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REMOVAL OF ENVIRONMENTAL POLLUTIONS
USING ZEOLITES FROM FLY ASH: A REVIEW
Małgorzata Franus1, Magdalena Wdowin2,*, Lidia Bandura1 and Wojciech Franus1
1

Department of Geotechnics, Civil Engineering and Architecture Faculty, Lublin University of Technology, Nabystrzycka 40, 20-618 Lublin, Poland
2
The Mineral and Energy Economy Research Institute of the Polish Academy of Sciences, Wybickieg 7, 31-261 Krakow, Poland

ABSTRACT
The paper presents the possibilities of using synthetic
zeolites in environmental protection and engineering. As a
result of the synthesis reaction of fly ash, the following
types of zeolites were obtained: Na-X, Na-P1, sodalite, and
two mixtures of zeolites composed of Na-P1/Na-X/LindeA and Na-P1/Linde-A. Obtained zeolites were tested on the
removal of ammonium ions from water, radionuclides (226Ra
and 228Ra) from mine water, zinc ions from washing baths,
CO2 from exhaust gases, and oil refining. In the case of
ammonium ion removal, the uptake of these ions from
aqueous solutions increases with the increase in the initial
concentration of NH4+ in the tested artificial solution. The
tests of radionuclides removal have shown high efficiency
that reached 98%. The analysis of purification washing
baths results indicate Zn2+ high removal efficiency of the
tested zeolite. Zeolites are a bit less effective at removing
CO2. However, they were very good materials in oil refining where the obtained results are slightly better than for
the adsorbents used commercially for this purpose. The results showed that, in most cases, the zeolites tested remove
the aforementioned contaminants very effectively, and are
a competing material for various kinds of commercially
available adsorbents used for the described impurities.
KEYWORDS: synthetic zeolites, ammonium ions, radionuclides,
oil refining, carbon dioxide, washings bath

1. INTRODUCTION

They are used, among other things, in reactions with
organic compounds (the separation of unsaturated hydrocarbons and removal of petroleum substances [9] by means
of selective adsorption, as well as other organic substances
using molecular sieve properties, they are also used for the
treatment of acidic wastewaters generated by the production of monochloroacetic acid containing chlorinated organic compounds [10] as well as BTX [11] or phenol removal from wastewaters [12]), as membranes and molecular sieves in gaseous pollutions removal, in wastewaters
treatment, and in nuclear industry. They are good ion exchangers, and therefore they are used as gas separators, and
in medicine [13].
Considering environmental protection, zeolites are
generally used in water and wastewater treatment technologies as well as in the purification of flue gases.
With regard to wastewater treatment, they have the
ability to capture a large number of ions that constitute pollution, including radionuclides, such as 137Cs and 90Sr [14],
as well as heavy metals, ammonium ions, chloroform, carbon tetrachloride from wastewaters and acidic mine waters.
For removal of ammonium ions, both synthetic zeolites, such as Na-P, Na-Y [15], 4A-X, Na-P1, Na-chabazite,
KM, analcime, sodalite [4, 16, 17], 13X [18], and natural
zeolites, mainly clinoptilolite [15, 19, 20, 21, 22], were
studied.
Regarding heavy metal sorption, zeolites exhibit a distinct selectivity for this type of contaminants present in water, wastewaters or wastewater sludge [23, 24].

Zeolites are microporous, hydrated aluminosilicates of
alkali elements, alkaline earth metals or other cations which,
in their crystal structure, contain numerous channels and
chambers of various sizes (in the order of several angstroms), resulting in a number of sorption, ion exchange,
molecular-sieve and catalytic properties [1-4]. Because of
these properties, they are widely used in many branches of
industry, agriculture, medicine, chemical technology, environmental protection, and engineering [4-8].

For analyses of removing heavy metals from contaminated water that is rich in iron and aluminum, according to
Qerol et al. [4], synthetic zeolites show very good selectivity presented in the following order: Fe3+>Al3+≥Cu2+≥
Pb2+≥Cd2+= Tl+>Zn2+ >Mn2+>Ca2+=Sr2+> Mg2+. Lee et al.
[25] analyzed the selective sorption of cations Zn, Cu, Cd,
and Pb for natural and synthetic zeolites. The results
showed that synthetic zeolites exhibit higher cation exchange capacity and, hence, a larger amount of adsorption
of heavy metal cations.

* Corresponding author

Zeolites, among other low-cost sorbents, are widely
used in the purification of soil [26], gas [27, 28], and aqueous
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solutions from mercury pollution [29, 30]. A synthetic zeolite impregnated with silver resistant to high temperatures
was created for the capture of mercury from flue gases
[28]. In addition, this zeolite had a high selectivity with regard to dioxins, furans and other polycyclic hydrocarbons,
which, after initial evaporation of mercury, are subjected
to thermal decomposition [10].
However, when it comes to the purification of flue
gases, zeolites turned out to be best at removing the following pollutants: SO2, CO2, CO, NOx, H2S, NH3 and Hg [28,
31].
The main objective of this paper is to determine how
useful synthetic zeolites obtained from fly ash can be when
it comes to the removal of environmental pollutants, i.e. the
removal of ammonium ions from aqueous solutions, radionuclides from mine water, and zinc from washing baths,
and how they can be used in oil refining, and removal of
CO2 from exhaust gases. Some sources indicated the application of fly ash in such cases [32], but zeolites have much
better surface properties, necessary to remove the aforementioned pollutions.
The article presents the results of an examination carried out by the authors as compared with the results obtained by others.

2. MATERIALS AND METHODS
2.1. Research materials

For the purpose of environmental examination, we
used synthetic zeolites that were obtained by reaction of fly
ash with NaOH under different conditions (i.e. the concentration of NaOH, time and temperature of reactions). The
synthetic zeolite materials were Na-X, Na-P1, sodalite,
which were the result of the conversion of fly ash in the
laboratory scale, as well mixtures of Na-P1/Na-X/Linde-A
and Na-P1/Linde-A produced on the basis of a prototype
production line for zeolite synthesis [33].
2.2 Synthesis conditions

The extent of fly ash conversion into zeolite materials
is dependent on the conditions of the synthesis. The scheme
of the process is shown below [34]:
fly ash + x mol dm-3NaOH

time
temperature

zeolite +
residuum

Conditions for the synthesis of various types of zeolites and mixtures are as follows:
 Synthesis of Na-X phase: 20 g of fly ash was mixed
with 0.5 dm3 of NaOH at a concentration of 3 mol*dm-3
for 24 h at 75 °C;
 Synthesis of Na-P1 phase: 20 g of fly ash was mixed
with 0.5 dm3 of NaOH at a concentration of 3 mol*dm-3
for 24 h at 95 °C;

 Synthesis of sodalite phase: 20 g of fly ash was mixed
with 0.8 dm3 of NaOH at a concentration of 5 mol*dm-3
+ 0.4 dm3 of NaCl at a concentration of 3 mol*dm-3 for
24 h at 95 °C;
However, at ¼ technical scale conditions are:


Synthesis of Na-P1 phase: 20 kg of fly ash, 12 kg
NaOH, 90 dm3 of water, the reaction temperature of
80 °C and time of reaction is 36 h;



Synthesis of Na-P1/Na-X/Linde-A mixtures: 15 kg of
fly ash, 12 kg NaOH, 90 dm3 of water, the reaction
temperature of 80 °C and time of reaction is 24 h;



Synthesis of Na-P1/Linde-A mixtures: 20 kg of fly
ash, 12 kg NaOH, 90 dm3 of water, the reaction temperature of 70 °C and time of reaction is 24 h.

2.3. Methodology

This chapter describes the methodology of synthetic
zeolites examinations and characteristics as well as methods
for the removal of environmental pollutants by zeolites, i.e.
removal of ammonium and zinc ions, radionuclides, and
CO2 and oil refining.
2.3.1. The phase composition of the analyzed synthetic zeolites and their physico-chemical properties

The obtained zeolite materials were examined by
means of X-ray phase analysis (XRD), scanning electron
microscopy (SEM) as well as chemical analysis.
The mineral composition of synthetic zeolites was determined via powder XRD using a Philips X’pert APD with
PW 3020 goniometer, Cu lamp and graphite monochromator from 5 to 65° 2θ.
The scanning electron microcopy analysis was carried
out using an electron microscope - FEI Quanta 250 FEG
SEM, equipped with a chemical composition analysis system based on energy dispersion scattering EDS-EDAX.
The cation exchange capacities (CEC) were determined on the basis of the amount of Ba2+ ions saturated in
the samples and desorbed by 1 mol·dm-3 of MgCl2, where
this procedure is recommended by the Association International Pour L’Etude Des Argiles [35].
The specific surface area was determined based on the
shape of the vapor nitrogen adsorption/desorption isotherm
at -196.15 ºC, based on the BET multilayer adsorption theory [36] at p/p0 between 0.06 and 0.3 (p and p0 are the equilibrium and saturation pressure of nitrogen, respectively).
It was examined on an ASAP 2020 Micromeritics analyzer.
2.3.2. Methodology of ammonium ions removal

The sorption of NH4+ ions on zeolite adsorbents was
performed using the batch method. Samples of 0.5 g mass
of sorbent were mixed with 50 cm3 of ammonium-rich solution. The initial concentration of NH4+ varied from 15 to
105 mg·dm-3. The solutions with zeolite samples were shaken
for 60 min, and then centrifuged for 10 min at 3000 rpm. After
centrifugation, in the solutions, ammonia nitrogen was de-
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termined using a Flow Injection Analyser FIAstar 5000
(FOSS).
The content of NH4+ ions was calculated according to
the following equation:
qt=

(Co  Ce )V
M

that the permeability of the material (T%) of refined used
oil was 40%.
The refining effect (determined from the degree of oil
bleaching) was calculated using the following equation:
R[%] = ((Eraw – Eraf)/Eraw) x 100%

where, qt is the total amount of adsorbed NH4+ ions
[mg·g-1], Co is the initial concentration of NH4+ in the solution [mg·dm-3], Ce is the equilibrium concentration of
NH4+ in the solution [mg·dm-3], V is the volume of the analyzed solution [dm3], and M is the adsorbed mass [g].
+

The sorption of NH4 ions on the tested zeolites was
analyzed using the Langmuir and Freundlich isotherm
models. For linear Langmuir equation, the following procedure was used:

where, R is the degree of lightening sample; Eraw is the
extinction of neat material sample; and Eraf is the extinction of refined oil samples.
The refining effect (determined based on the activity
index) was calculated according to the following equation:
Wi[%] = ((LKraw – LKraf)/LKraw) x 100%
where, Wi is the activity index; LKraw is the acid number of the neat material sample; and LKraf is the acid number of refined oil samples.
2.3.4. Methodology of radionuclides removal

Ce
1
C

 e
qe qmax K L qmax
where, qe is the equilibrium amount of NH4+ exchange
by tested zeolites [mg·g-1], Ce is the equilibrium NH4+ concentration in the solution [mg·dm-3], qmax is the maximum
uptake of ammonium exchanged [mg·g-1], and KL is the
Langmuir constant [dm3·mg-1].
For linear model of Freundlich, the following equation
was used:

1
ln qe  ln K F  ln Ce
n

The effectiveness of zeolite sorbent with regards to radionuclide removal was measured in an experiment performed at dynamic conditions. In order to obtain a suitable
flow-rate of mine water through the bed, the column of
about 30 cm in diameter was filled with 26 kg of sand and
2 kg of zeolite.
The mine water to be purified in the experiment came
from a hard coal mine KWK Piast from the horizon of 650 m,
and contained the following concentrations of isotopes: 226Ra
4.216 ± 0.534 [kBq·m-3], 228Ra 7.81 ± 1.46 [kBq·m-3].
Thermal conductivity was 119000 μS·cm-1 and salinity
110 g·dm-3.
TABLE 1 - The chemical composition of mine water from KWK Piast.
Element
Calcium
Magnesium
Sodium
Potassium
Ferrum
Manganium
Barium
Strontium
Boron
Zinc
Copper
Nickel
Chlorides
Sulfates

1
where, KF is the Freundlich constant [dm ·g ], and
n
3

-1

is the heterogeneity factor.
2.3.3. Methodology of oil refining

In the oil refining test, two oils were used, i.e. TRAFO
(transformer) oil and TU-46 (turbine) oil. The process of
refining by contact method was performed using the following parameters: the quantity of sorbent about 5% by
mass; contact time of 30 min; process temperature 50 °C
for TRAFO oil and 70 °C for turbine oil.
The temperature differences result from the differences in viscosity of these oils. While analyzing refined oil,
the refining effect was determined based on the calculation
of activity index. The activity index was designated from
the change in the acid number of the oil before and after
refining it, and the bleaching effect was determined by
measuring the color intensity of the oil before and after refining. Then, the acid number was defined by means of a
photocolorimeter "Spekol". The acid number was determined by the following standard PN-85/C-04066 [37].
The measurement of light extinction in the tested oils
was made at selected wavelengths of light (0.455 nm), so

amount in [mg·dm-3]
2970
4410
49700
755
0.40
4.43
0.10
67.2
14.8
1.46
<0.05
0.14
93000
3690

120 dm3 of salt water was passed through the column.
In the examinations of the level of radionuclides removal,
the method for the determination of radium isotopes in
mine waters using the technique of liquid scintillators was
applied. It allows the determination of 226Ra and 228Ra;
however, the double measurement of the concentrations of
radium isotopes in the samples subjected to appropriate
preparative work is necessary. The first measurement was
taken 24 h after the preparation in order to determine preliminarily the effectiveness of purification, and the second
after 30 days.
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The method allows for simultaneous determination of
Ra and 228Ra in water samples. The determination was
preceded with chemical preparation, during which radium
isotopes were precipitated with a barium carrier in the form
of finely-crystalline radium-barium sulfate. The resulting
precipitate was mixed with liquid gelling scintillation,
which ensures homogeneity of the sample, and radium content was measured in the Quantulus liquid scintillation
spectrometer.

permissible amount [38], and the volume saturation "Vn" of
the bed is determined when the concentration of heavy metals in the effluent reaches baseline value [39]. In order to determine the volume of leakage, a so-called bed volume is
very often used, where it is assumed that the bed volume of
the ion exchange column constitutes the volume unit [40].

