by centrifugation at 10,000×g for 20min at
4∘C. The clear supernatant was precipitated overnight at
4∘C with six volumes of 95% ethanol. TCA precipitation
and ethanol precipitation were repeated once. After centrifu-
gation (12,000×g for 30min at 4∘C), the deposit obtained
was dissolved in distilled water, dialyzed (3,600mol wt cutoff
tubing) against distilledwater at 4∘C for 24 hwith 2 times, and
then concentrated to 2mL by rotary evaporation.The content
of bEPS (pg cell−1) was estimated using the phenol-sulfuric
acid method [12]. Algal cells were disrupted by freezing and
thawing repeatedly to obtain IPS and then treated as for bEPS
measurement.

2.6. Statistical Analysis. Results are expressed as means ± SD
and were subjected to Fisher’s least significant difference test
(SPSS version 17.0) to determine significant differences (𝑃 <
0.05) among groups [13]. The Pearson correlation coefficient
was examined by paired t-test (SPSS version 17.0) [14].
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Figure 1: Effects of various concentrations of Cd(II) on algal cell
density ofM. aeruginosa.

3. Results and Discussion

3.1. Effects of Cd(II) on Growth of M. aeruginosa. The growth
of M. aeruginosa FACHB-905 was affected in a Cd(II)
concentration-dependent manner. With increasing exposure
time, M. aeruginosa cell densities increased in low concen-
tration Cd(II)-added groups (0.0125 and 0.025mg L−1) and
decreased in high-concentration Cd(II)-added groups (0.05,
0.1, 0.2, and 0.4mg L−1) as compared with the control groups
(Figure 1).These results indicated that Cd(II) had a dual effect
(promotion and inhibition) on the growth of M. aeruginosa.
Such an effect is described as hormesis, a dose-response
relationship characterized by low-dose stimulation and high-
dose inhibition [15]. Gong et al. found that inorganic arsenic
could also cause hormesis in M. aeruginosa FACHB 905
[16]. In our experiment, high Cd(II) of concentrations inhib-
ited the growth, possibly because the Cd(II) concentration
exceeded the tolerance limit of M. aeruginosa cells, causing
cell structure damage and disintegration. Among the tested
concentrations, 0.4mg L−1 Cd(II) exhibited the strongest
inhibitory effects, with a 4-day IR of 74.752% and a 10-day IR
of 99.992% (Figure 2). It is documented that M. aeruginosa
PCC 7806 was susceptible to trace metal toxicity [17], while
a M. aeruginosa strain isolated in the Czech Republic had
high tolerance to 5.0–10.0mg L−1 Cd(II) [18]. Therefore, it is
possible that different strains ofM. aeruginosa have different
sensitivities to Cd(II)-induced toxicity.

3.2. Effects of Cd(II) on Colony Formation by M. aeruginosa.
Compared with colonial forms that predominate in natural
conditions, Microcystis exists mainly as noncolonial (single
and a few paired) cells in culture [19]. Colony formation
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Figure 3: Effects of Cd(II) on colony formation by M. aeruginosa.
Values sharing the same letters are not significantly different,
whereas thosemarkedwith different letters are significantly different
(𝑃 < 0.05).

of M. aeruginosa is a phenotypic response of single cells
to environmental stress [3]. Colonial Microcystis had higher
endurance to heavy metal-induced stress than noncolonial
Microcystis [20]. Our results show that three concentrations
of Cd(II) (0.05, 0.1, and 0.2mg L−1) significantly induced
Microcystis colony formation (𝑃 < 0.05), and 0.2mg L−1
Cd(II) had the highest inductive effect (Figure 3). The pro-
portion ofMicrocystis colonies was significantly decreased in
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the 0.4mg L−1 Cd(II)-added group after 4 d, and no Micro-
cystis colonies could be observed under the microscope after
6 d, which might result from the strong inhibitory effects of
0.4mg L−1 Cd(II) on the growth ofM. aeruginosa (Figures 1,
2, and 3). No colonies with five or more cells were observed
during the whole experimental period. Unlike Fe, Al, Mn, Pb,
and Cr, Cd was the only heavy metal element accumulated
much higher in small Microcystis colony than in middle,
large, and super-large colonies in natural waters [9]. These
observations indicate that Cd(II) may play an important role
in the early stage of Microcystis colony formation in natural
waters [9].

3.3. Sequestration and Distribution Characteristics of Cd(II)
by Microcystis Cells. WhenMicrocystis cells were exposed to
Cd(II), a rapid adsorption process occurred in the first 5min.
There was a linear relationship between Cd(II) sequestrated
by algal cells (including Cd(II) bioadsorbed on bEPS and
bioaccumulated inside cells) and the added Cd(II) concen-
trations during this time period (y = 8.5326x − 8.664; 𝑅2 =
0.9864). More chances for metal ions to combine with
cation-chelating binding sites in bEPS were provided with
the increasing Cd(II) concentrations [21, 22]. Once Cd(II)
was bioadsorbed onto the external cell wall, an internal
bioaccumulation process would begin immediately [23]. Use
of different strains of M. aeruginosa might lead to a longer
adsorption process (10min) [24]. In our experiment, there
was also a slow adsorption process following the initial 5
min rapid adsorption, suggesting that Cd(II) was removed via
interactions with functional groups on the cell surface [8, 17].

On longer Cd(II) exposure the proportion of Cd(II)
sequestrated in Microcystis cells increased, reaching >93% at
the end of the 10th day in the groups exposed to ≤0.1mg L−1
Cd(II) (Figure 4). M. aeruginosa sequestrated >80% of the
0.2mg L−1 added Cd(II). We suggest that when 0.2mg L−1
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Cd(II) was added, Cd(II) sequestration byM. aeruginosa cells
reached its saturation level. Considering the sequestration
Cd(II) inM. aeruginosa, >80%was bioadsorbed by bEPS and
<20% was bioaccumulated inside algal cell (Figures 5 and 6),
which is consistent with the results of Parker et al. [25] and
Ozturk et al. [8].

3.4. Effects of Cd(II) on bEPS and IPS Production byM. aerug-
inosa. Under normal physiological conditions, polysaccha-
ride produced in cells can be partially secreted to form EPS.
The cyanobacterial EPS can be divided into twomain groups:
polysaccharides bound to the cell surface (bEPS) and soluble
polysaccharides released into the surrounding environment
(soluble extracellular polysaccharide, sEPS) [26]. Bound
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extracellular polysaccharide, referred to as sheath, capsule,
or slime, plays an important role in the attachment of M.
aeruginosa cells into colonies and in protecting cells from
unfavorable environmental conditions [26]. Compared to the
control, no significant changes in IPS content were observed
in M. aeruginosa exposed to 0.0125 and 0.025mg L−1 Cd(II)
throughout the experiment, and a similar result was obtained
for bEPS for the first 6 days (Figures 7 and 8), because
M. aeruginosa in long-term laboratory culture responded
only slowly to slight environmental disturbance [27]. Higher
concentrations of Cd(II) (0.05, 0.1, and 0.2mg L−1) signif-
icantly and simultaneously increased IPS and bEPS levels
throughout the experimental period (𝑃 < 0.05) (Figures
7 and 8). IPS and bEPS contents changed in the same
way as each other after Cd(II) exposure and had a high
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Figure 8: Effects of various concentrations of Cd(II) on the IPS
content of M. aeruginosa (pg/cell). Values sharing the same letters
are not significantly different, whereas those marked with different
letters are significantly different (𝑃 < 0.05).

Pearson correlation coefficient throughout the experiment
(Table 1), suggestingMicrocystis cells could respondpositively
to Cd(II) stress by secreting organic substances (mainly
polysaccharides) via active transport [28] (Figures 7 and
8). It is also worth noting that Cd(II) could significantly
stimulate bEPS production ofM. aeruginosa at relatively low
concentrations, while the stimulatory activities of Pb(II) were
observed at much higher concentrations [29]. Therefore, we
speculate that Cd(II) at low concentration could promote the
early formation of Microcystis colonies by stimulating bEPS
production in natural waters.

3.5. Role of Cd(II) in Colony Formation of M. aeruginosa.
The Pearson correlation coefficients of exterior and interior
factors related to colony formation by M. aeruginosa are
shown in Table 1. With increasing concentrations of Cd(II)
added to the culture medium, Cd(II) bioadsorption onto
bEPS and Cd(II) bioaccumulation inside algal cells signif-
icantly increased. Increased Cd(II) bioaccumulation inside
algal cells stimulated more IPS production. We suggest that,
through active transport [28], more IPS was secreted outside
the cells, leading to an increased chance of cross-linking
between Cd(II) and bEPS [30]. Algal cell aggregation was
stimulated by this increased cross-linking, which eventually
promoted the formation ofMicrocystis colonies.

4. Conclusions

M. aeruginosa was very sensitive to Cd(II) compared to
other heavy metal ions and adsorbed >93% of the Cd(II)
in the culture medium when exposed to ≤0.1mg L−1 Cd(II).
Among the sequestrated Cd(II) in M. aeruginosa, >80% was
bioadsorbed by bEPS, and <20% was bioaccumulated inside
algal cells. Under the stress of Cd(II),M. aeruginosa increased
the production of IPS and bEPS, which could significantly
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Table 1: Pearson correlation coefficients of exterior and interior factors related to the colony formation ofM. aeruginosa.

Time

Relationship of
initial Cd(II)
concentrations
with amounts of

Cd(II) bioabsorbed
on bEPS per unit

algal cell

Relationship of
initial Cd(II)
concentrations
with amounts of

Cd(II)
bioaccumulated
inside per unit

algal cell

Relationship of
amounts of Cd(II)
bioabsorbed per
unit algal cell with
amounts of bEPS
per unit algal cell

Relationship of
amounts of Cd(II)
bioaccumulated
inside per unit
algal cell with

amounts of IPS per
unit algal cell

Relationship of
bEPS per unit algal
cell with IPS per
unit algal cell

Relationship of
initial Cd(II)
concentrations
withMicrocystis
colony formation

2 d 0.994∗∗ 0.977∗∗ 0.897∗∗ 0.513∗ 0.891∗∗ 0.724∗∗

4 d 0.988∗∗ 0.980∗∗ 0.829∗∗ 0.821∗∗ 0.985∗∗ 0.823∗∗

6 d 0.976∗∗ 0.975∗∗ 0.667∗∗ 0.732∗∗ 0.981∗∗ 0.914∗∗

8 d 0.978∗∗ 0.978∗∗ 0.628∗∗ 0.682∗∗ 0.990∗∗ 0.955∗∗

10 d 0.987∗∗ 0.986∗∗ 0.737∗∗ 0.795∗∗ 0.997∗∗ 0.933∗∗
∗∗Correlation is significant at the 0.01 level (two-tailed). ∗Correlation is significant at the 0.05 level (two-tailed).

promote the formation of small colonies. Notably, this phe-
nomenon occurred at low Cd(II) concentrations, close to
those found in natural waters. Moreover, we have found that
Pb(II) in the tolerance range ofM. aeruginosa could stimulate
bEPS production, which promoted colony formation [29].
Therefore, heavy metals with different stimulatory effects
on different stages of the formation of Microcystis colonies
might be one factor that contributes to the occurrence ofM.
aeruginosa blooms in natural conditions.
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Organochlorine pesticides (OCPs) have caused increasing global concern due to their high toxicity, persistence, bioaccumulation,
and significant adverse effects on human health. This study was to explore the interaction effects between OCPs and isoflavones.
Six kinds of OCPs and 2 kinds of isoflavones-genistein and daidzein were included to study their effect on MCF-7 cells in vitro.
Eighty-one female Sprague-Dawley rats were randomized to 9 groups according to factorial design to study the interaction effect
between isoflavones and 𝛾-HCH. Compared to organochlorine pesticides alone group, proliferation rate of MCF-7 cells was lower
in 100 𝜇mol/L genistein + organochlorine pesticides and 100 𝜇mol/L daidzein + organochlorine pesticides group (𝑝 < 0.05). In
vivo study showed that there are interaction effects on kidney weight and liver weight when treated with isoflavones and 𝛾-HCH.
The changes in uterine morphology and positive expression of ER𝛼 showed inhibition effects between isoflavones and 𝛾-HCH. In
conclusion, the data suggests that there are interactions between isoflavones and OCPs in vitro and in vivo.

1. Introduction

The research on endocrine-disrupting chemicals (EDCs) has
attracted more and more interest of scientists. Organochlo-
rine pesticides (OCPs), which are one of the EDCs, can be
lipophilic, stable, difficult to be degraded, volatile, and accu-
mulative. They are easy to be accumulated in environment,
and humans can absorb them via food chain enrichment
through the digestive tract, respiratory tract, and skin [1,
2]. The OCPs are usually divided into three main groups
including DDT and its derivatives (DDTs and DDEs), HCHs,
and chlorinated cyclodiene such as chlordane. DDEs are
the main bioaccumulative metabolite of the organochlorine
insecticide DDT. Exposure of men or animals to OCPs can
cause some side effects including reproductive toxicity and
even cancer [3, 4].

Soybean isoflavones are a kind of plant estrogen, extract-
ed in soybean, mainly including genistein and daidzein.
Genistein is the most frequently studied isoflavone due to
its biological activities of improving cardiovascular, bone,
and postmenopausal health. Daidzein, a major component of
soy with structural similarities to estrogen, can exert effects

of anti-inflammatory, lowering lipid levels and increasing
mitochondrial biogenesis. Many studies have indicated that
the isoflavones or single components (genistein or daidzein)
have many important biological activities; for example, they
can improve the women’s menopause syndrome and prevent
osteoporosis. Messina et al. found that higher isoflavones
intake was associated with 25% reduction in recurrence
in 9,514 breast cancer survivors over 7.4-year follow-up
period [5]. Moreover, although the antiproliferation effect
in different breast tumor cell types treated with different
concentration of genistein and daidzein varied, their effects
were related to ER𝛼 and c-erbB-2 expression [6].

Breast cancer is the most common and leading type of
cancer in women, and the survival rates are very poor in
developing countries. Human breast cancer cell line MCF-7
was used as the hormone-responsive breast cancer cell line in
many studies. Estrogen can make the pathological progress
of mammary gland cells accelerate, which is a major cause of
estrogen dependent breast cancer. A large number of studies
showed that OCPs could combine with estrogen receptor to
cause some side effects including reproductive toxicity [7, 8].
According to Shekhar, p,p-DDT could evoke responses and
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further enhance the responses together with estradiol or o,p-
DDT in estrogen receptor-positive breast cancer cells [9].
However, studies showed that both genistein and DDT can
be combined with estrogen receptor. High concentrations of
genistein can inhibit the proliferation of cells while DDTs
promote the proliferation of cells, although the effects of
isoflavones on breast cancer remain controversial and human
clinical investigations are needed [10]. We can still predict
that more phytoestrogen dietary intake may drop the weak-
ness of exogenous estrogen.

OCPs affect human health mainly by continuous expo-
sures at low dose [11]. And human can be exposed to
isoflavones by daily food. It has practical significance to carry
out research on interactions between OCPs and isoflavones.

2. Material and Methods

2.1. In Vitro Experiment

2.1.1. Chemicals. 𝛽-HCH, 𝛾-HCH, o,p-DDT, p,p-DDT, p,p-
DDE, and chlordane were purchased from Dr. Ehrenstorfer
GmbH Ltd. Co. (Germany). Genistin (Gen, purity ≥ 99%),
daidzein (Dai, purity ≥ 99%), estradiol (E

2
), and methyl

thiazolyl tetrazolium (MTT) were purchased from Sigma
Chemical Co. (St. Louis, MO).

2.1.2. Cell Culture and Treatment. MCF-7 cells were cul-
tured in a 37∘C, 5% CO

2
saturated humidity incubator with

DMEM (containing 100 IU/mL penicillin/streptomycin and
10% FBS). The cells had digestive transfer culture after being
grown to 80% cell density. Discard DMEM and rinse it two
times by PBS (pH 7.4) solution. 0.05% trypsin (1mL) was
added to cover cell layer for 2-3 minutes. After discarding
dispersed liquid, 5mL DMEM was added in culture bottle.
Cells were made into single cell suspension and placed into
culture flask at 37∘C.

2.1.3. MTT Experiment. MCF-7 cells were cultured in phe-
nol red-free DMEM (Sigma-Aldrich) with 100 IU/mL peni-
cillin/streptomycin and 10% charcoal stripped estrogen-
free FBS (Invitrogen). Cells were treated with the fol-
lowing solutions: (i) DMEM medium alone (the control
group); (ii) 100 𝜇mol/L genistein group; (iii) 100 𝜇mol/L
daidzein group; (iv) 1𝜇mol/L o,p-DDT, 1 𝜇mol/L p,p-
DDT, 1 𝜇mol/L 𝛾-HCH, 1 𝜇mol/L chlordane, 10 𝜇mol/L p,p-
DDE, and 20𝜇mol/L 𝛽-HCH; (v) 100 𝜇mol/L genistein +
1 𝜇mol/L o,p-DDT, 100 𝜇mol/L genistein + 1𝜇mol/L p,p-
DDT, 100 𝜇mol/L genistein + 1𝜇mol/L 𝛾-HCH, 100 𝜇mol/L
genistein + 1 𝜇mol/L chlordane, 100 𝜇mol/L genistein +
10 𝜇mol/L p,p-DDE, and 100 𝜇mol/L genistein + 20𝜇mol/L
𝛽-HCH; (vi) 100 𝜇mol/L daidzein + 1 𝜇mol/L o,p-DDT,
100 𝜇mol/L daidzein + 1 𝜇mol/L p,p-DDT, 100 𝜇mol/L
daidzein + 1𝜇mol/L 𝛾-HCH, 100 𝜇mol/L daidzein + 1 𝜇mol/L
chlordane, 100 𝜇mol/L daidzein + 10 𝜇mol/L p,p-DDE, and
100 𝜇mol/L daidzein + 20 𝜇mol/L 𝛽-HCH. Cell growth and
inhibition rate was measured by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Table 1: Groups by 3 ∗ 3 factorial design with different dose of
isoflavones and 𝛾-HCH (𝑛 = 9/group).