2.3.5. Methodology of zinc ions removal

The amount of metal removed from the solution was
calculated from the difference in the concentrations of
metal ions in the solution before the ion exchange process
(initial concentration) and after the exchange process [41,
42] according to the following equation:

226

In order to evaluate the efficiency of zinc ions removal
from the washing baths, synthetic Na-P1 zeolite material
was selected. The process of zinc ions uptake was conducted under static and dynamic conditions.
Washing baths used for testing came from the production line of "PZL Swidnik". The washing baths were collected from the bath tube of galvanizing process. The chemical composition of washing baths was as follows: zinc –
47.85 mg·dm-3, potassium - 123 mg·dm-3, sodium – 10.31
mg·dm-3, boron – 3.48 mg·dm-3, vanadium – 3.47 mg·dm-3,
calcium - 1 mg·dm-3, aluminum – 0.26 mg·dm-3, and magnesium – 0.2 mg·dm-3.
The experiment of removing zinc ions by the Na-P1
zeolite was performed under dynamic conditions (in a glass
column with a diameter of 1 cm and a height of 50 cm,
where the thickness of the bed was 20 cm) and static conditions (in a polypropylene vessel with a volume of 1 dm3).
The maximum exchange capacity "Ac" is the amount
of ions that can be exchanged in a column with a bed in
specific process conditions. It corresponds to the total removal of the working area from the column when the ion
exchanger contained in the bed is in equilibrium with the
solution that is fed to the column. It is calculated with the
following equation:

AC 

Q

[(C  Ceq)  V
W

where, Q is the amount of metal ions removed by an ion
exchanger mass [mval·g-1]; C is the initial concentration of
the metal solution [mval·dm-3]; Ceq is the concentration of
metal after ion exchange process [mval·dm-3]; V is the volume of solution [dm3]; and W is the mass of mineral [g].
2.3.6. Methodology of CO2 removal

CO2 sorption measurements were made using an analyzer for precise measurements of physical sorption as well
as chemisorption, equipped with an additional device to vapor sorption, and a mass spectrometer - AUTOSORB-1-C
(Quantachrome Instruments, USA). Before the measurements, samples were rinsed with helium and calcinated at
373.15 °K during a 4 h period. The scope of works included
the appointment of CO2 adsorption isotherms at the temperature of 273 °K.

V0  0.5  V   C

3. RESULTS AND DISCUSSION

SL

where, V0 is the volume of the leakage to the point of
breakdown [cm3]; ΔV is the volume of leakage corresponding to the elution from the column of the work zone [cm3];
C is the initial concentration of the solution [mval/cm3], S
is the area of bed cross-section [cm2], L is the height of the
bed in the column [cm].
The working exchange capacity "Ad" of the bed is the
amount of ions that can be exchanged through the bed at
the time of breakdown, and it is determined by the following equation:

Ad 

The initial and final concentration of metals in solution
was determined by ICP-MS methods using a spectrometer
ICP-OES (JOBINYWON U-238).

V0  C
SL

The exchange capacity to the point of breakdown is
characterized by such a state of ion exchanger exhaustion, in
which the work zone remains almost entirely in the bed. The
volume of breakdown "Vp" of the bed is determined when
the amount of removed ions in the leakage is equal to the

3.1. Characteristics of zeolite materials

When applying conversion process variables, the reaction temperature, substrate concentration, the relative proportions between the amount of fly ash and NaOH aqueous
solution and the time of the synthesis reaction, the various
types of zeolite materials were derived:
Na-X (the presence of the phase of Na-X zeolite in the
reaction products was determined based on the main dspacing dhkl = 14.47, 3.81, 5.73, 8.85, 4.42, 7.54, 4, 81, and
3.94 Å). The quantitative content of zeolite calculated from
X-ray diffraction was 63 %. Microprobe chemical analyses
showed that the main exchangeable cation in the zeolite
structure is sodium, which balances the net charge of aluminosilicate lattice. Averaged ratios of individual cations
obtained by microprobe point analysis EDS were as follows: Na+K/Si = 0.55; Na+K+Ca+Mg/Si = 0.60; Na+K/Si
= 0.65; Na+K+Ca+Mg/Si = 0.79; Si/Al = 1.12. Ion exchange capacity of the zeolite material was 18 meq·g-1,
whereas the surface area was 165 m2·g-1.
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Na-P1 (the presence of Na-P1 zeolite phase in the reaction products was determined based on the main d-spacing
dhkl = 7.10, 5.01, 4.10, 3.18 Å). Zeolite content in the reaction products was 81%. Microprobe chemical analyses
showed that sodium is the main exchangeable cation in the
structure, balancing the charge of the aluminosilicate lattice. Averaged ratios of individual cations derived from the
point microprobe chemical analysis EDS were as follows:
Na+K+Ca+Mg/Si = 0.44; Si/Al = 1.42. The ion-exchange
capacity of the derived zeolite material was 0.78 meq·g-1,
whereas the surface area was 70 m2·g-1.
Sodalite (the presence of sodalite phase in the reaction
product was determined based on the main d-spacing dhkl =
6.29, 3.62, 2.09 Å). The quantitative content of the zeolite
calculated on the basis of X-ray analysis was 95%. Microprobe chemical analyses showed that sodium is the main exchangeable cation in the structure, balancing the charge of
the aluminosilicate network. Averaged ratios of individual
cations derived from the point microprobe chemical analysis
EDS were as follows: Na Na+K+Ca+Mg/Si = 1.12; Si/Al =
1.21. The ion exchange capacity of sodalite material was
0.56 meq·g-1, and the specific surface area was 35 m2·g-1.
Na-P1/Na-X/Linde-A (besides the d-spacing given
for the two above-described zeolites in the diffractograms,
additionally, d-spacing characteristics for zeolite Linde-A
have been identified: 12.31, 8.70, 7.10, 5.50 Å). In total, all
three zeolites constituted 63% mass of the products. The
presence of zeolite Linde-A and Na-X resulted in the increase of ion exchange capacity, with respect to the Na-P1
material up to 0.73 meq·g-1, and surface area to 116 m2·g-1,
despite the decrease of the zeolite phase content in the reaction product.

Na-P1/Linde-A is quantitatively the total amount of zeolite determined based on X-ray analysis, and it was 64%.
The additional presence of zeolite Linde-A resulted in an increase of the ion exchange capacity up to 0.63 meq·g-1, and
a surface area of 82 m2·g-1, despite the decrease of zeolite
phases in the reaction product.
3.2. Experiments in practical application of the tested zeolite
materials in environmental protection

Due to the surface and ion exchange properties of the
tested zeolites, they were examined with regard to their application in various fields of environmental engineering.
The results of this investigation are shown below.
3.2.1. Removal of ammonium ions

We have tested three synthetic zeolites derived from
the hydrothermal reaction of fly ash with NaOH aqueous
solution for removal of ammonium ions from aqueous solutions - these materials constituted the following zeolites:
Na-X, Na-P1 and synthetic sodalite. Due to the fact that
zeolites are good sorbents of ammonium ions in a solution
with a low concentration of Na+ (because zeolites are more
selective for the capture of Na+ ions than NH4+ [4, 19]),
sorption of these ions was investigated on artificially prepared solutions. Experiment was carried out using ammonium chloride solutions with concentrations in the range of
50-500 mg/dm3.
Studies have shown that the amount of ammonium
ions removed from the solution by the tested minerals increases with the increase in the equilibrium concentration
in the solution (Fig. 1).
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FIGURE 1 - Sorption curves of NH4+ for tested zeolite materials.
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TABLE 2 - The isotherm constants for ammonium exchange by tested zeolite materials.
Sample

Langmuir

Freundlich

NaX

qmax
7.08

KL
0.49

R2
0.98

n
1.80

1/n
0.56

KF
0.61

R2
0.99

Na-P1

7.30

0.03

0.98

1.65

0.67

0.45

0.99

Sodalite

7.57

0.03

0.98

1.53

0.66

0.33

0.99

The largest, maximum amount of ammonium ions was
adsorbed by the synthetic zeolite Na-X (5 mg NH4·g-1) at a
solution concentration of 400 mg·dm-3 of NH4Cl. Slightly
lower values were observed for Na-P1 - 4.7 mgNH4·g-1,
and the lowest for sodalite 4.5 mgNH4·g-1 at a concentration of initial solution of 500 mg·dm-3 NH4Cl [17].
From Langmuir and Freundlich sorption isotherms
drawn for the analyzed materials, a better fit for Freundlich
model is evident, which is obvious in the case of sorption
experiments onto solutions. The R2 for this model is very
good and in the range of 0.98-0.99 (Table 2).
KL coefficients for Na-X are much higher than for the
other two zeolite materials. However, the coefficient KF is
similar for each sample, which is shown by a better fit of
the model. Values of 1/n of all the tested materials are in
the range of <1, indicating favorable conditions for the removal of ammonium ions from aqueous solutions [19, 21].
Zeolites such as NH4+ sorbents were also investigated by
Arslan and Veli [43]. They carried out their studies using
4 zeolite samples (Aqua-Multalite, Zeolite of Gördes-Manisa,
Zeolite 13X and Zeolite 4A). The results have shown that zeolite 13X provided the highest removal efficiency. The experiments were performed at 23 °C and 150 rpm agitation speed.
Optimum conditions were observed at pH 7, zeolite amount
of 0.5 g/100 ml, and agitation time of 30 min. The results of
the study indicated the best potential for the zeolite 13X as an
adsorbent material for ammonium removal.
Zhang et al. [44] used zeolite synthesized from fly ash
removal of ammonium from aqueous solutions. The major
crystalline structure obtained in the synthesis reaction was
identified as faujasite. Using batch experiments, they examined the effects of contact time, pH, initial ammonium
concentration, adsorbent dosage, and the presence of other
cations and anions. The optimal pH for ammonium removal was found to be 8.0. To obtain the balance between
ammonium adsorption capacity and removal efficiency, the
optimum adsorbent dosage and initial ammonium concentration were established to be 1.32 g/dm3 and 167.89 mg/dm3,
respectively. The authors observed that the presence of indi-

vidual cations and anions also influenced ammonium removal. The orders were as follows: for cations K+>Ca2+>
Na+> Mg2+, and for anions CO32−>Cl−>SO42−, respectively.
3.2.2. Oil refining

The refinery and petrochemical industry has been using the process of adsorption for many years, and this process is now used primarily for the final treatment of light
petroleum products, lubricating oils, oils for special use,
and paraffins.
It is important for the selection of a sorbent to take into
consideration the efficiency of the regeneration process associated with the improvement of oil properties, but also
the economic side of the process. In the proper selection of
the sorbent, it is necessary to examine some of its properties, especially the refining capacity, selectivity, chemical
properties, mechanical strength, costs and facility purchase, and the possibility of reactivation and recycling.
For this purpose, we made laboratory tests of contact
refining of used transformer oil (TRAFO collected from
ZE Wrocław) and turbine oil TU-46 taken out from the exploitation onto sorbents prepared based on zeolites (Na-X,
Na-P1, sodalite). All zeolite materials were thermally activated for 3 h prior to the refining process at 350 °C, and
were crushed in the form of powder before the efficiency
of refining was evaluated. The results of this study are summarized in Table 3.
Having analyzed the research results, it can be stated
that in the process of refining TRAFO oil by the contact
method, zeolite sorbents showed higher efficacy in reducing the acid number for turbine oil (which has a refining
effect determined by changes in acid number ranging from
70-79%, and slightly lower efficacy for oil transformer of
41-59%, respectively). The refining effect of turbine and
transformer oils achieved by means of zeolite sorbents is
comparable to (or slightly higher) than for the commercially available sorbents, such as attapulgite or siliceous
earths [35].