𝛾-HCH (mg/kg bw) Isoflavones (mg/kg diet)
900 600 0

8 1 4 7
4 2 5 8
0 3 6 9
Note: factorial design with 2 factors of 3 levels. Three levels of 𝛾-
HCH: 8mg/kg bw, 4mg/kg bw, and 0mg/kg bw. Three levels of isoflavones:
900mg/kg diet, 600mg/kg diet, and 0mg/kg diet.

Cells were seeded in 96-well plates (cell density of 3 ×
104/mL) for 24 h and exposed to various concentrations of
genistein, daidzein, or OCPs for 48 h. Then the cells were
incubated with 20𝜇L 5mg/mL MTT in the dark for 4 h at
37∘C. Absorbance values (optical density, OD) were obtained
using a microplate reader (model 680: Bio-Rad Laboratories,
Inc., Hercules, CA, USA) at a wavelength of 490 nm. Wells
containing cells in DMEMwere served as the normal control.
To convert OD values to proliferation rate, the following
equation was used: proliferation rate (PR) = OD of test
concentration/ODof control∗ 100%. Each concentrationwas
measured in 3–5 repeated wells, and every assay was tested ≥3
times.

2.2. In Vivo Experiment

2.2.1. Chemical. Isoflavones were purchased fromRongsheng
Ltd. Co. (Xi’an, China) with purity ≥98%. 𝛾-HCH was
purchased from Qinchengletter Ltd. Co. (Beijing, China)
with purity of 99.4%.

2.2.2. Animals. Prior to study initiation, the experimental
protocol was reviewed and approved by the Committee on
Animal Research and Ethics of Harbin Medical University
(Harbin, China). Eighty-one female Sprague-Dawley (SD)
rats, weighing 60–80 g, were purchased from Weitonglihua
Experimental Animal Ltd. Co. (Beijing, China, Batch number
SCXK (jing) 2012-0001). The animals were caged in a room
maintained at 23 ± 2∘C. After adaption for 1 week, rats were
randomly divided into 9 groups in single cage. Each group
was divided by 3 ∗ 3 factorial design with different dose of
isoflavones and 𝛾-HCH (Table 1). Isoflavones were added into
diet. 𝛾-HCHwas dissolvedwith corn oil and administrated by
intragastric administration.

SD rats were fed in the standard animal laboratory for
4 weeks. At the end of the experiment, rats were sacrificed
after being fasted for 12 h. Body organs such as brain, liver,
kidney, spleen, and the parametrial and perirenal fat pads of
rats were dissected and weighed. Blood was collected from
the sacrificed animals and serum was separated from the
blood (3,000 rpm, 15min) for the determination of estradiol
and testosterone using radioimmunoassay and serumglucose
using automatic biochemical analyzer (Hitachi 7100, Japan).
The reagent kits were bought from Northern Institution of
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Biotechnology (Beijing, China). Histopathological examina-
tion was performed on 5 𝜇m paraffin sections with standard
hematoxylin-eosin (HE) staining. The examination was per-
formed blindly. Immunohistochemistry was performed to
investigate the expression of ER𝛼 in uteruswith ER𝛼 antibody
from Zhongshan Technology Ltd. Co. (Beijing, China). The
representative pictures were digitized by invertedmicroscope
(Nikon Ti-S, Japan). The immunohistochemistry staining
was quantified by using Image-Pro Plus software (Media
Cybernetics, USA).

2.3. Statistics. The statistical analyses were performed with
the SPSS program. Data was expressed as means ± SD.
Data in this work were normally distributed determined
with the Kolmogorov-Smirnov test. The data of cell culture
study was analyzed with one-way ANOVA. Animal study
was analyzed using a two-way ANOVA with isoflavones and
OCPs treatments as factors, followed by a post hoc test with
Fisher’s least significant difference (LSD). 𝑝 value < 0.05 was
considered significant for all statistical analyses.

3. Results

3.1. In Vitro. The interaction of genistein and daidzein with
OCPs in MCF-7 cells was shown in Figure 1. Compared
to control group, OCPs could increase proliferation rate of
MCF-7 cell line while genistein and daidzein could inhibit
the growth of MCF-7 cell observably (𝑝 < 0.05). Compared
with OCPs alone group (o,p-DDT, p,p-DDT, 𝛽-HCH, and
𝛾-HCH), proliferation rate of MCF-7 cells was lower in both
100 𝜇mol/L genistein + OCPs group and daidzein + OCPs
group (𝑝 < 0.05). Furthermore, proliferation rate of MCF-
7 cells in genistein treatment group was lower than daidzein
treatment group in o,p-DDT, p,p-DDT, and 𝛽-HCH group,
higher in 𝛾-HCH group.

3.2. In Vivo

3.2.1. Effect of Isoflavones and 𝛾-HCH on Body Weight. Effect
of isoflavones and 𝛾-HCH on body weight was shown in
Figure 2. Rats grew normally and the body weight increased
step by step from beginning of experiment to the end. Two-
way ANOVA indicated that no significant differences were
found in rats’ body weight treated with different dosage of
isoflavones and 𝛾-HCH (𝑝 > 0.05).

3.2.2. Interaction of Isoflavones and 𝛾-HCH. Themain effects
of isoflavones and 𝛾-HCH and their interaction were shown
in Table 2. According to Table 2, the effect of isoflavones treat-
ment on fasting blood glucose was significant (𝑝 = 0.022);
that is, serum glucose levels in 600mg/kg diet isoflavones
treatment groups were increased markedly compared to
0mg/kg diet isoflavones treatment groups (6.1 ± 0.2mmol/L
in 900mg/kg diet treatment groups, 6.8 ± 0.2mmol/L in
600mg/kg diet treatment groups, and 6.2 ± 0.2mmol/L
in 0mg/kg diet treatment groups). No main effect of 𝛾-
HCH and interaction effects were found in serum fasting
blood glucose. In addition, the main effect of 𝛾-HCH in
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Figure 1: Interaction of genistein and daidzein with OCPs on
proliferation rate of MCF-7 cells. ∗𝑝 value < 0.05 was considered
significant compared with control group; #𝑝 value < 0.05 was con-
sidered significant compared with organochlorine pesticides alone
group.

Table 2: Two-way ANOVA analysis of effect of isoflavones and 𝛾-
HCH treatment on rats (𝑝 value).

Main effect Interaction effect
Isoflavones 𝛾-HCH

Blood glucose 0.022∗ 0.423 0.419
Estradiol 0.159 0.003∗ 0.652
Testosterone 0.749 0.020∗ 0.110
Spleen weight 0.015∗ 0.012∗ 0.795
Kidney weight 0.529 0.566 0.047∗

Liver weight 0.283 0.050 0.033∗
∗
𝑝 value < 0.05 was considered significant.

serum estradiol and testosterone levels was prominent; that
is, 𝛾-HCH could reduce serum level of estradiol and testos-
terone notably (estradiol: 33.64 ± 2.39 pg/mL in 8mg/kg bw,
36.45 ± 2.39 pg/mL in 4mg/kg bw, and 45.37 ± 2.51 pg/mL in
0mg/kg bw; testosterone: 1.45 ± 0.22 ng/mL in 8mg/kg bw,
1.66 ± 0.22 ng/mL in 4mg/kg bw, and 2.30 ± 0.22 ng/mL in
0mg/kg bw). No main effect of isoflavones and interaction
effects were found. Furthermore, both isoflavones and 𝛾-
HCH could alter spleen weight significantly. Isoflavones had
a tendency of increase, while 𝛾-HCH could reduce spleen
weight (data not shown). Overall, there are no interactions
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Figure 2: Effect of isoflavones and 𝛾-HCH on body weight in
female SD rats. Group 1: 900mg/kg diet isoflavones and 8mg/kg bw
𝛾-HCH; group 2: 900mg/kg diet isoflavones and 4mg/kg bw 𝛾-
HCH; group 3: 900mg/kg diet isoflavones and 0mg/kg bw 𝛾-
HCH; group 4: 600mg/kg diet isoflavones and 8mg/kg bw 𝛾-HCH;
group 5: 600mg/kg diet isoflavones and 4mg/kg bw 𝛾-HCH; group
6: 600mg/kg diet isoflavones and 0mg/kg bw 𝛾-HCH; group 7:
0mg/kg diet isoflavones and 8mg/kg bw 𝛾-HCH; group 8: 0mg/kg
diet isoflavones and 4mg/kg bw 𝛾-HCH; group 9: 0mg/kg diet
isoflavones and 0mg/kg bw 𝛾-HCH.

between isoflavones and 𝛾-HCH except kidney (𝑝 = 0.047)
and liver weight (𝑝 = 0.033). The changes of liver weight
in isoflavones 900mg/kg diet group were different from
isoflavones 600mg/kg diet along with the increase of 𝛾-HCH
dose. In isoflavones 600mg/kg diet group, liver weight was
increased significantly with the increase of 𝛾-HCH dose (𝛾-
HCH 8mg/kg bw group: 7.36 ± 0.69 g; 𝛾-HCH 4mg/kg bw
group: 6.97±1.19 g; 𝛾-HCH 0mg/kg bw group: 6.55±0.84 g).
However, in isoflavones 900mg/kg diet, liver weight was
highest in 𝛾-HCH8mg/kg bwgroup (7.70±0.52 g) and lowest
in 𝛾-HCH 4mg/kg bw group (6.80 ± 0.32 g). In addition,
the changes of kidney weight in 𝛾-HCH 8mg/kg bw were
different from 𝛾-HCH 4mg/kg bw along with the increase of
isoflavones dose. In 𝛾-HCH8mg/kg bw group, kidney weight
was highest in isoflavones 600mg/kg diet group (900mg/kg
diet: 1.55±0.14 g; 600mg/kg diet: 1.74±0.13 g; 0mg/kg diet:
1.54±0.13 g). But in 𝛾-HCH4mg/kg bw group, kidneyweight
was highest in isoflavones 0mg/kg diet group (900mg/kg
diet: 1.63±0.14 g; 600mg/kg diet: 1.63±0.27 g; 0mg/kg diet:
1.69 ± 0.18 g).