TABLE 3 - The influence of the sorbent type on the effect of oil refining.

No.

Adsorbent

1
2
3

Na-X
NaP1
Sodalite

TRAFO
LKraw = 0.113; Eraw = 0.449; T = 36%
acid number
colour
LKraf
Wi %
Eraf
R%
0.062
45
0.197
56
0.046
59
0.202
55
0.066
41
0.231
48

859

TU-46
LKraw = 0.340; Eraw = 0.303; T = 48%
acid number
colour
LKraf
Wi%
Eraf
R%
0.101
70
0.234
23
0.070
79
0.222
27
0.080
76
0.278
8
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However, the sorbents studied are a bit less effective
at removing oil pollution worsening its color (e.g. resin
compounds, polymerized compounds) in the case of
TRAFO oil (R 48-56%). A significantly lower removal rate
was observed for turbine oils, as compared with commercial sorbents, for which the value of refining effect expressed by the bleaching degree was in the range of 8% for
the sodalite to 27% for Na-P1, respectively.

The analysis of the water samples obtained after the
process of removing radium ions showed that zeolites have
no effect on the levels of calcium or magnesium in purified
water; their concentrations after the removal process were
about 3000 and 4400 mg·dm-3, respectively. Zeolites also
do not cause significant changes in the concentration of
monovalent metals in the solution. Sodium remains at the
level of 50 000 mg·dm-3 and potassium of 800 mg·dm-3.

Many papers claimed that zeolites have been regarded
as one of the most important catalysts in petrochemical industry due to their excellent catalytic performance. However, the micropores predominant in zeolites severely limit
their applications in oil refining and natural gas conversion.
Therefore, in recent years, mesoporous zeolites have been
prepared by introducing mesopores into the zeolite crystals
to solve the problem, and thus, they have the advantages of
both mesostructured materials (fast diffusion and accessibility for bulky molecules) and microporous zeolite crystals
(strong acidity and high hydrothermal stability). Therefore,
it is possible to use these mesoporous zeolites as efficient
catalysts in oil refining and natural gas conversion including catalytic cracking of heavy oil, alkylation, isomerization, hydrogenation, hydrodesulfurization, methane dehydroaromatization, methanol dehydration to dimethyl ether,
methanol to olefins, and methanol to hydrocarbons [45].

The levels of iron, strontium or manganium concentration in the purified water were also, by and large, constant
compared to their concentrations before the purification.
The zeolite materials tested had no effect on the level of
removal of other ions, except for radium. No change in the
concentrations of anions (chloride, sulfate or bicarbonate
ions) was observed, which are not adsorbed by zeolites due
to the negative charge on the surface [46].

Compared with conventional microporous zeolites, the
mesoporous zeolites exhibit excellent performance in oil
refining and natural gas conversion, such as cracking, hydrogenation and hydrodesulfurization of heavy oil, benzene alkylation, hydroisomerization, methane dehydroaromatization, methanol dehydration to dimethyl ether, methanol to olefins, and methanol to hydrocarbons. These phenomena are reasonably attributed to a fast diffusion and accessibility for reactants and products. However, fluid catalytic cracking is by far the largest user of zeolite catalysts.
Recent advances in such catalysts have concentrated on
modifying zeolite Y for improved coke selectivity, higher
cracking activity, and greater stability through the manipulation of extra framework aluminum, or through the generation of mesoporosity of zeolite crystals. Extra framework
aluminum is introduced either by steaming or by ion exchange [45].
3.2.3. Removal of radionuclides from the mine waters

The results of removing both radium isotopes (226Ra
and 228Ra) indicate high efficiency of the process, close to
98%. After passing 120 dm3 of mine water through the column, 226Ra concentration decreased to a value of 0.017
kBq·m-3, and in the case of isotope 228Ra, to 0.05 kBq·m-3.
We can conclude that despite the adsorption of about 500
Bq of 226Ra and about 1000 Bq of 228Ra, no breakthrough
of column has occurred. Based on preliminary laboratory
tests on "synthetic waters", it was found that for waters
with similar concentration of radium ions as in the experiment, a column breakthrough could only occur after passing approximately 1200 dm3 of water through it, with similar characteristics as in the present experiment [46].

The subject of removing radionuclides by means of
synthetic zeolite has started to develop. So far, mainly the
removal of cesium and strontium were investigated. For
example El-Kamash et al. 2006 [47] investigated the possibilities of immobilization of cesium and strontium radionuclides by Type A zeolite-cement blends and lightweight
aggregates [48].
The same Type (A) of zeolite was synthesized and
evaluated as an inorganic ion exchange material for the removal of Cs and Sr ions from aqueous solutions in both
batch and fixed bed column operations. The results showed
that the total ion uptake of these metals and the overall bed
capacity decreased by increasing the flow-rate, and increased by increasing initial ion concentrations and bed
depth. The constants of sorption rate were found to increase
with the increase in flow-rate, indicating that the overall
system kinetics was dominated by external mass transfer in
the initial part of the sorption process in the column [49].
International Atomic Energy Agency [50] carried out
tests of the removal of Cs ions for aqueous solutions by
synthetic NaA-X zeolite. The zeolite blend was synthesized from fly ash in a 2-step method. Next, the sorption
potential of the prepared material for the removal of Cs
ions has been evaluated. The results showed that synthetic
zeolite blend demonstrates a promising sorption behavior.
However, silver-impregnated zeolites gave promising
results in uptake of volatile radioactive iodine and krypton
[51]. They achieved best efficiency in comparison with
metal-organic framework materials, activated charcoal, or
silver-functionalized aerogels. Silver-impregnated zeolites
gave iodine decontamination factors as high as 105, iodine
loading capacities, and other adsorption parameters including adsorption rates whereas sorbents, including an engineered form of AgZ and selected metal organic framework
materials (MOFs), have been successfully demonstrated to
capture Kr and Xe.
3.2.4. Removal of zinc ions from the washing baths

Ion exchange is a method used to remove heavy metals
from industrial and cooling water and wastes as well. It is
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TABLE 4 - Zn(II) ion exchange process parameters on a Na-P1 bed.
Parametr

Na-P1

Breakthrough time τp, [min]

168

Time saturation in exchange capacity of the bed τk, [min]

279
429.0

The saturation volume in exchange capacity Vn

769.0

Working exchangeable capacity Ad, [meq·cm-3]

0.607

The maximum exchange capacity Ac, [meq·cm-3]

1.162

Zn2+ concentration

The bed volume to the point of breakdown Vp

Contact time [min]

FIGURE 2 - The kinetics of Zn(II) removal under static conditions by the zeolite Na-P1 (m = 1.30 ± 0.01 g, V = 1 dm3, C = 47.85 mg·dm-3).

also used for pre-treatment of backwash water to obtain
water suitable for reuse in processing.
3.2.4.1 Results of zinc ions removal under dynamic conditions

A flow process of washing baths after galvanizing process was made through a column filled with a zeolite material Na-P1 and sand.
The analysis of the progress and effectiveness of the
processes of ion exchange through a Na-P1 bed indicated
that the breakthrough of zinc ions took place after 429 bed
volumes, and the work time to the point of breakdown was
168 min. After reaching this point, the increase of zinc ion
concentration in the effluent took place, while an exhaustion curve strived to achieve the initial concentration of the
input solution. Exhaustion of ion exchange properties of
Na-P1 bed took place after 769 bed volumes, and the total
amount of the removed zinc ions was 1.162 meq·cm-3 of
the bed (Table 4).
The data indicated that Na-P1 effectively removes zinc
ions from the washing baths.

3.2.4.2 Results of zinc ions removal under static conditions

In an experiment conducted in static conditions, the kinetics of ion exchange on Na-P1 zeolite was tested at the
natural pH of the mineral, and the acidic pH of added washing baths. The results of the laboratory tests of the contact
time impact of Na-P1 and washing baths on the zinc content are shown in Fig. 2.
The results have shown that increasing the shaking
time increases the amount of zinc ions removed from the
washing baths, until the zinc ion concentration reaches a
limit value (2 mg·dm-3). Initially, the process is fast because ion exchange probably includes the ions in the crystal lattice of the zeolite minerals that are easily available in
interchangeable positions.
In the case of Na-P1, at the initial stage of the process,
i.e. after 5 min, the zinc concentration decreased to a value
of 2.87 mg·dm-3, and decreased gradually. After 30 min of
the process of removing zinc, its concentration in the
cleaned washings reached 1.26 mg·dm-3 i.e. the limit values in wastewaters discharged into water and soil.
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The analysis of the results indicated high efficiency of
the removal of zinc ions from the washing baths by means
of Na-P1. The high efficiency of removal of zinc ions by
NaP1 indicated the possibility of wastewater treatment in a
batch system.
Zeolites have been widely tested for the removal of
heavy metals from various kinds of wastes. Other zeolites
produced from fly ash gave very promising results. For example, Wang et al. [52] studied the removal of Cu2+ and
Zn2+ on zeolites A and X from artificially prepared solutions.
The results have shown that zeolite A had a higher removal
efficiency than zeolite X. For zeolite A, the amount of Cu2+
ions adsorbed was 37.99 mg·g-1, whereas for Zn2+, it was
29.68 mg·g-1. For zeolite X, the amount of Cu2+ adsorbed
was 28.88 mg·g-1, whereas for Zn2+, it was 22.44 mg·g-1,
respectively. The observed adsorption behavior was explained by the nature of metals, such as hydrated size, ionic
potential and hydrolysis constant and framework structure of
zeolites, such as the effective pore size and the amount of
exchangeable Na+ bonded to zeolites framework [53, 54].
Bakarat [55] investigated the adsorption capacity of
4A synthetic zeolite for uptake of Cu2+, Zn2+, Mn2+ and
Cr4+ from aqueous solution. The results have shown that
the grain size of the 4A zeolite had a little effect on the
adsorption capacity, when the tested zeolite sample was of
grain size <90-200 μm. Additionally, the adsorption capacity of the metal ions were found to be strongly dependent
on pH. Complete adsorption for Cu2+ and Zn2+ ions was
achieved at pH >6, while the adsorption capacity for both
Mn2+ and Cr4+ was 96% at pH 11 and 55.3% at pH 3, respectively. The optimum contact time was achieved at 1 h,
with initial metal ion concentration of 100 mg·L-1. For all
tested metal ions, the exchange equilibrium was established with a zeolite concentration of 2.5 g·dm-3. The removal mechanism of the metal ions was mainly related to

the adsorption and ion exchange processes. The experimental data showed a good adjusting of the Langmuir plots
which suggests a monolayer coverage of the metal ions on
the outer surface of the adsorbent.
3.2.5. Removal of CO2

Greenhouse gas emissions of CO2 are a problem for
many industrial plants, such as power plants, cement plants,
refineries, etc. That is why there is a need to develop new,
cost-effective solutions to reduce carbon dioxide emissions, or neutralize them. Projects in the field of geological
CO2 sequestration technology in saline aquifers [56, 57], or
in coal seams [58, 59] require continued researches on
techniques for capturing carbon dioxide from flue gases.
For CO2 sorption experiments, synthetic zeolite of NaX type and two zeolite mixtures of Na-P1/Na-X/Linde-A
type as well as Na-P1/Linde-A were used [6]. For the sorption experiment, the Na-X zeolite material has been additionally subjected to thermal activation at 350 °C for 4 h.
In order to determine the effect of heat activation on
the analyzed material, the surface parameters were defined
as follows: ion exchange capacity, the specific surface area
as well as structure and pore size distribution.
As a result of the activation of Na-X, the BET surface area
after thermal activation increased from 262 to 434 m2·g-1. Cation exchange capacity remained almost constant at a level of
218 meq/100 g.
Preliminary sorption of CO2 was conducted for the NaX zeolite. Isotherm measurements showed significantly
improved adsorption on a sample activated; at the equilibrium pressure p/po close to 0.01, it reached 0.45 mmol·g-1,
and on the starting sample 0.18 mmol·g-1, which clearly indicates the need of modification of the surface of such a
material in order to obtain CO2 sorbents.

FIGURE 3 - CO2 adsorption isotherm of starting and activated Na-X.
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FIGURE 4 - The amount of CO2 adsorbed on studied zeolite materials.

In the case of CO2 sorption (Fig. 4) for other zeolite
materials, a mixture of zeolites Na-P1/Na-X/Line-A
proved to be the best adsorbent, where the value of adsorption was 0.91 mmol·g-1. The worst results were obtained
for the mixture Na-P1/Linde-A (0.39 mmol·g-1) [6].
Regarding other CO2 separation technologies, membranes also use zeolites. Different types of synthetic zeolites have been used, such as ZSM-5 [60] X and Y types
[61, 62], silicalite [63], A type [64], P type [65], ETS-10
[66], mordenite [67], and MCM-41 [68- 71]. CO2 preferentially permeates CO2/N2, CO2/CH4 and CO2/H2 mixtures
but only at low temperatures [70].
However, to get a much better CO2 adsorption on zeolites, the mesoporous nature of them, as well as the impregnation of amine compounds, or activation by a metal cation
substitution i.e. Li +, is needed.
CO2 adsorption capacity of zeolite materials decreases
drastically with increased temperature. Additionally, zeolites have very low CO2 adsorption capacities in the presence of moisture that is present in flue gas, and high uptakes are only obtained under dry conditions [60]. Consequently, the focus for PCC (Post Combustion Capture) has
been on solid amines. Solid adsorbent amines have been
used successfully for CO2 adsorption from moist gas at low
moderate temperatures. Mesoporous materials are reported
to have the highest adsorption capacities of 184 mg·g-1
(4.18 mmol·g-1) at 25 ºC for reformulated immobilized
amine sorbents and 151 mg·g-1 at 100 ºC for tetraethylenepentamine (TEPA)-loaded SBA-15. Also, polyethyleneimine
(PEI)-impregnated MCM-41 at 75 ºC has shown CO2/N2 selectivity of >1000. Majchrzak-Kucęba et al. [71] have impregnated zeolite MCM-41 with amines such as PEI (poly-

ethylenimine). These tests have shown the improvement of
sorption capacity at temperatures typical for flue gases.
However, MCM-41 as well SBA-15 are not commercially
available yet, and their preparation costs will make their
application uneconomical in the near future. Therefore, a
continuous search for cheaper CO2 zeolite adsorbents is required [69].

4. CONCLUSIONS
The research presented in this paper is aimed to demonstrate the wide spectrum of applications of synthetic zeolites
derived from fly ash in hydrothermal reaction. The results
showed that the zeolite materials maybe well suited for the
domain of environmental engineering. The research on the
removal of environmental pollutants was carried out only
on a laboratory-scale. However, it produced very promising results.
It can be concluded from the experiments in ammonium ion removal that the amount of ammonium ions removed from aqueous solutions increases with the increase
in the initial concentration of NH4+ in the purified solution.
The removal efficiency of these ions for each of the synthetic zeolites was similar therein. Na-X showed the highest ion exchange capacity in relation to other zeolites tested
in this direction (i.e. sodalite, Na-P1).
The tests of oil refining clearly showed that the use of
derived synthetic zeolites in this direction is most desirable, and requires this type of application to be continued.
These materials showed a similar or higher refining effect
than commercially available attapulgite and diatomite, es-
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pecially for turbine oil where the value of the activity index
for each zeolite reached more than 70 %. Synthetic zeolites
were less efficient when it comes to removing pollution of
the color worsening type. Na-P1 was most effective at this
experiment, as compared with Na-X and sodalite.
The results of laboratory tests indicate a high application potential of synthetic zeolites for the removal of elevated radionuclide contents in mine water. Various tests
have shown high efficiency in the removal of 226Ra and
228
Ra which reached 98%. However, the particulate nature
of the zeolitic material requires using sand and gravel additive in order to achieve adequate flow-rates through the
bed, or a development of a granulation process for the
tested zeolites.
The analysis of washings bath purification showed that
the Na-P1 sorbents are effective in eliminating the presence
of zinc ions from the washings bath. It showed favorable
ion exchange process parameters under static and dynamic
conditions.
Under static conditions of the washing bath treatment,
the recovery time of zinc ions by Na-P1 took 30 min, which
indicates that it can be used for the purification of cyclic
washings in a reactor (batch type).
In the dynamic conditions, Na-P1, until breakthrough
point, purified 429 bed volumes of wastewaters and removed zinc ions of 0.607 meq. Purified washings can be
discharged into water and soil, or directed to the process
water system.
The experiments conducted have shown that the zeolite materials constitute a competitive material for removal
of environmental pollutants, in comparison with commercially available methods/adsorbents. Their additional advantage is the fact that they are produced from waste materials, such as fly ash, which greatly reduces the cost of
cleaning technology applied to the contaminants mentioned in the article.
In addition, the use of synthetic zeolites to remove environmental pollutants is confirmed by numerous studies
in this area, as it was presented in the section on research
results.
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EFFECTS OF LEAD ON SURVIVAL, FEEDING BEHAVIOR
AND MOBILITY OF PLANARIAN Dugesia japonica
Xiufang Zhang, Xueming Niu, Juan Li, Yanbei Lei, Qiuxiang Pang and Bosheng Zhao*
School of Life Sciences, Shandong University of Technology, Zibo, 255049, P. R. China

They usually prey on smaller animals such as newborns of
insects in the freshwater.

ABSTRACT
In this study, we analysed Pb2+ effects upon planarian
Dugesia japonica, based on the assessment of acute toxicity, feeding behavior and locomotory velocity. The results showed that the 24, 48, 72 and 96 h LC50 of Pb2+ for
D. japonica were 110.52, 64.26, 28.00 and 13.80 mg Pb2+/L,
respectively. Planarian locomotory velocity was significantly
reduced from 0.5 mg Pb2+/L onward. Feeding behavior was
significantly affected by Pb2+, and a dose-response relationship was observed. In this study, the results suggested
that feeding behavior and mobility in the aquatic planarian
D. japonica could be used as biomarkers for Pb2+ exposure
in a freshwater environment.

KEYWORDS: Planarian Dugesia japonica; Lead; Toxicology;
Feeding behavior; Motility assay

1. INTRODUCTION
Lead (Pb2+) is a ubiquitous pollutant in the ecosystem.
The United States and other developed countries have
banned the use of lead in gasoline, welding, electronics and
other products. However, lead pollution is also a very serious problem in China with the economic development [1].
Multiple researches reported that lead can cause neurological, reproductive, and immunological pathologies [2-4].
Lead is also considered as a potent carcinogen. The International Agency for Research on Cancer has classified lead as
possible human carcinogen (group 2B) and its inorganic
compounds as probable human carcinogens (group 2A) [5].
Lead toxicity has been studied in number of organisms, including mammals such as rats and mice [6-7], as
well as in teleost species [8-9]. However, little is known
about the lead toxicology research in planarians, which
have been used as a favored animal model in regenerative
and developmental biology and neuropharmacology [10-12].
Freshwater planarians are non-parasitic worms of the phylum
Platyhelminthes. Planarians D. japonica are widely distributed in the China, Japan, Korea and southern Siberia [13].
* Corresponding author

In the current study, we designed an experimental setup that allows us to assess toxicity of lead on survival, feeding behavior and mobility of planarians D. japonica. This
allowed us to propose D. japonica as a potential bioindicator for monitoring pollution, feeding behavior and mobility more sensitive biomarkers than mortality.

2. MATERIALS AND METHODS
2.1 Test organism and chemicals

Planarians were originally collected from a non-polluted stream located in Boshan, China. Once in the laboratory, planarians were cultivated at 22 , in a ceramic medical tray with cold boiled water, which was renewed every
2-3 days period. Animals were fed with tubifex Limnodrilus hoffmeisteri once a week. Before the adult (intact) planarians were used in the experiments, they were starved for
5 to 7 days to ensure a uniform metabolic status. Adult (intact) planarians of similar size (body length = 1.0 ± 0.1 cm)
were selected for the experiments.
Analytical reagent lead nitrate (Pb(NO3)2; purity﹥99.9%; Jin-shan Chemical Reagent Co. Ltd., Chendou,
China) was used as test chemical for the test solutions. A stock
solution of 1000 mg Pb2+/L was prepared with distilled water, which was diluted to produce a solution with test concentration for each treatment. During the experiments, the
animals were exposed to the test solutions in plastic Petri
dishes (9.0 cm in diameter) with 25 ml of medium. The
medium was refreshed changed daily. If the test worm occured transverse fission during the experiment, it would be
excluded from the experiment with a Chinese brush. Fission is one of the reproductive ways of planarians.
2.2 Lethality experiment

A series of lead concentrations between 10-160 mg
Pb2+/L was used for the definitive tests in the study. Each
group of 20 planarians was cultured in Pb2+ -containing water (10, 20, 40, 80 and 160 mg Pb2+/L ) or in distilled water.
Tests were conducted at 25℃. The sensitivity of D. japonica to lethal concentrations of Pb2+ was expressed as the
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concentration that caused mortality 50% of individuals
(LC50) after 24, 48, 72 and 96 h. Observation was made at
every 24 h. Dead planarians were recorded and discarded
daily. There was no mortality in control groups during the
entire course of the experiment
.
2.3 Mobility measurements

In order to recorde the locomotory velocity of planarian, a polystyrene socket (200×100×5mm) was prepared, with a video camera (Canon 70D) was fixed above
the polystyrene socket (about 400-500 mm). Using a small
paintbrush, a worm was gently transferred to an end of the
polystyrene socket followed by adding 80 ml of test solution with or without the experimental compounds. Then the
images were taken and analyzed to track the movement locus
of planarian using an image analysis software (Image-Pro Plus
6.0). Prior to the measurement of locomotory velocity, the
worms were exposed to 0.05, 0.25, 0.50, 1.00 and 2.00 mg
Pb2+/L and their locomotion velocities were recorded at different time points (after 24, 48, 72 and 96 h). Planarians exposed to cold boiled water were treated as control group. Cultures were maintained for 96 h with daily Pb2+ solution/ water changes. Locomotory velocity was quantified as the distance crossed by each planarian per second over a 10-min
observation period.
2.4 Feeding behavior

Six different lead concentrations ( 0.05, 0.25, 0.50,
1.00, 2.00 and 4.00 mg Pb2+ /L) at 4 time points (24, 48, 72
and 96 h) were used for feeding behavior measurements,
and planarians exposed to cold boiled water were treated
as control group. In each lead concentration level, two independent samples of 40 planarians were placed individually into polystyrene Petri dishes (9.0 cm in diameter) containing test solution with or without the experimental compounds. The plastic Petri dishes were kept under semi-dark
conditions at 25 ℃. The test lasted for two hours after the
tubifexes L. hoffmeisteri were put into the Petri dish. When
tubifexes L. hoffmeisteri were put into the Petri dish, planarians began moving to approach the tubifexes. Planarians wound around the tubifex and threw out their pharynx
and sucked the food. After the tubifex were sucked into the
intestine of the planarians, the body of the planarians appears blood red. The reason for this is that the color of tubifex L. hoffmeisteri is red and the skin of planarians is
translucent. The body color of planarians varies normally

from unpigmented to black/brown. Feeding rate was quantified as the number of planarian that the body appeared
blood red.
2.5 Data analysis

All treatments were replicated three times in the experiments. Data presented were means ± SD. LC50 values were
determined using probit analysis as described in Zhou and
Zhang [14]. One-way analyses of variance followed by
least significant difference tests were performed to compare
toxicant-dependent effects with control treatments on each
parameters studied. When a significant (P < 0.05) difference
was observed between treatments, multiple comparisons were
made by the LSD (Least Significant Difference) test.

3. RESULTS
3.1 Acute toxicity

To determine the concentration range for the following
experiments, a mortality experiment was conducted. The results of acute toxicity tests are presented in Table 1. The
LC50s for adult planarians D. japonica at 24, 48, 72 and 96 h
were calculated as 110.52, 64.26, 28.00 and 13.80 mg
Pb2+/L, respectively. There was statistically difference in
Pb2+ mean LC50 values from adult planarians in any of the
exposure times.
3.2 Mobility measurements

Average values of locomotion of D. japonica for each
time and treatment are shown in Fig. 1. Lead decreased the
motility of the worms in a concentration dependent manner. After 24 h of exposure to lead, the decrease was significant (P < 0.05) from 1.0 mg Pb2+/L onward. The same
occurred after 48 h of exposure from 0.5 mg Pb2+/L onward. However, it was not possible to detect any clear correlations between exposure times and locomotion velocity
at current concentrations used. For instance, there was no
significant difference in locomotion velocity between 48 h
and 96 h at 0.5 mg Pb2+/L exposure concentration.
3.3 Feeding behavior

The effect of lead on planarian feeding behavior is presented in Fig. 2. The planarians did not feed or fed little
under high concentration of lead. However, the stimulatory
or hormetic effect at low concentration was observed. In

TABLE 1 - LC50 for planarians exposed to solution with different lead concentrations
Exposure time (h)

LC50(mg/L)

95% confidence interval for mean

Slope

24
48
72
96

110.52a
64.26b
28.00c
13.80d

85.71- 135.35
48.00- 80.51
22.59- 33.40
11.86- 15.74

6.96
4.23
4.11
4.75

LC50 values were independently calculated in each test for exposure times of 24, 48, 72 and 96 h.
Means with different letters are significantly different from each other (P < 0.05) according to the LSD test.
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FIGURE 1 - Effect of lead in planarian motility. The worms were exposed to Pb2+ at the indicated concentrations for 24, 48, 72, 96 h. Locomotory
activity was quantified as the distance crossed by planarian per second over a 10-min observation period, and is expressed as the mean ± SD.
* Significantly (p<0.05) different from non-exposed worms per time point.