3.2.3. Interaction of Isoflavones and 𝛾-HCH on Uterine Mor-
phology. To make the comparison simpler and easier, only
uterine morphology in groups 1, 3, 7, and 9 was ana-
lyzed. The interaction of isoflavones and 𝛾-HCH on uterine

morphology was shown in Figure 3. Compared with con-
trol group, tissue morphology was changed significantly in
isoflavones treatment group and 𝛾-HCH treatment group.
High columnar endometrial glandular epithelial cells were
found in isoflavones treatment group, while low columnar
endometrial glandular epithelial cells were shown in 𝛾-HCH
treatment group. Furthermore, although high columnar
endometrial glandular epithelial cells were found in group
1 with mixed treatment of 900mg/kg diet isoflavones and
8mg/kg bw 𝛾-HCH, the degree of hyperplasia was lower
than isoflavones treatment group and higher than 𝛾-HCH
treatment group (Figure 3(a)). In addition, the changes of
expression of ER𝛼 in uterus were similar to the changes of
uterine morphology (Figure 3(b)). Compared with control
group, the positive expression of ER𝛼 in isoflavones treatment
group was significantly higher (𝑝 < 0.001) and lower in 𝛾-
HCH treatment group (𝑝 = 0.025). The positive expression
rate of ER𝛼 in group 1 with 900mg/kg diet isoflavones and
8mg/kg bw 𝛾-HCH was lower than isoflavones treatment
group and higher than 𝛾-HCH treatment group (Figure 3(c)).

4. Discussion

EDCs are chemicals that may interfere with the body’s
endocrine systemandproduce adverse developmental, repro-
ductive, neurological, and immune effects in both humans
and wildlife. EDCs are derived from a wealth of sources,
including OCPs, xenoestrogens, long-chain alkylphenols,
and phytoestrogen. MCF-7 cells derived from human breast
cancer cells, which are positive to ER and sensitive to
estrogen, have been widely used to evaluate environmen-
tal estrogen and explore the development mechanism of
estrogen on breast cancer occurrence [12, 13]. Genistein is
a phytoestrogen with a plant-derived phenolic compound
that structurallymimics the hormone 17𝛽-estradiol. Previous
studies revealed that genistein could significantly inhibit the
proliferation of MCF-7 cells in a dose-dependent manner.
High dose of genistein could inhibit proliferation rate of
MCF-7 cells [6, 12, 14]. Besides, daidzein and genistein exhib-
ited biphasic effects (stimulatory or inhibitory) on prolifer-
ation and ER𝛼 expression in MCF-7 cells. That is, 1𝜇mol/L
daidzein significantly stimulates cell growth and 200𝜇mol/L
daidzein could inhibit cell proliferation [6]. In this study,
we found that both 100 𝜇mol/L genistein and 100𝜇mol/L
daidzein could inhibit proliferation of MCF-7 cells. The
dichlorodiphenyltrichloroethane (DDT), a known endocrine
disruptor, links to animal and human disorders [15]. Payne et
al. found that o,p-DDT, p,p-DDE, 𝛽-HCH, and p,p-DDT
produce proliferative effects in MCF-7 cells. Furthermore,
combined effects were demonstrated by regression analyses
even when each mixture component was present at levels or
below its individual no-observed-effect concentration [16].
However, the research on interaction between soy isoflavones
(genistein and daidzein) and OCPs was little. According to
Charles et al., both in vitro and in vivo, low concentrations of
the six synthetic chemicals (SCs, including o,p-DDT) failed to
increase estrogenic responses which were induced by plant-
derived phytoestrogens (PEs) alone. In vitro, interactions
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Figure 3: Interaction of isoflavones and 𝛾-HCH on uterine morphology and expression of ER𝛼. (a) showed interaction of isoflavones and
𝛾-HCH on uterine morphology. Compared with control group (group 9), high columnar endometrial glandular epithelial cells were found in
group 3, while low columnar endometrial glandular epithelial cells were shown in group 7. Furthermore, although high columnar endometrial
glandular epithelial cells were found in group 1, the degree of hyperplasia was lower than isoflavones treatment group and higher than 𝛾-HCH
treatment group. (b) showed interaction of isoflavones and 𝛾-HCH on expression of ER𝛼. Compared to group 9, ER𝛼 expression was higher
in group 3 (𝑝 ≤ 0.05), while being lower in group 7 (𝑝 ≤ 0.05). Moreover, ER𝛼 expression in group 1 was lower than group 3 and higher
than group 7. (c) showed positive expression of ER𝛼 in immunohistochemistry. ∗𝑝 value < 0.05 was considered significant compared with
control group (group 9). Group 1 was treated with 900mg/kg diet isoflavones and 8mg/kg bw 𝛾-HCH; group 3 was treated with 900mg/kg
diet isoflavones alone; group 7 was treated with 8mg/kg bw 𝛾-HCH alone; group 9 was treated with 0mg/kg diet isoflavones and 0mg/kg bw
𝛾-HCH.

between high dosages of SCs and PEs were greater than
mixtures of SCs in the absence of PEs [17]. In our study,
soy isoflavones (genistein and daidzein) could repair the
damage of OCPs; that is, isoflavones could inhibit breast

cell proliferation triggered by OCPs except p,p-DDE and
chlordane.

In vivo test was conducted according to the results of in
vitro experiment. We used soy isoflavones as a mixture of
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genistein and daidzein. Overall, isoflavones could influence
blood glucose and spleen weight in female rats; 𝛾-HCH
could affect estradiol and testosterone levels in serum and
spleen weight in high dose treatment. Furthermore, there is
interaction effect on kidney weight and liver weight when
treated with isoflavones and 𝛾-HCH. No other effects were
found in body weight, brain weight, fat weight, and so
forth.

Previous study showed that soy isoflavones could sig-
nificantly decrease body weight [18], while HCB, p,p-DDE,
and 𝛽-HCH showed quadratic associations with BMI [19]. In
this study, no significant changes were found in isoflavones
and OCPs treatment. Ye et al. found that both daidzein and
genistein did not have a significant effect on glycemic control
and insulin sensitivity over a 6-month supplementation
period in Chinese women [20]. Another research showed
that isoflavones mixture could lower blood glucose level
in serum in high-fat diet fed C57BL/6J mice for 92 days
[21]. But in this study, low dosage of isoflavones (600mg/kg
diet) could increase blood glucose level in female rats. The
possible causes of differences between previous study and the
current study are as follows: (1) SD rats were used in the
present study instead of C57/BL6 mice, which have different
absorption and ingestion for different species; (2) natural
synthesis isoflavones were used as the intervention medicine,
and they were different from the mixture of daidzin and
glycitin used in their study. Otherwise, the interaction effect
of isoflavones and 𝛾-HCH on kidney weight and liver weight
indicated that they could resist their side effects to produce
healthy condition.

A wide number of pesticides, including OCPs, such as
𝛾-HCH, may induce reproductive and developmental alter-
ations by altering steroid hormone metabolism or binding to
the estrogen/androgen receptors. Exposure to 𝛾-HCH with
dose of 25mg/kg bw in vivo could increase absolute and
relative uterus weight in F1 pups on postnatal day 22 and
change vaginal patency and reduce diameters of primary
oocytes at fully sexual maturity [22]. According to findings
of Huang et al., both chlordane and 𝛾-HCH treatment could
increase estrogen, reduce testosterone, and alter morphology
of the masculine appendage in shrimp [23]. In our study,
estradiol and testosterone levels in serum were reduced in
female rats treated with 𝛾-HCH. Furthermore, the changes of
uterinemorphology and expression of ER𝛼 showed that there
was interaction effect between isoflavones and 𝛾-HCH.