FIGURE 2-Percentages of feeding behavior in D. japonica exposed to various concentrations of lead (Pb2+) for 24, 48, 72 h and 96 h.
* Significantly (p<0.05) different from non-exposed worms per time point.
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comparison with control group, a statistically increase (p <
0.05) in feeding rate was observed in planarians exposed to
0.05 mg Pb2+/L after 48 h of exposure. After 24 h of continuous exposure to lead, the decrease was significant (P <
0.05) from 1.0 mg Pb2+/L onward. The same occurred at
0.5 mg Pb2+/L after 48, 72 and 96 h of exposure (P < 0.05).
Thus, feeding rate of planarians was significantly reduced
with increasing exposure concentration (Fig. 2). However,
as in mobility measurements, there was no clear correlation
between exposure times and feeding rate at current concentrations used.

4. DISCUSSION
LC50 values of Pb2+ on D. japonica were reported in
the literature [15, 16], but different results were generated.
A previous study conducted by Zhao and Zeng (2004) has
demonstrated that the respective 24, 48 and 72 h LC50 values for lead on planarians D. japonica, collected from
Luojia Mountain, Wuhai, China, were 188.16, 171.57 and
140.94 mg Pb2+/L, respectively [15]. Wu et al (2007) also
report that the acute toxicity effects of lead on D. japonica
in a concentration-dependent manner. In their study, 24, 48
and 72 h LC50 values of Pb2+ obtained are 201.48, 173.13
and 147.88 mg Pb2+/L, respectively [16]. The results obtained in our tests, therefore, were somewhat surprising.
The different results were generated may due to the differences in aqueous solutions used by different researchers.
We have also performed the acute toxicity of lead to D.
japonica, that the test medium was prepared with cold
boiled water because the planarians were cultivated with
cold boiled water. We found that the 24 h LC50 values were
over 300 mg Pb2+/L. We suggest that it might be due to the
lead ion binding with certain anions present in cold boiled
water, such as HCO3–, SO42-, for the principal hydrochemical types of the groundwater in Zibo were HCO3– - SO42and HCO3– [17]. On the other hand, ion deficiency might
occur in test planarian where extremely low ionic in distilled water in this study. In addition, redundancy nitrate
ion in test solution may have potential toxic effects on planarian mortality and other endpoints, such as feeding behavior and mobility. Kuhn et al (2010) reported that elevated nitrate levels negatively effects the health of marine
animal shrimp Litopenaeus vannamei even if outward
signs are not evident [18]. Tsai and Chen (2002) determined that acute toxicity of nitrate to Penaeus monodon
increased as the salinity decreased [19]. We suggest that
distilled water could increase the nitrate toxicity in planarian since there is extremely low ionic strength in distilled
water. In the present study the lead LC50 value obtained for
D. japonica showed to be higher than that reported previously, 606 ìg/L (24 h LC50) and 208.8 ìg/L (48 h LC50) in
Crustacean Ceriodaphnia dubia [20,21], 1000 ìg/L (96 h
LC50) for juvenile rainbow trout, Oncorhynchus mykiss
[22], 444.0 ìg/L (48 h LC50) in Daphnia carinata [21]. Planarian D. japonica showed to express higher LC50 values.
We found that the body of treated D. japonica was sur-

rounded by a layer of sticky translucent or transparent substance. The layer of sticky substance may be mucus [23].
Mucus secretion is also found in planarians exposed to cadmium or other metals [24-25]. Some researchers suggest
that the mucus secreted by planarians may provide a defense mechanism against the entrance of xenobiotics. Mucus glycoconjugates play a crucial role in preventing the
diffusion of xenobiotics into biological system [23, 25].
We suggested that planarian secretes mucus is likely to
have contributed to showing higher LC50 values.
Behavioural changes link physiological and ecological
effects. The impairment of biochemical and physiological
functions of an organism could result in changes in the behavior of the organism [26]. Thus, these changes may be
used as rapid and sensitive indicators of toxic stress. Many
researchers have reported that the xenobiotics caused uncoordinated writhing, disordered locomotion in exposed
planarians. All of these changes in behavior suggest that
the neurotoxic effects were produced [12, 23]). The monitoring of mobility is commonly used as a tool to asses the
effects on behavior, as this is easy to quantify. In planarians
exposed to lead, a concentration–dependent decrease of the
locomotory activity was observed. Planarians D. japonica
enhanced the locomotory activity at low lead concentrations, which may correspond to an avoidance response towards chemical stress.
Feeding is a very complex behavior and an important
factor affecting other behavior [27]. Many studies have
supported that feeding behavior is one of the most sensitive
monitoring tools in ecotoxicology for assessing sublethal
effects of many xenobiotics, for instance, metals and nanometals influence the feeding behavior and growth of the
shredder Allogamus ligonifer, crustaceans Atyaephyra
desmarestii and Echinogammarus meridionalis, marine
polychaete Arenicola marina [28-30]. Little information is
available on feeding behavior in animals after they were
exposured to lead. However, low concentration lead can
induce compensatory changes in the energy metabolism of
organisms [31,32]. The hormetic effect of feeding behavior
might be one of the compensatory changes in planarians D.
japonica. Scientific reports on the feeding behavior of planarians are relatively few, even though it was first described about 100 years ago [33]. Feeding rate of planarians
was significantly reduced with increasing exposure lead
concentrations. However, there was no clear correlation
between exposure times. We suggested that it might correspond to an endurance response towards chemical stress,
for the planarians can survive long periods of starvation. It
was also reported that feeding behavior was controlled by
a variety of neurotransmitters [34]. Sheiman et al (2002)
have reported that the ganglion-deprived planarians were
unable to find and capture food [33]. Novelty-suppressed
feeding provides an index of the initial fearfulness in a new
environment [35].The decrease in locomotory activity and
feeding rate may show that the nervous system of planarians might be affected with the increase of the lead concentration.
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4. CONCLUSION
On the basis of our study, we found that planarians D.
japonica are able to cope with high internal levels of lead.
In comparison with other invertebrates, such as Ceriodaphnia dubia and Daphnia carinata, D. japonica has higher
LC50 values. However, its mobility and feeding behavior
are sensitive to lead toxicity. We propose that the feeding
behavior and mobility in planarian D. japonica can be used
as biomarkers for Pb2+ exposure in a freshwater environment.
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ABSTRACT
Water samples collected from the Haihe River in China
between 2001 and 2010, were analyzed for pH, chemical oxygen demand (COD), biochemical oxygen demand (BOD),
total nitrogen (TN), and total phosphorus (TP). The water
pollution index was preferred to assess the water quality according to water quality parameters. The concentrations of
pH, COD, BOD, TN and TP in the water samples were 7.678.54, 33-142 mg/L, 0.9-73.4 mg/L, 4.98-18 mg/L and 0.170.81 mg/L, respectively. These results exceeded Grade-III
surface water quality standards in China. TN and TP have
been one of most important pollutants the Haihe River, which
have been exceeded Grade-V surface water quality standards
in China. The concentration of TN decreased from 2001 to
2004 and then increased, while TP increased from 2001 to
2006 and then decreased. The annual mean ratio of TN/TP
ranged between 16.63 and 49.45, with a decreasing trend between 2001 and 2004, while an increasing trend between
2004 and 2010, probably indicating that P-limit in the Haihe
River. The temporal variations of the pollution indexes
showed a decreasing trend between 2001 and 2004, while an
increasing trend between 2004 and 2010. However, the spatial variations of water pollution index were higher than one
in the upstream sections while lower than one in the downstream sections, suggesting that the upstream sections did not
meet the standards for water quality in China while the downstream sections were met. These results indicate that the pollutants in the Haihe River came from different sources.

point source pollutants [1]. All these pollutants are transported to the sea, which would significantly influence the
biogeochemical cycle on a global scale [2]. The rapid development of industry and densely concentrated populations
have led to an excess of sewage and industrial wastewater in
the rivers and thereby cause the increase of the nitrogen and
phosphorus, probably leading to eutrophication and threating
the quality of drinking water [3]. In order to establish water
quality control plans, it is necessary to describe and understand the changes of the water quality in the in the river.
The Haihe River is one of the most important rivers in
China, which is the main tributary into the sea in North
China and thus, significantly impacts the quality of the water in Bohai Bay. Unfortunately, the Haihe River has been
polluted for a long time [4]. Over the last few decades, there
have been some investigations into the nutrient distribution
in the river [5-7]. However, most previous research has focused on the short-term variations of nitrogen and phosphorous nutrients, and these studies cannot show the long-term
variation of nutrients in the Haihe River. To set efficient
pollution prevention plans, it is imperative to monitor the
water quality over the long-term.
In this study, a survey on the water quality in the Haihe
River was conducted from 2001 to 2010. The water quality
indices are pH, chemical oxygen demand (COD), biochemical
oxygen demand (BOD), total nitrogen (TN), and total phosphorus (TP). The main objective of this study is (1) to describe
the long-term variation of these water quality indices, (2) to
characterize the spatial variation of the TN and TP, and (3) to
assess the water quality according to water pollution index.

KEYWORDS:
Water quality Statistical analysis Long-term Haihe River.

2. MATERIALS AND METHODS
1. INTRODUCTION

2.1 Field sampling and measurements

The river plays an important role in the aquatic system
as both the source of drinking water, and the transport for
major nutrients, including concentrated point and non* Corresponding author

Four sampling stations were selected in Haihe River
(Fig. 1). The Sanchakou and Two Gate are located in upstream, while Daliangzi and Gates are located in downstream. The Daliangzi and Gates are also located in Tanggu
District of Tianjin, a rapid economic development zone in
north China.
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FIGURE 1 - The sampling stations in Haihe River.

Water samples were collected during three water periods from 2001 to 2010, including the dry period in May, the
flood period from July to September, and the level period
from October and November. The water quality para-meters,
including pH, chemical oxygen demand (COD), biochemical oxygen demand (BOD), total nitrogen (TN), and total
phosphorus (TP) were measured. The pH value was measured in the field by a portable multiple probe (YSI 6600,
USA). Water samples were collected at each station to determine other parameters. All the samples were transferred
to the laboratory on ice and then stored in darkness at 4 °C.
The concentrations of chemical oxygen demand
(COD) and biochemical oxygen demand (BOD) were
measured according to the standard method of China [8].
Total nitrogen (TN) was measured with potassium persulfate oxidation-ultraviolet spectrophotometry. Total phosphorus (TP) was measured by alkaline potassium persulfate digestion and by Mo-Sb anti-luminosity.

2.2 Water quality level and water pollution index

The water quality level of the Haihe River was estimated according to the Environmental Quality Standards
for Surface Water in China (Table 1). The comprehensive
water quality class wasdetermined by the category of the
worst single parameter.
The water quality was assessed with the pollution index, including the single pollution index (Pi) and the synthetic pollution index (P). The single pollution index is calculated with the following equation [9]:
Pi=Ci/Si

(1)

where, Ci is the average concentration of the pollutant, Si
is the standard value of the pollutant. Pi≤1 indicates that the
water quality met the standards for water quality in China.
For the single pollution index of pH (PpH), it has special algorithms with following:

TABLE 1 - Values of surface water standard concentration for five grades in China
Grade
Parameter
I
II
III
IV
V
pH value
6-9
Chemical oxygen demand (COD)
≤
15
15
20
20
40
Biochemical oxygen demand (BOD)
≤
3.0
3.0
4.0
6.0
10
Total nitrogen (TN)
≤
0.20
0.50
1.0
1.5
2.0
Total phosphorus (TP)
≤
0.02
0.10
0.20
0.30
0.40
All data were taken from Environmental Quality Standards for Surface Water of China [8]. All units in mg/L excapt of the pH value.
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S1  S 2
2
S1  S 2
2

CpH 

(2)

where, CpH is the annual mean value of pH; and S1 and
S2 are the highest and the lowest standard value limits, respectively.
The synthetic pollution index (P) is calculated with the
following equation:

1 n
P   Pi
n i 1

(3)

where, Pi is the single pollution index, and n is the
number of pollution factors for evaluation. P≤1 indicates
that the water quality met the standards for water quality in
China.
2.3 Statistical analyses

One-way analysis of variance (ANOVA) was performed to test the temporal and spatial differences of the
water quality index in the Haihe River. ANOVA was performed by SPSS 13.