5. Conclusions

In summary, high dosage of genistein and daidzein could
inhibit proliferation of MCF-7 cells treated with OCPs.
Besides, there are interaction effects between isoflavones and
𝛾-HCH in uterine morphology and expression of ER𝛼. The
mechanisms of interactions between OCPs and isoflavones
are not clear. Competitive inhibition effect may possibly be
involved in themechanism. Isoflavones show stronger affinity
to ER, which may inhibit the combination of 𝛾-HCH to ER.
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Acute and chronic toxicity testswere conductedwith sea cucumber (Apostichopus japonicus) exposed to heavymetals. Acute toxicity
values (96 h LC50) were 2.697, 0.133, and 1.574mg L−1 for Zn, Cu, andCd, respectively, andwere ranked in order of toxicity: Cu>Cd
> Zn. Under chronic metal exposure the specific growth rates of sea cucumbers decreased with the increase of metal concentration
for all the three metals. After acute metal exposure, the oxygen consumption rate (OCR) decreased. The OCRs in all groups were
significantly different than control (𝑃 < 0.05) except in the group treated with 1.00mg L−1 Zn (𝑃 < 0.05), where the increase of OCR
was observed.TheOCRs in groups chronically exposed tometals were significantly lower than that in the control group (𝑃 < 0.05).
The activity of both pyruvate kinase (PK) and hexokinase (HK) in sea cucumbers followed: respiratory tree > muscle > intestine
in natural sea water. After chronic Zn, Cu, and Cd exposure, the change pattern of HK and PK in respiratory tree, muscle, and
intestine varied slightly. However, the activity of the enzyme showed a general trend of increase and then decrease and the higher
the exposure concentration was, the earlier the highest point of enzyme activity was obtained.

1. Introduction

The sea cucumber Apostichopus japonicus is a dominant
mariculture species in northern coastal areas in China with
the production of 194,000 t in 2013 [1, 2]. However, with the
rapid development of intensive farming and industry activ-
ities, more liquid effluents with high levels of heavy metals
have been discharged into the environment, which posed a
potential threat to sea cucumber culture [3]. In general, heavy
metals could be divided into different categories according
to their toxicity and function. Metals such as cadmium (Cd)
and lead (Pb) are biologically nonessential and their toxicities
rise with increasing concentrations. Metals such as copper
(Cu), zinc (Zn), and iron (Fe) are essential elements playing
important roles in biological systems. However, the essential
elements can also be detrimental to living organism at high
concentrations [4].

Heavy metal exposure was considered to be associated
with fish deformities and has been a subject of concern
for many decades [4]. Meanwhile, studies have shown that
exposure to heavy metals in aquatic environment could

change the metabolic activities and many other physiological
characteristics in crustaceans [5]. As fundamental physio-
logical activities of animal energy metabolism, respiration
is directly associated with the amount of energy released
from the oxidation of food substratum. Therefore, it is a
good indicator to evaluate the toxicant effects caused by
heavy metals [5, 6]. For example, oxygen consumption rate
(OCR) was used to study the adverse effect of heavy metal
exposure on Pacific white shrimp, Green-lipped mussel, and
ridgetail white prawn [6–8]. Both pyruvate kinase (PK) and
hexokinase (HK) are key enzymes of glycolysis.The alteration
of activity of these enzymes could change the metabolic level
of the animal. Several environmental factors such as salinity,
temperature, and diet can influence the glucose metabolism
in aquatic animals by altering the enzyme activities [2, 9].

Although the effect of heavy metal exposure on crus-
taceans and molluscan has been extensively studied, there is
not much information available as to what happens in sea
cucumber. In the present study, we evaluated the effect of
one commonly found nonessential element (Cd) and two
essential elements (Zn and Cu) on the survival, specific
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growth rate (SGR), OCR, and activity of metabolic enzymes
in sea cucumber. This study provides a reference of the
safety concentration of heavy metals in sea cucumber culture
and most importantly provides basic data about the toxicity
mechanism of sea cucumber to heavy metal exposure.

2. Materials and Methods

2.1. Collection and Maintenance of Animals. Juvenile sea
cucumbers (Apostichopus japonicus) around 15 g were pur-
chased from a local farm in Jiaonan district and transported
to the laboratory located on the campus of Ocean University
of China (Qingdao, Shandong, China). The animals were
acclimated for 10 days in nature seawater continuously
aerated with air stones. One-half or one-third of the rearing
water was exchanged by fresh equitemperature seawater
every day to ensure high water quality. The sea cucumbers
were fed ad libitum every day at 08:00 on formulated feed
(crude protein ≥ 23.0%, 3.0–5.0% fat, ash ≤ 18%, fiber ≤
8.0%, and moisture ≤ 11.0%). After acclimation, the healthy
individuals with an average weight of 15.42 ± 2.07 g were
selected for the toxicity study.

The metal salts ZnSO
4

⋅7H
2

O, CuSO
4

⋅5H
2

O, and
CdCl
2

⋅2.5H
2

O were dissolved in deionized water to prepare
stock metal solution and stored at 4∘C. Seawater used in
the experiment was precipitated and filtered by a composite
sand filter. The temperature, salinity, and pH of the seawater
used during the experiment were controlled at 17.2 ± 0.2∘C,
29.0 ± 2.0‰, and 7.87 ± 0.29, respectively. The ammonia
and nitrite concentrations were kept at less than 0.011 and
0.0026mg L−1, respectively.

2.2. Acute Toxicity Study. A preliminary experiment was
conducted to determine the highest concentrations of Zn,
Cu, and Cd, respectively, causing no mortality and the lowest
concentrations of Zn, Cu, and Cd, respectively, causing 100%
mortality of sea cucumber in 96 h. Concentrations of the
treatments were set up based on the equal logarithm intervals
method with nature seawater as control (Table 1). Using Zn
as an example, the highest concentration of Zn causing no
mortality was 1mg L−1 and the low lowest concentration of
Zn causing 100% mortality was 6mg L−1. The logarithms of 1
and 6 to base 10 were 0 and 0.78, respectively. The interval
between 0 and 0.78 was divided into five equal parts with
six numbers. Using the number 10 as the base and the six
corresponding numbers as exponent, the concentrations of
treatments were set up as Table 1. The study was conducted
in glass aquariums (53 cm × 28 cm × 34 cm) with five sea
cucumbers in each aquarium. Five replicates were conducted
for each treatment.The sea cucumbers were not fed two days
before the study to empty intestine. The culture water was
100% changed every 24 h. The activities of the experimental
animals were continuously observed and the dead individuals
were picked out. The number of death was recorded at 24 h,
48 h, 72 h, and 96 h.

The LC50 is the concentration of toxicant causing 50%
mortality of the test animals. The probit analysis (PB)
method, the linear regression of probit mortality on log
dosage, was employed to obtain a regression equation to

Table 1: The experimental design and nominal concentrations of
Zn, Cu, and Cd in acute toxicity experiment test.

Cation Concentration (mg L−1)
CA0 CA1 CA2 CA3 CA4 CA5 CA6

Zn Control 1.00 1.43 2.05 2.94 4.21 6.00
Cu Control 0.02 0.03 0.05 0.08 0.13 0.20
Cd Control 0.50 0.66 0.87 1.15 1.51 2.00
Note: comparison was conducted among different concentration groups
within each metal.

Table 2: The experimental design and nominal concentrations of
Zn, Cu, and Cd in chronic toxicity test.

Cation Concentration (mg L−1)
CC0 CC1 CC2 CC3 CC4

Zn Control 0.040 0.070 0.150 0.770
Cu Control 0.003 0.005 0.010 0.050
Cd Control 0.022 0.044 0.088 0.440
Note: comparison was conducted among different concentration groups
within each metal.

estimate the 24 h, 48 h, 72 h, and 96 h LC50 [10]. The
maximum allowable toxicant concentration (MATC) is the
concentration of toxicant thatmay be presentwithout causing
harm. It can be calculated by multiplying the 96 h LC50 by
application factor (AF). An AF of 0.05 is suggested by Boyd
for general use [11].

2.3. Chronic Toxicity Study

2.3.1. Experimental Design and Management. A 15 d chronic
toxicity test was conducted in glass aquariums (53 cm× 28 cm
× 34 cm). Concentrations of Zn, Cu, and Cd were set up as
1/200, 1/100, 1/50, and 1/10 of 24 h LC50 value of each element
with nature sea water as control (Table 2). Ten replicates were
conducted for each treatment. Sea cucumbers were randomly
picked up in five of ten replicates and assigned to samples
for HK and PK analysis. Muscle, intestine, and respiratory
tree samples were collected on 0 h, 12 h, 24 h, 5 d, 10 d, and
15 d during the experiment. Three animals were randomly
sampled from five aquariums. Muscle was removed from
the posterior of the body. The whole intestine was removed
by an incision at the esophagus and cloaca. It was then cut
longitudinally and washed thoroughly in ice-cold distilled
water. After rinsing, the three tissues were dried with filter
paper, and each sample was frozen with liquid nitrogen in an
Eppendorf tube (1.5mL) and stored at −80∘C until analysis.

Metal concentration in the test solution used in the
acute and chronic toxicity study was measured using the
inductively coupled plasma-optical emission spectropho-
tometer (ICP-OES; VISTA-MPX, VARIAN). The nominal
andmeasured concentrations of metals were listed in Table 3.

2.3.2. Enzyme Activity Determination. A 0.1–0.3 g of each of
the three tissues was homogenized and the ice-cold saline
of quadrupled volume of the tissue was added to each
sample to make a 20% homogenate. The homogenates were
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Table 3: Nominal and measured concentrations (mean ± SD, 𝑛 = 3) of Zn, Cu, and Cd in test solutions.