3. RESULTS AND DISCUSSION
3.1 The variation of the water quality parameters

The annual variations of water quality parameters are
given in the Figure 2. As shown in Figure 2, the five parameters significantly varied during different water periods
(p<0.05) indicating that there were seasonal variations on
the water quality parameters. For example, the highest concentration of TN was found in dry period, while the lowest
concentrations of TP were observed in dry period (Fig. 2).
It is driven by many reasons such as the source of pollutant,
precipitation, land use, agriculture, as well as industrial and
domestic effluents.
In the present study, the pH value generally decreased
from 2001 to 2009 and increased afterwards, with a range
from 7.67 to 8.54 (Fig. 2). The concentrations of BOD in
the water samples ranged from 0.9 to 73.4 mg/L. The highest concentration of BOD was found in the 2002. All the
BOD concentrations exceeded the Grade-III surface water
quality of the national standard of China (≤4mg/L). The
value of COD in Haihe River ranged from 33 to 142 mg/L.
It decreased between 2002 and 2010, always exceeded the
Grade-V surface water quality standard of China (Fig. 2).
These results indicate that the Haihe River was seriously
polluted with reducing matters, but that the organic pollutant was controlled effectively in the resent years. In Haihe
River, the concentrations of TN and TP in the water samples were 4.98-18 and 0.17-0.81 mg/L, respectively (Fig.
2). The two nutrient parameters have different variation
trend during 2001 to 2010. The concentrations of TN de-

creased from 2001 to 2004 and then increased, while TP
increased from 2001 to 2006 and then decreased (Fig. 2).
Except for the TP in 2001 and 2005, all the nutrient parameters exceeded the Grade-V surface water quality standard of
China. The concentrations of TN and TP also had exceed the
guideline concentrations (TN >0.5 mg/L and TP >0.02 mg/L)
for eutrophic status [10]. These suggest that N and TP also
have been one of the most important pollutants and there is
a potential eutrophication risk in Haihe River.
3.2 The variation of nutrient

As discussed above, TN and TP have been one of the
most important pollutants in the Haihe River. They can significantly influence the water trophic status and thus lead to
eutrophication [11]. Thus, it is very important to determine
the variations of concentrations of TN and TP, TN/TP ratio.
In the present study, the high concentrations of both TN
and TP were found in the Daliangzi and the Gates (Fig. 3),
indicating that the nutrients in the present study had different sources. In general, nitrogen and phosphorus nutrients
generally enter the water through transport, atmospheric
deposition, and an exchange between sediment and the water table [12]. Also, the physical, chemical, and biological
processes of the water significantly impacted the distribution of nutrients. In this study, the highest concentrations
of nutrients were found in the Daliangzi and the Gates,
most likely because the two sites are located in the Tanggu
District, Tianjin, and surrounded by industry. Previous research proved that serious pollution had been caused by industry [13]. Furthermore, both sites are located in the
downstream river next to the estuary. In general, the estuary is located in a densely populated and industrialized
zone and usually has more pollution than offshore areas
[14]. For example, there were much higher concentrations
of polycyclic aromatic hydrocarbons (PAHs) in the
Beitang Estuary sediments than in the Bohai Bay sediments
[15], probably explaining high concentrations of nutrients
in the Daliangzi and Gates.
It is well known that nutrient variation is one of the key
factors influencing the seasonal dynamics of phytoplankton [16]. Phytoplankton absorbs N and P concentration
with the TN/TP ratio, and therefore, the ratio can serve as
an index that represents the nutrient limitation for algal
growth compared to the average composition of nutrients
assimilated in algae [17]. Usually, N-deficient growth became apparent at TN/TP<10, whereas P-deficient growth
consistently occurred at TN/TP>30. In this research, the
TN/TP ratio ranged from 2.11~127.31, and the TN/TP increased from the flood water period to the level water period to the dry water period. The TN/TP significantly increased in the spring and reached a maximum in May. The
nitrogen was continuously supplied by rainfall and surface
runoff, and had a higher rate of migration than the phosphorus, which was transported by runoff in the particulate
form and was easily intercepted in the transport process
[18]. In addition, the biological resuscitation absorbed a
large amount of nitrogen and phosphorus, resulting in the
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intensity of the nitrogen supply exceeding that of the phosphorus in the Haihe River [19]. Therefore, the N-limit and
the P-limit alternated spatially and temporally in the Haihe
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TABLE 2 - The annual variation of TN /TP ratio of Haihe River
year

Sanchakou

Two Gates

Daliangzi

2001

25.50

19.40

68.69

Gates
48.18

2002

21.68

9.93

49.25

116.94

2003

31.43

11.03

29.32

45.79

2004

16.55

8.69

14.44

26.83

2005

15.74

11.13

34.15

33.78

2006

6.63

3.11

25.77

54.90

2007

8.40

5.71

40.56

27.00

2008

14.99

16.20

60.21

40.73

2009

18.07

16.25

62.22

46.58

2010

24.31

16.44

45.83

27.54

The nutrient ratio has a great impact on the community
structure of phytoplankton, which responds to the nutrient
composition in sea water [18]. In the present study, the annual mean ratio of TN/TP ranged between 16.63 and 49.45
during the research period (Table 2), indicating that biomass growth was inhibited by phosphorus. This discovery
is consistent with the reports that freshwater ecosystems
are mainly phosphorus-limited [20]. The ratio of TN/TP in
the Haihe River indicated a decreasing trend between 2001
and 2004, while an increasing trend was seen between 2004
and 2010. The pollutant interactions the Haihe River water
quality led to the TN/TP floating profusely.

3.3 The water quality according to the pollution index

Based on the value of water quality parameters in the
Figure 2, the synthetic pollution index was assessed in the
water from four sampling sites in Haihe River. In general,
the temporally variations of the pollution indexes showed
a decreasing trend between 2001 and 2004, while an increasing trend between 2004 and 2010 (Table 3). Such a
variation can be at least partially explained by several
causes. One cause is the establishment of some environmental protection policies. For instance, one of the most
important policies, entitled The Plan of Cleaning Bohai
Sea, which was to control the discharge of contaminants
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TABLE 3 - The synthetic pollution index (P) of the Haihe River
Monitoring
section
Sanchakou
Two Gates
Daliangzi
Gates

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

0.79
0.74
3.12
2.59

0.72
0.97
1.99
2.73

0.81
0.99
2.42
3.11

0.75
0.72
1.07
1.62

0.75
0.77
0.86
1.82

0.81
1.12
1.62
2.00

0.70
0.99
1.83
1.99

0.70
0.86
2.15
2.46

0.63
0.80
2.01
2.80

0.70
0.80
1.78
2.11

into the bay, was promulgated by the Central Government
of China in 2001 [21]. As one of the most important rivers
in China, Haihe River is the main tributary into Bohai Bay.
Thus, the pollutants discharge into Haiher River was controlled. Unlucky, the policy The Plan of Cleaning Bohai
Sea was end in 2006. Thus, the pollution index increased.
The second cause is the rapid development of the economy
in Tianjin in recent year. For example, there are many industries along the river and they are discharging some of
their waste water into rivers without any treatment or after
primary treatment only [22]. This maybe increases the pollution level in recent years.
As shown in the Table 3, the synthetic pollution indexes of Sanchakou and Two Gate are less than one, indicating that the two sites met the national standard water
quality of China. However, the other two sites including
Daliangzi and Gates, located in the downstream, their pollution indexes were more than one, indicating that they had
serious pollution. In particular, the pollution indexes in
Gates were higher than other sampling sites (Table 3). This
is due the highest nutrient were found in Gates (Fig. 3). The
two reasons for severe pollution in the Gates are that, the
upstream water inflow with agricultural non-point pollution formed the accumulation effect, with higher levels of
performance for the nutrients, and the location of the Gates
next to the sea. The flow direction of the Gates opposed the
tidal integrated stresses, which resulted in the accumulation of pollutants and led to the highest value of nutrients
[23]. Furthermore, the rapid urbanization also led to serious water pollution in the Gates. It is due this site is located
in Tanggu District of Tianjin, a rapid urbanization in north
China since 2000s. This finding are in agreement with earlier observations shown that rapid urbanization can led to
serious water pollution in rives of Japan [24, 25].

a decreasing trend between 2001 and 2004, while an increasing trend between 2004 and 2010, indicating that Plimit in the Haihe River. According to the result of water
pollution index, the temporal variations showed a decreasing trend between 2001 and 2004, while an increasing trend
between 2004 and 2010. The spatial variation of water pollution indexes showed that the upstream sections of Haihe
River were not met the standards for water quality in China
while the downstream sections were met. The present study
indicates that there were different sources of pollutants in
the Haihe River.
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4. CONCLUSIONS
This study presented the long-term spatial and temporal trend analyses of the water quality in the Haihe River.
The concentrations of COD and BOD exceeded Grade-III
surface water quality standards in China, while TN and TP
exceeded Grade-V surface water quality standards in
China, indicating that the Haihe River was likely to be
highly polluted by nutrients. The concentrations of TN decreased from 2001 to 2004 and then increased, while TP
increased from 2001 to 2006 and then decreased. The annual mean ratio of TN/TP ranged from 16.63 to 49.45, with
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SHAPING OF CHEMICAL COMPOSITION AND DIGESTIBILITY OF
MEDICAGO X VARIA T. MARTYN UNDER THE INFLUENCE OF
ECKLONIA MAXIMA SEAWEED EXTRACT
Jacek Sosnowski*, Kazimierz Jankowski, Beata Wiśniewska–Kadżajan,
Elżbieta Malinowska, Roman Kolczarek, Wiesław Czeluściński and Elżbieta Radzka
University of Natural Sciences and Humanities, Institute of Agronomy, ul. B. Prusa 14, 08 -110 Siedlce, Poland

ABSTRACT
Scientific research confirm the beneficial effects of
Ecklonia maxima extract on the plants, however they indicate the greater significance of the time when the regulator
is used than its dosage. The aim of the research was to determine the influence of Ecklonia maxima seaweed extract
on the content of organic compounds in the bastard lucerne
dry matter. Strict field experiments concerning the cultivation of bastard lucerne (Medicago x varia T. Martyn), Tula
variety, were conducted. A research agent in the form of
seaweed extract (biostimulator) was Kelpak SL. It was introduced in the phase of shoot formation.
In the years of full utilization, three cuts were harvested (B1, B2, B3). Studied characteristics were the following content: digestible protein, crude fibre, as well as
NDF, ADF and ADL fibre fraction. Digestibility of the organic and dry matter of plants was also determined. Chemical analysis of the lucerne dry matter showed that irrespective of the cut and the year of research, spraying with the
extract caused a statistically significant increase of total
protein content and decreased the NDF, hemicellulose and
digestibility of dry matter of Lucerne biomass.

and Adamczewski [3] show that the plant which reacted to
the applied biopreparations to the highest extent was maize.
Application of the extract caused the increase in harvest of
this plant by over 21%, in comparison to the control. The
authors also showed that spring crops react to the extract
more intensely than winter crops. However, it must be emphasized that there are also such experiments in which no
significant effects were noticed after applying those kinds
of preparations in the cultivation [9-14]. In most cases, scientific research confirm the beneficial effects of Ecklonia
maxima extract on the plants, however they indicate the
greater significance of the time when the regulator is used
than its dosage [15,16]. Moreover, it was proved [17-20]
that the application of such extracts influences chemical
composition of dry matter in many plant species.
The aim of the research was to determine the influence
of Ecklonia maxima seaweed extract on the content of organic compounds in the bastard lucerne dry matter. The experiment aimed at proving whether spraying with the preparation containing phytohormones differentiated the share
of total protein, crude fibre, cellulose, hemicellulose, NDF,
ADF and ADL fibre fraction, as well as digestibility of the
organic and dry matter of plants at individual harvest dates
and years of use.

KEYWORDS: lucerne, seaweed extract, plant hormones, protein,
fibre, NDF, ADF, ADL

2. MATERIAL AND METHODS
1. INTRODUCTION
Research [1-5] shows that the extract of Ecklonia maxima did not damage the cultivated plants, but it stimulated
some of their organs to increase their size. As a result of foliar spraying with the algae extract on the plants, Bai et al.
[6] gained longer shoots and roots (on average 27%) in comparison with the control cultivation. Similar results are presented by Pietryga and Matysiak [7], Thevanathan et al. [8],
and Matysiak [2], whereas the studies performed by Matysiak
* Corresponding author

Between 2009 and 2011, field experiments concerning
the cultivation of bastard lucerne (Medicago x varia T.
Martyn), Tula variety, were conducted on the research object of the Department of Grassland and Green Areas Shaping at the University of Natural Sciences and Humanities
in Siedlce. The experimental soil was classified as culture
soil, hortisol type, created out of slightly argillaceous sand.
The area of an individual plot was 6 m2. Before sowing and
in the second and third year of the cultivation in spring,
phosphatic fertilization in the amount of 45 kg P·ha-1 was
applied, as well as potassic fertilization in the dosage of
100 kg K·ha-1. Lucerne seeds were sown in April 2009 in
the amount of 12 kg·ha-1 (600 pcs.·m-2 as per 100% of ger-
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mination ability), about 1 cm deep. In the phase of shoot
formation, a research agent in the form of seaweed extract
(biostimulator) was introduced – its trade name was Kelpak SL. Kelpak includes natural plant hormones, i.e. auxins (11 mg·l-1) and cytokinins (0.03 mg·l-1). The extract was
obtained from brown algae Ecklonia maxima. The preparation was applied on all outgrowth in the form of spraying.
Research object marking: A1- control (without extract), A2
– extract applied in a dose of 2 l·ha-1 of the preparation diluted in 350 l of water. Each experimental combination was
repeated three times. In the years of full utilization, three
cuts were harvested (B1, B2, B3). Harvest was made in the
phase of lucerne’s beginning to bloom. Immediately upon
cutting, 1 kg sub-samples were placed on ice and transported to the laboratory whereupon the samples were dried
at 60 oC. Dried samples were milled through a 1 mm steel
mesh and analysed for dry matter (DM) and neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) fibre fraction [g kg-1 of dry matter].
All determinations were made on the basis of near-infrared
method by near infrared reflectance spectroscopy (NIRS)
with the use of InfraAnalyzer 450. The NIRS calibrations
used are based on the INRA data base. Moreover, basing
on the equation developed by Van Soest et al. [21] concerning the share in dry matter of individual fibre fractions,
the content of cellulose and hemicellulose was calculated
[g kg-1 of dry matter].