Zn Cu Cd
Nominal
concentration
(mg L−1)

Measured
(mg L−1) %

Nominal
concentration

(mg L−1)

Measured
(mg L−1) %

Nominal
concentration

(mg L−1)

Measured
(mg L−1) %

0.00 0.020 ± 0.001 — 0.00 0.003 ± 0.001 — 0.00 0.001 ± 0.000 —
0.04 0.036 ± 0.004 90.0 0.003 0.004 ± 0.000 133.3 0.022 0.026 ± 0.004 118.2
0.07 0.038 ± 0.001 54.3 0.005 0.006 ± 0.000 120.0 0.044 0.053 ± 0.001 120.5
0.15 0.121 ± 0.003 80.7 0.01 0.011 ± 0.000 110.0 0.088 0.097 ± 0.001 110.2
0.77 0.682 ± 0.005 88.6 0.02 0.019 ± 0.004 95.0 0.44 0.419 ± 0.001 95.2
1.00 0.932 ± 0.002 93.2 0.03 0.029 ± 0.004 96.7 0.50 0.437 ± 0.001 87.4
1.43 1.321 ± 0.080 92.4 0.05 0.043 ± 0.003 86.0 0.66 0.575 ± 0.003 87.1
2.05 1.980 ± 0.003 96.6 0.05 — — 0.87 0.784 ± 0.002 90.1
2.94 2.820 ± 0.056 95.9 0.08 0.069 ± 0.007 86.3 1.15 1.030 ± 0.005 89.6
4.21 4.110 ± 0.073 97.6 0.13 0.123 ± 0.001 94.6 1.51 1.480 ± 0.001 98.0
6.00 5.230 ± 0.126 87.2 0.20 0.184 ± 0.001 92.0 2.00 1.820 ± 0.005 91.0

immediately centrifuged for 10min at 4∘C and 2000 r/min.
The protein concentrations of the samples were determined
with Folin phenol reagent [12]. Collected supernatants were
used for the determination of activities of PK and HK using a
commercial kit (Nanjing Jiancheng Bioengineering Institute,
China).

The activity of PK was determined by continuously mon-
itoring the decrease in absorbance at 340 nm using NADH-
linked methods [13]. PK activities were calculated using the
molar extinction coefficient of NADH (6.22mmol−1 cm−1).
The HK activity was determined by reading the absorbance
values using spectrophotometer at 340 nm [14]. All enzyme
activities were expressed as Umg−1 (unit per milligram
protein), where U was defined as the enzyme causing the
conversion of 1 𝜇mol of substrate min−1 [15].

2.3.3. Specific Growth Rate. Sea cucumbers in five aquariums
for each treatment were assigned to measure the growth rate
of animals. The wet weight of the sea cucumbers before and
after the experiment was recorded to calculate the specific
growth rate (SGR) of the animal using the following equation.
Before weighing, the animals were fasted for 24 h to evacuate
their guts:

Specific growth rate (SGR)

= [

(ln𝑊
2

− ln𝑊
1

)

(𝑡
2

− 𝑡
1

)

] × 100%,
(1)

where 𝑊
1

and 𝑊
2

were the weights at times 𝑡
1

and 𝑡
2

,
respectively, with 𝑡

1

and 𝑡
2

being the first and final day of the
experiment, respectively.

2.4. Oxygen Consumption Rate Determination. The oxygen
consumption rates were measured for the sea cucumbers
after 96 h acute toxicity and 15 d chronic toxicity test at all
the treatments and control except the CA5 and CA6 groups
(Table 1) according to the methods described by Dong et

al. [16]. The two groups were not measured because of the
highmortality of the animals after 96 h acute metal exposure.
Briefly, an individual sea cucumber was put into a 3-L conical
flask. Four replicates in each treatment and one blank control
to correct for the respiration of bacteria in the water were set
up. When it became quiescent after 12 h, change in oxygen
content was determined before and after the test over 24 h
using the Winkler method [17].

The oxygen consumption rate (𝑅
0

) of sea cucumber was
calculated from the following equation [18]:

𝑅
0

(mgO
2

∗ g−1 ∗ h−1) =
(𝐶
0

− 𝐶
𝑡

) 𝑉

𝑊𝑇

, (2)

where 𝐶
𝑡

and 𝐶
0

are the change in oxygen content
(mgO

2

L−1) before and after test in the test bottles and blank
bottles, respectively; 𝑉 is the volume of the bottle (L); 𝑊
and 𝑇 are the wet weight of sea cucumbers (g) and time of
duration (h), respectively.

2.5. Statistical Analysis. Statistical analyses were performed
using SPSS (version 17.0).The comparisons of weight, specific
growth rate, and oxygen consumption rate among treatments
were done by one-way ANOVA, followed by Duncan’s mul-
tiple comparison tests if significant difference was reported
by ANOVA. All the data were expressed as mean ± standard
error.

3. Results

3.1. Acute Toxicity of Zn, Cu, and Cd on Survival and Behavior
of Sea Cucumber and the LC50 Values. Effects of acute
toxicity of the three metals (Zn, Cu, and Cd) on survival
rate of sea cucumber are listed in Table 4. With the increase
of concentration and time duration of metal exposure, the
survival rate of sea cucumber decreased. The sea cucumber
showed similar toxicity symptom under the stress of the
three metals. In the low concentration groups, that is, the
concentration with Zn of 2.05mg L−1, Cu of 0.08mg L−1,
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Table 4: Effects of acute Zn, Cu, and Cd stress on the survival rate of Apostichopus japonicus.

Cations Concentration (mg L−1) 24 h
Survival rate (%)

48 h
Survival rate (%)

72 h
Survival rate (%)

96 h
Survival rate (%)

Zn

1.00 100 100 100 100
1.43 100 100 100 100
2.05 100 94.44 83.33 77.78
2.94 94.44 83.33 66.67 33.33
4.21 83.33 66.67 38.89 16.67
6.00 66.67 38.89 11.11 0

Cu

0.02 100 100 100 100
0.03 100 100 100 100
0.05 100 100 100 100
0.08 94.44 88.89 77.78 77.78
0.13 88.89 77.78 55.56 50.00
0.20 77.78 61.11 38.89 27.78

Cd

0.50 100 100 100 100
0.66 100 100 100 100
0.87 100 100 100 100
1.15 94.44 88.89 77.78 66.67
1.51 88.89 77.78 66.67 50.00
2.00 33.33 72.22 55.56 38.89

Control 100 100 100 100

Table 5: The regression equation and medium lethal concentration (LC50) of Apostichopus japonicus exposed to various Zn, Cu, and Cd
concentrations calculated by probit analysis.

Cation Time/h Regression equation 𝑅
2 LC50 (mg L−1) MATC∗ (mg L−1)

Zn

24 h 𝑦 = 3.8072𝑥 + 1.6268 0.9970 7.691
48 h 𝑦 = 3.9949𝑥 + 2.1415 0.9968 5.200
72 h 𝑦 = 4.6655𝑥 + 2.4832 0.9873 3.467
96 h 𝑦 = 6.439𝑥 + 2.2450 0.9723 2.679 0.135

Cu

24 h 𝑦 = 2.1241𝑥 + 5.6999 0.9924 0.468
48 h 𝑦 = 2.3553𝑥 + 6.3485 0.9884 0.267
72 h 𝑦 = 2.6206𝑥 + 7.1363 0.9943 0.153
96 h 𝑦 = 3.3879𝑥 + 7.9710 0.9985 0.133 0.007

Cd

24 h 𝑦 = 2.7053𝑥 + 3.2471 0.9866 4.446
48 h 𝑦 = 2.6388𝑥 + 3.6658 0.9280 3.206
72 h 𝑦 = 2.5822𝑥 + 4.0910 0.9978 2.250
96 h 𝑦 = 2.9672𝑥 + 4.4159 0.9837 1.574 0.079

∗MATC (maximum allowable toxicant concentration).

and Cd of 1.15mg L−1, the activities of the sea cucumbers
were similar to the animal in the control group in the first
24 h. The sea cucumber was absorbed on the wall or bottom
of the aquarium. However, with the extension of exposure
time, the absorption capacity of ambulacral foot weakened
and some of the animals dropped on to the bottom of
the aquarium accompanied by twisting and contraction of
the body. Few individuals spontaneously rejected internal
organs, that is, evisceration, followed by disappearance of
spines on the body and after evisceration the individuals
started to rot.The sea cucumbers were more sensitive to high
concentration (Zn of 6.00mg L−1, Cu of 0.20mg L−1, and Cd

of 2.00mg L−1) metal exposure. Immediately after exposure,
some individuals dropped on the bottom of the aquarium,
twisted, and contracted the body followed by evisceration and
death.

As exhibited in Table 5, with the extension of expo-
sure time, the LC50 for the three metals all decreased
demonstrating that the toxicity of the three metals to sea
cucumber increased as the exposure time increased. The
96 h LC50 values for Zn, Cu, and Cd were 2.679, 0.133,
and 1.574mg L−1, respectively, while the maximum allowable
toxicant concentrations (MATC) for the threemetals (Zn,Cu,
and Cd) were 0.135, 0.007, and 0.079mg L−1, respectively.



BioMed Research International 5

Table 6:The survival rate and specific growth rate ofApostichopus japonicus exposed to various concentrations of Zn, Cu, and Cd for 15 days.
Different letters indicate significant differences (P < 0.05).