The received results were prepared statistically, using
the analysis of variance and NIR0,05 in accordance with
Tukey’s test.
Meteorological data from the years of study were received from Hydrological and Meteorological Station in
Siedlce. In order to determine the time variability of meteorological elements and their influence on the course of
plant vegetation, hydrothermal coefficient of Sielianinov
was calculated [22].
The data presented in Table 1 show that the years 2009
and 2011 were characterised by the most beneficial distribution and size of precipitation at the optimal air temperatures during the period of plant vegetation. In those years
there were no months with drought and severe drought.

3. RESULTS AND DISCUSSION
Chemical analysis of the lucerne biomass (Table 2)
showed that irrespective of the cut and the year of research,
spraying with the extract caused a statistically significant
increase of total protein content from 121 g kg-1DM (objects - A1) to 137 g kg-1DM of dry matter (objects - A2).
The highest total protein content (144 g kg-1DM) appeared
in biomass collected from the objects treated with seaweed
preparation in 2011 in the second cut. The lowest protein

TABEL 1 - Sielianinov hydrothermal coefficient (K) in each month of the growing season and study years
Month
IV
V
VI
VII
2009
1.03
2.24
1.03
1.26
2010
0.40
2.21
1.19
1.18
2011
1.10
0.89
0.72
2.19
0.5 - serve drougth; 0.51 – 0.69 - drougth; 0.70 – 0.99 – poor drougth; over 1 – no drought
Year

VIII
1.36
1.79
0.84

IX
1.01
2.81
0.78

X
1.73
0.53
0.94

TABLE 2 - Development of crude protein content [g kg-1DM] in dry matter of alfalfa under the influence of extract, cut and study year
Study year
(C)
2009
2010
B1
112 Bb
123 Aab
A1
B2
123 Aa
119 ABa
Control
B3
116 ABb
112 Bb
B1
137 Aa
139 Aa
A2
B2
131 Ab
134 Ab
Factor
B3
134 Aa
138 Aa
Mean for extract
A1
117 Bb
118 Bb
A2
134 Ab
137 Aab
Mean for cut
B1
125 Ab
131 Aab
B2
127 Ab
127 Ab
B3
125 Aa
125 Aa
Mean for study year
C
126 b
128 ab

mean values marked with the same small letters do not differ significantly

mean values marked with the same capital letters do not differ significantly
Extract
(A)

Cut
(B)
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Mean
2011
129 Aa
127 Aa
128 Aa
139 Aa
144 Aa
137 Aa

121 A
123 A
119 A
138 A
136 A
136 A

128 Ba
140 Aa

121 B
137 A

134 Aa
136 Aa
133 Aa

130 A
130 A
124 A

134 a
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TABLE 3 - Development of a crude fiber content [g kg-1DM] in dry matter of alfalfa under the influence of extract, cut and study year
Study year
(C)
2009
2010
B1
367 Aa
341 Aa
A1
B2
349 Aa
348 Aa
Control
B3
367 Aa
358 Aa
B1
329 Aa
327 Aa
A2
B2
340 Aa
350 Aa
Factor
B3
339 Aa
346 Aa
Mean for extract
A1
361 Aa
349 Aab
A2
336 Aa
341 Aa
Mean for cut
B1
348 Aa
334 Aab
B2
345 Aa
349 Aa
B3
353 Aa
352 Aa
Mean for study year
C
34.9 a
34.5 a
mean values marked with the same small letters do not differ significantly
mean values marked with the same capital letters do not differ significantly
Extract
(A)




Cut
(B)

content (112 g kg-1DM) was observed in plants cultivated
on the plots without spraying, in the first cut in 2009 and in
the third cut in 2010. What is worth noticing is the fact that,
irrespective of the cut and the applied agent, the concentration of protein in the above-ground parts of plants was increasing as the experiment continued. In 2011, it was 134 g
kg-1DM and statistically it was significantly higher than the
share in 2009 which equalled on average 126 g kg-1DM.
Regardless of the biostimulator application and the year of
research, the cut did not vitally influence the total protein
content in lucerne biomass.
In the studied plant material, the content of crude fibre
(Table 3), regardless of the biostimulator, cut and year of
use, equalled on average 335 g kg-1 of dry matter. The plants
cultivated on the objects without the agent (340 g kg-1DM A1) were characterised by a higher share of that component.
As a result of the extract application, there was a drop in fibre content in lucerne, on average of 1.5%, but this variability was not confirmed statistically. What is worth noticing is
the significant diversity of the fibre content in plants in individual years of research. The lowest intake of this constituent in lucerne dry matter (304 g kg-1DM) was in the
third year of study – 2011. Most probably it was caused by
meteorological conditions, since in that year there were
months with slight droughts in spring (May and June),
summer (August) and autumn (September and October). In
those periods there was moderate precipitation during
warm and sunny weather, which worked in favour of protein accumulation.
The share of individual dietary fibre in lucerne dry
mass was greatly differentiated (Table 4). The highest content had the NDF - neutral detergent fibre, whose share was
between 461 g kg-1DM (objects A2, B2, year 2009) and
558 g kg-1DM (objects A1, B1, year 2011). ADF ran from
298 g kg-1DM (objects A1, B3, year 2011) to 349 g kg-1DM
(objects A1, B1, year 2009), ADL from 41.5 g kg-1DM (objects A1, B3, year 2009) to 53.5 g kg-1DM (objects A1, B1

Mean
2011
307 Ab
310 Ab
311 Ab
293 Ab
300 Ab
301 Ab

338 A
336 A
345 A
3.6 A
330 A
329 A

310 Ab
298 Ab

340 A
325 A

300 Ab
305 Ab
306 Ab

327 A
328 A
337 A

304 b

and A2, B1, year 2011). NDF may include not only nonstarch polysaccharides and lignin in its composition, but
also cell walls protein, tannins, mineral nutrients and other
organic chemical compounds which are hard to identify.
Protein related to NDF undergoes enzymatic digestion with
a lot of difficulty, which is proved by the lower fraction
digestibility of this fibre [23].
Thus, it is necessary to reduce the fraction share of this
fibre in plant dry matter. The research shows that regardless of the harvest and year of research, spraying with the
biostimulator based on phytohormones statistically significantly lowered the amount of NDF from 532 g kg-1DM to
489 g kg-1DM in lucerne dry matter. Number of harvest did
not influence the share differentiation of individual dietary
fibre fractions in the analysed phytomass. The lignin content - ADL, depended on the year of study and it was highest (52.8 g kg-1DM) in dry matter collected in the third year
of cultivation (2011).
The data presented in table 5 show that spraying with biostimulator influenced only the reduction of the hemicellulose
in lucerne dry matter (drop from 207 to 168 g kg-1DM). The
share of cellulose did not undergo any statistically significant change under the influence of the agent and it equalled
about 280 g kg-1DM, regardless of the cut and year of
study. It must be emphasised that the statistically significant changeability of cellulose and hemicellulose content
was present only in control objects – A1, analysed in the
context of the year of research. Thus, it can be assumed that
the share of these polysaccharides in the studied plant material depended on meteorological conditions during the
plant vegetation. The years when there were more months
with no droughts – 2010 and 2009 (Table 1) – were in favour of gathering the cellulose, whereas in the years of
lower precipitation intensity (with slight droughts), the
plant cells gathered more hemicellulose. Such tendency
was not present in the biomass of cultivations sprayed with
biostimulator – A2. Therefore, it must be stated that spray-

883

© by PSP Volume 24 – No 3a. 2015

Fresenius Environmental Bulletin

TABLE 4 - Content of [g kg-1DM] fiber fraction, NDF, ADF and ADL in dry matter of alfalfa depending on extract, cut and study year
Extract
(A)

B1
B2
B3
B1
B2
B3

Study year
(C)
2009
2010
NDF [% DM]
535 Aa
546 Aa
508 ABb
526 Aab
483 Bb
517 Aab
481 Aa
512 Aa
467 Aa
487 Aa
461 Aa
484 Aa

B1
B2
B3
B1
B2
B3

Mean for extract
509 Ab
530 Aab
470 Ba
494 Ba
Mean for cut
508 Aa
529 Aa
487 Aa
507 Aa
472 Aa
501 Aa
Mean for study year
48.9 a
51.2 a
ADF [%DM]
334 Aab
349 Aa
319 Aab
347 Ab
314 Aab
347 Aa
341 Aa
326 Aa
334 Aa
312 Aa
332 Aa
310 Aa

Cut
(B)

A1
Control
A2
Factor

A1
A2
B1
B2
B3
C

A1
Control
A2
Factor

Mean
2011
558 Aa
554 Aa
556 Aa
520 Aa
499 Aa
494 Aa

546 A
529 A
519 A
504 A
484 A
481 A

556 Aa
504 Ba

532 A
489 B

539 Aa
527 Aa
525 Aa

52.5 A
50.7 A
499 A

53.0 a
308 Ab
300 Ab
298 Ab
343 Aa
330 Aa
326 Aa

330 A
322 A
319 A
337 A
325 A
323 A

302 Aa
333 Aa

324 A
328 A

325 Aa
315 Aa
312 Aa

334 A
325 A
321 A

Mean for extract
A1
A2

322 Aa
336 Aa

B1
B2
B3
C
B1
B2
B3
B1
B2
B3

A1
Control
A2
Factor

348 Aa
316 Aa

Mean for cut
338 Aa
338 Aa
327 Aa
330 Aa
323 Aa
329 Aa
Mean for study year
329 a
332 a
ADL [%DM]
46.0 Aab
42.2 Ab
43.9 Ab
41.7 Ab
43.4 Ab
41.5 Ab
43.1 Ab
45.3 Aab
43.2 Ab
43.9 Aab
42.6 Ab
44.1 Aab

Mean for extract
41.8 Ab
44.4 Ab
44.4 Ab
43.0 Ab
Mean for cut
B1
44.6 Ab
43.8 Ab
B2
43.6 Ab
42.8 Ab
B3
43.0 Ab
42.8 Ab
Mean for study year
C
43.7 b
43.1 b
mean values marked with the same small letters do not differ significantly
mean values marked with the same capital letters do not differ significantly
A1
A2
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317 a
53.5 Aa
52.9 Aa
52.1 Aa
53.5 Aa
52.2 Aa
52.5 Aa

47.3 A
46.4 A
46.4 A
47.3 A
46.2 A
46.4 A

52.8 Aa
52.7 Aa

46.3 A
46.7 A

53.5 Aa
52.6 Aa
52.3 Aa

47.3 A
46.3 A
46.0 A

52.8 a
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TABLE 5 - Development of the digestibility [g kg-1DM] in dry and organic matter of alfalfa under the influence of exract, cut and study year

Extract

Cut
(B)

(A)
A1
Control
A2
Factor

2010

Ceulose [% DM]
288 Aab
307 Aa
275 Aab
305 Aa
271 Aab
306 Aa
298 Aa
281 Aa
291 Aa
268 Aa
289 Aa
266 Aa

B1
B2
B3
B1
B2
B3

Mean for extract
306 Aa
278 Aab
272 Aa
293 Aa
Mean for cut
293 Aa
294 Aa
283 Aa
287 Aa
280 Aa
286 Aa
Mean for study year
285 a
289 a
Hemiceulose [%DM]
201 Ab
197 Ab
189 Ab
179 Ab
169 Ab
170 Ab
140 Aa
186 Aa
133 Aa
200 Aa
129 Aa
207 Aa

B1
B2
B3
C

A2
Factor

2009

B1
B2
B3
B1
B2
B3
A1
A2

A1
Control

Study year
(C)

Mean for extract
182 Ab
186 Ab
198
Aab
134 Ba
Mean for cut
B1
171 Ab
192 Aab
B2
161 Ab
190 Aab
B3
149 Ab
189 Aab
Mean for study year
C
160 b
190 ab
mean values marked with the same small letters do not differ significantly
mean values marked with the same capital letters do not differ significantly
A1
A2




ing with the extract based on phytohormones stabilised the
share of those polysaccharides in the carbohydrate cell structure, regardless of the course of meteorological conditions.
Taking into account the three cuts use of the plants, the
digestibility of lucerne dry matter was shaped on the level
from 59.3% (objects A1, B1, year 2010) to 71.5% (objects
A2, B3, year 2011) – Table 6. Biostimulator application,
regardless of the cut and year of study, caused the growth
of 6% of the digestibility on average. This variability was
statistically significant. The digestibility of organic matter
was not differentiated under the influence of biostimulator.
The digestibility of both: dry and organic matter was not
differentiated in the cuts and years of research.
The research conducted by El-Yazied et al. [24] shows
that spraying of the string bean with the seaweed extract