Cations Concentration (mg L−1) Survival rate (%) Initial wet weight (g) Final wet weight (g) Specific growth rate (% d−1)

Zn

Control 100 16.36 ± 0.25ac 21.32 ± 0.23a 21.64 ± 1.75a

0.040 100 15.58 ± 0.15b 19.30 ± 0.25b 16.67 ± 1.29b

0.070 100 15.74 ± 0.45ab 18.02 ± 0.61c 10.66 ± 1.45c

0.150 100 16.12 ± 0.52acb 16.98 ± 0.60d 4.18 ± 0.38d

0.770 58.30 16.48 ± 0.33c 13.07 ± 0.52e −19.15 ± 1.73e

Cu

Control 100 16.36 ± 0.25a 21.32 ± 0.23a 21.64 ± 1.75a

0.003 100 15.95 ± 0.04bc 19.05 ± 0.63b 14.11 ± 2.76b

0.005 100 16.18 ± 0.11ab 18.30 ± 0.32bc 9.94 ± 2.33c

0.010 100 15.75 ± 0.37c 17.72 ± 0.68c 9.26 ± 1.62c

0.050 75.00 16.88 ± 0.09d 14.31 ± 0.31d −13.94 ± 1.52d

Cd

Control 100 16.36 ± 0.25ab 21.32 ± 0.23a 21.64 ± 1.75a

0.022 100 16.64 ± 0.26b 20.82 ± 0.64a 18.63 ± 1.55a

0.044 100 16.67 ± 0.27b 19.27 ± 0.63b 12.09 ± 2.16b

0.088 100 15.94 ± 0.2a 17.97 ± 0.41c 9.53 ± 2.65b

0.440 83.30 16.05 ± 0.1a 13.23 ± 0.11d −15.51 ± 1.26c

3.2. Effects of Chronic Toxicity of Metals on Survival and
Growth of Sea Cucumber. The survival rate and SGR of sea
cucumber after chronic metal exposure are listed in Table 6.
With the increase of metal concentration, the SGR of sea
cucumber decreased for all the three metals. The SGRs in
groups treated with Zn and Cu were significantly lower
than that in control (𝑃 < 0.05). When the Cd concen-
tration was over 0.044mg L−1, the SGRs of sea cucumbers
were significantly lower than those in control and the low
concentration (0.022mg L−1) treatments. Apparent uneaten
feeds were found on the 7th d with Zn at the concentration
of 0.150mg L−1, the 10th d with Cu at the concentration
of 0.010mg L−1, and 12th d with Cd at the concentration
of 0.088mg L−1. After that, all the sea cucumbers stopped
eating and began to contract their bodies into balls. Negative
SGRs were recorded in treatments with the Zn, Cu, and Cd
concentrations of 0.770, 0.050, and 0.440mg L−1 and their
survival rates were 58.3%, 75.0%, and 83.3%, respectively.

3.3. Effects of Metal Stress on OCR and Metabolic Enzymes of
Sea Cucumber

3.3.1. Acute Zn, Cu, and Cd Stress on OCR of Sea Cucumber.
Significant differences were found on OCR between sea
cucumbers acutely exposed to different concentrations of Zn,
Cu, Cd, and control (𝑃 < 0.05). The OCR increased signifi-
cantly in the group treated with 1.00mg L−1 Zn (𝑃 < 0.05),
while in the other groups, similar trend was observed: with
the increase of metal concentrations, the OCRs decreased
and were significantly lower than that in control (𝑃 < 0.05)
(Figure 1).

3.3.2. Chronic Zn, Cu, and Cd Stress on OCR of Sea Cucumber.
The OCRs in groups chronically exposed to metals were
significantly lower than that in the control group (𝑃 < 0.05)
(Figure 2). Significant difference for the OCR occurred only

between CC4 and CC1 groups under Zn exposure (𝑃 < 0.05),
while no significant differences were observed among the
CC2, CC3, and CC4 groups. The same law was found in the
Cd treated groups. In the Cu treated groups, the OCR of the
highest concentration treated group was significantly lower
than that in the lowest concentration treated group but not
different from CC2.

3.3.3. Effects of Chronic Zn, Cu, and Cd Exposure on HK
and PK in Different Tissues of Sea Cucumber. In the nature
seawater, the HK and PK activities in the respiratory tree
were larger than those in the muscle followed by intestine
(Figure 3). Under chronic low Cu exposure (0.003mg L−1),
the HK activity in the intestine did not change much and
there was a slight trend of increase in the CC2 group
(0.005mg L−1) (Figure 3). However, theHK activity increased
rapidly and reached the highest point on the 10th day of
exposure and then decreased in the high concentration
groups (CC3 and CC4). In the respiratory tree, which has a
higher concentration of HK than the intestine under normal
conditions, the change pattern of HK was different from the
intestine. An increase of HK activity was observed in the low
concentration group (CC1). In the other three groups, theHK
activity increased at first and then decreased under chronic
Cu exposure. The higher the exposure concentration was,
the earlier the highest point of HK activity obtained. In the
muscle, a slight increase of HK activity occurred in the two
low concentration groups (CC1 and CC2), while in the two
high concentration groups (CC3 and CC4), the HK activity
increased rapidly and then decreased (Figure 3).

The PK in the respiratory tree responded similarly to
the HK in this tissue (Figure 3). An increase of PK activity
was observed in the low concentration group (CC1). In the
other three groups, the PK activity increased at first and
then decreased under chronic Cu exposure. The higher the
exposure concentration was, the earlier the highest point of
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Figure 1: Levels of oxygen consumption rate of Apostichopus japonicus after 96 h acute exposure to various Zn, Cu, and Cd concentrations.
The bars are the respective standard deviations (𝑛 = 3), and different letters above the bars indicate significant differences (P < 0.05).

PK activity reached. A trend of increase was observed in
both the intestine and muscle in the CC3 and CC4 groups.
In the muscle, the PK in the low concentration groups (CC1
and CC2) fluctuated around the value in the nature seawater
(Figure 3).

Generally, the HK activity increased first and then
decreased in all the three tissues under chronic Cd exposure
in the CC2, CC3, and CC4 groups. The higher the exposure
concentrationwas, the earlier the highest point of HK activity
reached (Figure 4). For example, the highest concentrations
of HK activity in the respiratory tree of the three groups,
that is, CC4 (0.440mg L−1), CC3 (0.088mg L−1), and CC2
(0.044mg L−1), were obtained on days 0.5, 5, and 10 of
exposure, respectively. In the low concentration group (CC1),

the HK activity decreased in the respiratory tree, increased
in the muscle, and fluctuated around the value in the nature
seawater in the intestine. The change pattern of PK was
similar to HK and the PK activity increased first and then
decreased in the CC2, CC3, and CC4 groups. The higher the
exposure concentration was, the earlier the highest point of
PK activity reached. The PK fluctuated around the value of
control in the low concentration group (CC1) in the intestine
and respiratory tree (Figure 4).

Under chronic Zn exposure, in the CC2, CC3, and CC4
groups, the HK activity generally increased at first and then
decreased in the respiratory tree and intestine (Figure 5). In
the muscle, the HK activity increased in the four treatments
and kept increasing in the CC1, CC2, and CC3 groups at
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Figure 2: Levels of oxygen consumption rate ofApostichopus japonicus after 15 d chronic exposure to various Zn, Cu, and Cd concentrations.
The bars are the respective standard deviations (𝑛 = 3), and different letters above the bars indicate significant differences (P < 0.05).

the last sampling of this study. The PK activity increased
and then decreased only in the intestine and muscle of the
high concentration group, that is, CC4 group with a Zn
concentration of 0.770. In the other treatments and tissues,
the PK activity all decreased or fluctuated around control
(Figure 5).

4. Discussion

When the sea cucumbers were acutely exposed to met-
als, severe mortality was observed in this study. However,
mortality only occurred in groups treated with the highest
concentration of heavy metals in the chronic toxicity test.
This might be because of the acclimation response of the sea
cucumber under chronicmetal exposure. It has been reported

that fish can be physiologically acclimated to chronic Zn
exposure by reducing the branchial influx rate of Zn and
restoring plasma calcium concentrations [19]. Cadmium is
the most commonly found nonessential heavy metal in
aquatic environments and it tends to bioaccumulate in
living organisms. The metal, which could disrupt calcium
absorption, can lead to acute hypocalcaemia and growth
reduction, problematic reproduction, and impairments in
development and behavior in aquatic species [4, 20]. As a
key constituent of metabolic enzymes, Cu is an essential
micronutrient for living organisms [4]. However, it can be
toxic to aquatic organismswhen exceeding normal levels.The
toxic effect includes reduced growth rate, behavioral changes,
and deformities in fish larvae [4]. An essential element for
living organisms, Zn, is crucial to over 300 enzymes and other
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Figure 3: Levels of hexokinase (HK) and pyruvate kinase (PK) in intestine, respiratory tree, and muscle of Apostichopus japonicus during
chronic Cu exposure. The bars are the respective standard deviations (𝑛 = 3).

proteins and also a vital component of all their tissues and
fluids of organs [21, 22]. However, it may have detrimental
effects on the development and survival of many aquatic
organisms when reaching a threshold [4]. The mechanism
of its toxicity is similar to Cd, that is, disrupting calcium

homeostasis through the induction of hypocalcaemia and
disturbing acid-base balance [19].

The toxicity of certain metals is species-dependent. The
96 h LC50 value for Cd in sea cucumber is 1574𝜇g L−1
(Table 5), while that for the rainbow trout, zebrafish, and
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Figure 4: Levels of hexokinase (HK) and pyruvate kinase (PK) in intestine, respiratory tree, and muscle of Apostichopus japonicus during
chronic Cd exposure. The bars are the respective standard deviations (𝑛 = 3).

perch is 19, 3822, and 8141 𝜇g L−1, respectively. This indicates
that the sea cucumber is less sensitive to Cd toxicity than
the rainbow trout, but more sensitive than the zebrafish and
perch [23, 24]. The 96 h LC50 for Cu in sea cucumber is

133 𝜇g L−1, which is higher than rainbow trout, but lower
than the zebrafish [24, 25]. The 96 h LC50 for Zn in sea
cucumber is 2697 𝜇g L−1 and the sea cucumber is more
tolerant to Zn toxicity than the rainbow trout, which has a
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Figure 5: Levels of hexokinase (HK) and pyruvate kinase (PK) in intestine, respiratory tree, and muscle of Apostichopus japonicus during
chronic Zn exposure. The bars are the respective standard deviations (𝑛 = 3).

96 h LC50 of 869 𝜇g L−1 [26]. However, some other aquatic
species, such as guppy, are extremely tolerant to Zn toxicity
with a 96 h LC50 of 30826 𝜇g L−1 [27]. The sea cucumber’s
sensitivity to metals was metal-dependent. In this study,

the sea cucumber is more sensitive to Cu than Cd. Similar
result was reported for common carp and zebrafish [24].
However, some other species such as ridgetail white prawn
(Exopalaemon carinicauda) are more sensitive to Cd than Cu
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[6], while other species, such as rainbow trout, are sensitive
to both Cu and Cd [24].Themechanisms leading to different
sensitivities among species remain not clear and it may be
related to differences in the regulation and affinity of metal
uptake [24].

The change of oxygen consumption rate was reported in
Apostichopus japonicus after evisceration or under fluctuant
temperatures [16, 28]. Both Cd and Cu exposure could cause
significant inhibition of OCR in Exopalaemon carinicauda.
Similar results were also reported in Farfantepenaeus paulen-
sis and L. vannamei, which was acutely exposed to Zn and
Cd [5, 6, 8]. In this study, acute Cu and Cd stress resulted
in the decrease of OCR in sea cucumber, which is consistent
with previous reports. The decrease of OCR in L. vannamei
was attributed to histopathological alterations in the gills after
acute exposure to Cd and Zn [6, 29], while inhabitation of
respiration by heavy metal in mussel has been attributed to
mucus production because it reduces the efficiency of gaseous
exchange [30]. However, the physiological mechanism for
respiratory impairment in sea cucumber is not clear. Though
OCRs were generally decreased when the aquatic animals
were acutely exposed to heavy metals [5], it is interesting to
find that theOCR in sea cucumber increased under acute low
concentration Zn exposure (1.00mg L−1). The exact reason
for the surprising elevation of OCR in sea cucumber remains
unknown. However, elevated OCR was observed in Green-
lipped mussels after chronic exposure to raised Cd for one
week and was interpreted as “an augmented expenditure of
energy reserves characteristic of a stress compensation pro-
cess” [7]. The primary respiratory organ in the sea cucumber
is the respiratory tree and the animal could also obtain oxygen
via cutaneous respiration [28].The increase of OCR in the sea
cucumber indicated elevated activity of the two parts.

In the nature seawater, the HK in the three tissues in
sea cucumber followed: respiratory tree >muscle > intestine.
Therefore, the metabolic responses of the three organs to
heavy metal exposure were different and the respiratory
tree was the most active metabolic place. The HK in the
respiratory tree showed a trend of increase and then decrease
in all the treatments except groups treated with the lowest
concentration for all metals in chronic exposure test. And
the higher the exposure concentration was, the earlier the
highest point of HK activity obtained. HK is a key enzyme
of glycolysis by converting glucose to glucose-6-phosphate
[31]. The elevation of HK might be related to the glycolytic
pathway to derive energy from glucose. The HK activity
decreased when the time of duration of metal exposure
increased indicating that the sea cucumber could not main-
tain the energy support from the glycolysis. The HK activity
was reported to be affected by several factors such as salinity,
dietary carbohydrate, and molt cycle in shrimp [14], while in
sea cucumber, the variation of HK under metal exposure was
not reported. In the present study, certain level of chronic
metal stress seemed to promote glycolysis at initial phase.
However, as the duration of metal stress lasted, the glycolysis
was inhibited. The higher the metal concentration was, the
early the inhibition happened.

The PK in the three tissues in sea cucumber also followed:
respiratory tree >muscle > intestine. As a major site of acute

hormone action, pyruvate kinase (PK) is also one of the key
enzymes in control of the glycolytic pathways [32]. It catalyzes
the transfer of a phosphate group from phosphoenolpyruvate
(PEP) to ADP, yielding one molecule of pyruvate and one
molecule of ATP (PEP + ADP→ pyruvate + ATP) [33]. The
specific activity of PK is affected by several factors such as
different diets, while prolonged starvation could reduce the
activity of PK in vertebrates. The mechanism of inhibition
of PK is a hormone and metabolite-mediated mechanism in
the regulation of the enzyme-gene expression [32]. Under
chronically higher concentrationCd andCu exposure, the PK
in the respiratory tree increased at first and then decreased,
while in the lowest groups (CC0), the PK slightly increased or
fluctuated around the value in control. However, no elevation
of PK levels was observed in the respiratory tree of sea
cucumber exposed to chronic Zn stress indicating that sea
cucumber might be more tolerant to Zn than the Cu and
Cd.

5. Conclusion

We conducted chronic and acute toxicity test to evaluate
the effect of one commonly found nonessential element
(Cd) and two essential elements (Zn and Cu) on survival,
specific growth rate, oxygen consumption rate, and activity
of metabolic enzymes in sea cucumber. From this study,
it demonstrated that chronic metal exposure could inhibit
the growth of the sea cucumber and the specific growth
rate of sea cucumber decreased with the increase of metal
concentration.The 96 h LC50 values were calculated as 2.697,
0.133, 1.574mg L−1 for Zn, Cu, and Cd, respectively, and the
three metals were ranked in order of toxicity: Cu > Cd > Zn.
The maximum allowable toxicant concentrations causing no
harm to sea cucumber for the three metals are 0.135, 0.007,
and 0.079mg L−1 for Zn, Cu, and Cd, respectively. Under
acute or chronic heavy metal stress, the sea cucumber has
many physiological adaptionmechanisms including decrease
or increase of oxygen consumption rate and adjusted activity
of metabolic enzymes.
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[27] A. Gül, M. Yilmaz, and Z. Işilak, “Acute toxicity of zinc sulphate
(ZnSO

4

.H
2

O) to guppies (Poecilia reticulata P., 1859),” Gazi
University Journal of Science, vol. 22, no. 2, pp. 59–65, 2009.

[28] Y. Zang, X. Tian, S. Dong, and Y. Dong, “Growth, metabolism
and immune responses to evisceration and the regeneration of
viscera in sea cucumber, Apostichopus japonicus,” Aquaculture,
vol. 358-359, pp. 50–60, 2012.



BioMed Research International 13

[29] J.-P. Wu, H.-C. Chen, and D.-J. Huang, “Histopathological
alterations in gills of white shrimp, Litopenaeus vannamei
(Boone) after acute exposure to cadmium and zinc,” Bulletin of
Environmental Contamination and Toxicology, vol. 82, no. 1, pp.
90–95, 2009.

[30] T. J. Naimo, G. J. Atchison, and L. E. Holland-Bartels, “Sublethal
effects of cadmium on physiological responses in the pocket-
book mussel, Lampsilis ventricosa,” Environmental Toxicology
and Chemistry, vol. 11, no. 7, pp. 1013–1021, 1992.

[31] C. K. Miyasaka, R. B. Azevedo, R. Curi, J. M. Filho, and F. M.
Lajolo, “Administration of fish oil by gavage increases the activ-
ities of hexokinase, glucose-6-phosphate dehydrogenase, and
citrate synthase in rat lymphoid organs,”General Pharmacology:
The Vascular System, vol. 27, no. 6, pp. 991–994, 1996.

[32] M. Salomon, P. Mayzaud, and F. Buchholz, “Studies on
metabolic properties in the Northern Krill, Meganyctiphanes
norvegica (Crustacea, Euphausiacea): influence of nutrition
and season on pyruvate kinase,” Comparative Biochemistry and
Physiology—AMolecular and Integrative Physiology, vol. 127, no.
4, pp. 505–514, 2000.

[33] X. Yuan, Y. Zhou, X.-F. Liang et al., “Molecular cloning, expres-
sion and activity of pyruvate kinase in grass carp Ctenopharyn-
godon idella: effects of dietary carbohydrate level,” Aquaculture,
vol. 410-411, pp. 32–40, 2013.