Mean
2011
255 Ab
247 Ab
246 Ab
288 Aa
278 Aa
274 Aa

283 A
276 A
274 A
289 A
279 A
276 A

249 Ab
280 Aa

278 A
282 A

272 Aa
263 Aa
260 Aa

286 A
278 A
275 A

265 a
250 A a
254 Aa
258 Aa
177 Aa
169 Aa
168 Aa

216 A
207 A
199 A
168 A
167 A
168A

254 Aa
171 Ba

207 A
168 B

214 Aa
212 Aa
213 Aa

192 A
188 A
184 A

213 a

contributed to the increase of total protein in the pods from
2.08 of dry matter to 2.20 mg 100mg-1 of dry matter, thus
limiting the content of fibre from 1.36 to 1.24 mg 100mg-1
of dry matter. In their research the authors also showed the
increase of percentage share of free amino acids in the
leaves, as well as carbohydrates in the leaves and pods of
beans, under the influence of experimental agent. Similar
results were received by El-Sheekh and El-Saiedh [17] assessing the reaction of Vicia faba L. on the seaweed extract,
and Sridhar and Rengasamy [20] analysing the influence of
this type of biopreparation on chemical composition of the
nut. Spraying of the celeriac with the algae extract also
contributed to gathering the amino acids in biomass, which
was described by Shehata et al. [19]. Similar results concerning fenugreek were also received by Pise and Sabale
[18].
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TABLE 6 - Development of digestibility in dry and organic matter of alfalfa under the influence of extract, at and study year
Extrack
(A)

B1
B2
B3
B1
B2
B3

Study year
(C)
2009
2010
Digestibility of dry matter [%]
60.0 Bb
59.3 Ab
62.9 ABa
62.3 Aa
64.6 Aa
62.9 Aa
65.9 Aa
68.9 Aa
67.9 Aa
70.0 Aa
67.5 Aa
70.4 Aa

B1
B2
B3
B1
B2
B3

Mean for extract
60.5 Bb
62.5 Bab
69.8 Aa
67.4 Aa
Mean for cut
63.0 Aa
64.1 Aa
65.4 Aa
66.2 Aa
66.1 Aa
66.7 Aa
Mean for study year
65.0 a
65.2 a
Digestibility of dry organic matter [%]
66.3 Ab
73.1 Aa
68.8 Ab
74.2 Aa
70.6 Ab
75.1 Aa
74.0 Aa
75.4 Aa
74.8 Aa
76.7 Aa
74.4 Aa
77.1 Aa

Cut
(B)

A1
Control
A2
Factor

A1
A2
B1
B2
B3
C
A1
Control
A2
Factor
A1
A2

Mean for extract
68.5 Bb
74.1 Aa
76.4 Aa
74.4 Aa

Mean for cut
70.2 Aa
74.3 Aa
71.8 Aa
75.5 Aa
72.5 Aa
76.1 Aa
Mean for study year
C
71.5 a
75.3 a
mean values marked with the same small letters do not differ significantly
mean values marked with the same capital letters do not differ significantly
B1
B2
B3




2.

3.

4.

Application of the extract from Ecklinia maxima in
lucerne cultivation caused the increase of total protein content, lowered the share of neutral detergent
fibre (NDF) fraction and hemicellulose, which
meant the 5,8% increase in the digestibility of plant
dry matter.
The extract did not influence the differentiation of
crude fibre content, ADF and ADL fibre fraction,
cellulose and digestibility of lucerne organic matter.
The performed statistical analysis did not show
any significant influence of the cut on the characteristics analysed in the experiment.
The research showed that the content of total protein, crude fibre, lignin (ADL) and cellulose in lu-
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66.0 Aa
66.6 Aa
62.0 Aa
68.6 Aa
70.5 Aa
71.5 Aa

61.8 A
63.9 A
63.2 A
67.8 A
69.5 A
69.8 A

66.5 Ba
70.2 Aa

63.2 B
69.1 A

67.3 Aa
68.6 Aa
66.8 Aa

69.1 A
66.7 A
66.5 A

68.4 a
74.1 Aa
74.7 Aa
75.2 Aa
73.4 Aa
75.3 Aa
76.3 Aa

71.2 A
72.6 A
73.6 A
74.3 A
75.6 A
75.9 A

74.7 Aa
75.0 Aa

75.3 A

73.8 Aa
75.0 Aa
75.8 Aa

72.8 A
73.7 A
74.8 A

72.4 A

74.9 a

cerne dry matter was influenced by the course of
meteorological conditions in vegetation season in
individual years of research. During warm, sunny
weather with less amount of precipitation, plants
gathered more total protein, lignin and hemicellulose, whereas the share of crude fibre was reduced.

4. CONCLUSION
1.

Mean
2011
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ABSTRACT

1. INTRODUCTION

Extracellular polymeric substances (EPS) are of increasing interest in environmental science because of their
important role in biological wastewater treatment as well
as biogeochemistry of metals and organic carbon. Lots of
papers on the topic of EPS have been published by authors
from diverse countries or territories including Mainland
China. However, a systematic analysis of the research progress of EPS is still not available. In the present study, a
comparison of EPS research between Mainland China and
other countries was conducted by bibliometric methods
based on Web of Science database. The number of papers
was increasing with publish year, and dominating research
articles were in English language. Five research organizations of Mainland China and four authors were listed in the
top 20 most productive institutions and top 10 most productive authors, respectively. However, the performance of
Mainland China’s average citation per item (ACI) and
Mainland China authors’ ACI, H-index, and ħ-index were
relatively poor. The gap between Mainland China and developed countries was still large in scientific research of
EPS. Results indicate that Chinese authors should focus
more on high quality work of EPS, and excellent journals
from Mainland China are expected. Government and authors
should pay more attention to promote Mainland China’s research work related to EPS.

KEYWORDS: Extracellular polymeric substances (EPS); bibliometric analysis; Web of Science (WOS); output performance

* Corresponding author

Extracellular polymeric substances (EPS) excreted
from microorganisms including bacteria, fungi and microalgae are ubiquitous in natural and artificial environments [1].
EPS are biopolymers located on or outside the cell surface
[2], and are called as the “house of cell” [3]. The compositions of EPS are origin-dependent and extraction-dependent. Generally, EPS are mainly composed of high amounts
of polysaccharides and protein, as well as small amounts of
uronic acids, humic substances and lipids [4]. EPS have been
considered to be of great importance in wastewater biological treatment process due to their crucial role in protecting
cells from harsh environments [4], and maintaining the
physiochemical properties of microbial aggregates, such as
matrix structure, surface charge, flocculation, settling properties, dewatering properties, and adsorption ability [1]. Recently, EPS have been demonstrated to show high binding
capacity to heavy metals [1, 4-8] and organic containments
[9-11] because of their large amount of functional groups
and hydrophobic feature, respectively [1]. For example,
Chen et al. [5] pointed out that more than 90% of cadmium
and lead removal by biofilms were attributed to the binding
capacity of EPS.
Since EPS are key factors affecting the performance of
biological wastewater treatment [1], and biogeochemistry
of metals [12], and organic carbon [13], more and more
work had been conducted globally for the further understanding of EPS in recent years. EPS has also been obtained an increasing attention in China. For instance, Prof.
Yu’s group from University of Science & Technology of
China (USTC) systemically investigated the extraction
methods, major components, physicochemical properties,
adsorption properties for dyes, fluorescent feature of EPS
from aerobic/anaerobic sludge and pure bacterial strains [1,
14]. The relationship between EPS and sludge dewaterability had been studied by Prof. He’s group from Tongji Uni-
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versity [15,16]. Meanwhile, Prof. Pan from Xinjiang Branch
of the Chinese Academy of Sciences focused his work
more on the binding capacity of microbial EPS to heavy
metals [6, 8, 17] and organic pollutants [9, 10, 18], and analyzed them using 3-dimensional exaction-emission matrix
fluorescence spectroscopy.
Bibliometrics based on Web of Science database are
quantitative and qualitative methods to analyze the output
performance of authors, institutes, countries or territories,
and journals in a given topic or field [19, 20]. Recently,
such database studies have been successfully employed to
identify the research progress in many disciplines, including aerosol [21], solid waste [19], lead pollution in drinking
water [20], violate organic compounds [22], and toxic substances [23]. Various indicators including journal impact
factor (IF), total publications (TP), average citation per
item (ACI), total citation counts, H-index, and ħ-index can
be used to assess research status and characteristics of a
certain topic using this method.
Although numerous papers related to EPS had been
published in various journals, there is still not a systematic
analysis of this field being reported to date. Furthermore,
with the fast development of China economy, China has
paid more and more attention to scientific research including environmental pollution control. A large amount of
money has been annually spent on education and academic
research, and the number is still increasing. The amount of
budget that China central government is ready to spend on
science and technology is up to 228.54 billion Yuan ($
36.23 billion) [24]. To know the real status of research carried out by Chinese researchers, it is very important to have
a systemic comparison of their research with that carried
out by researchers from other countries. The objectives of
this work were to study research trends concerning the
topic of EPS systematically, and to compare the output performance of Chinese researchers and their published journals with other countries by bibliometric methods.

All data were exported from web and subsequently analyzed by Microsoft Excel 2010. It is notable that all articles with the authorship from Mainland China were included for the analysis of the present study and information
of authors’ countries or territories obtained from WOS was
used in this study.

3. RESULTS
3.1 Characterization of EPS research based on publication
year, document type, and publication language

Total of 2375, belonging to 7 document types, had been
identified articles published in the area of EPS using WOS
between 1899 and 2011. The first paper was published in
1985; while the earliest paper from China was found in 1998.
As shown in Fig. 1, for all countries, the annual publication
numbers continually fluctuated before 1998, and then increased markedly for subsequent years. The amount of papers
from China was 405 until 2011, and the first paper from China
was printed in 1998 while Chinese output number started to
increase significantly after 2004 and rocketed in 2010.
400

All Countries
P.R. China

350
300

Number of publications
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0
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FIGURE 1 - Annual publication output in the topic of EPS from all
countries (total publications: 2375) and P.R. China (total publications: 405).

2. DATA SOURCES AND METHODS
Historical data concerning papers in the field of microbial EPS were gathered from the Web of Science (WOS)
bibliographic database maintained by the Institute of Scientific Information, USA. Search equation, “Topic = (extracellular polymeric substance*) OR Topic = (extracellular polymer*) AND Topic = (microbial or microorganism)”, was used to trace papers published from 1899 to
2011 in the target field. Information on journal performance was also obtained from Journal Citation Reports
(JCR) of the Institute of Scientific Information (ISI), USA.
JCR results (announced in June, 2012) were used in the
present study. Most data searching work had been conducted during May to July in 2012, while data for citation
trend analysis of most cited papers and most productive authors’ bibliometric indicators (TP, ACI, H-index and ħ-index) were collected in October 2012.

In terms of document types, papers from all countries
(China included) and China alone were dominated by original research articles (87.32 and 90.37%, respectively), followed by proceedings papers (12.72 and 8.64%, respectively) and review articles (8.42 and 4.44%, respectively).
However, there was less significance among published articles belonging to other document types. For papers from
all countries (China included), the percentage of the other
document types followed in the order of meeting abstract
(0.8%)> book chapter (0.25%)> editorial material
(0.13%)> note (0.13%). On the other hand, the percentage
of the other document types followed in the order of book
chapter (0.25%)> editorial material (0.25%), published by
Chinese researchers.
The publications from all countries and China were
monopolized by English language, as 98.86 and 98.85%
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articles were in English, respectively. Besides English, it
was found that six other languages were also used for publishing EPS-related articles all over the world including
Chinese (0.25%), German (0.25%), French (0.17%), Polish
(0.13%), Spanish (0.13%), and Japanese (0.08). In China,
except English, another writing language to publish EPSrelated studies was only Chinese (1.48%).
3.2 Top cited papers and their citation trends

Table 1 shows top 10 most cited papers related to EPS
during the period of 1899 to 2011. The most frequently
cited paper, Microbial exopolymer secretions in ocean environments - their role(s) in food webs and marine processes, was published in 1990 by Decho [25]. It was retrieved as the first EPS review paper, which described the
origins, composition, properties and biogeochemistry process of EPS in marine system [25]. However, according to
the values of average citation per year (ACY), Fouling in
membrane bioreactors used in wastewater treatment published by Le-Clech et al.[26] was the most cited paper. EPS
has received considerable attention in wastewater treatment in the latest few decades. Le-Clech et al. [26] comprehensively discussed the effects of EPS on membrane bioreactors fouling, a common but intractable phenomenon
in wastewater treated by membrane bioreactors, in their review paper.
Extraction of extracellular polymeric substances (EPS)
of sludges published by Liu and Fang [27], and Recent advances in membrane bioreactors (MBRs): Membrane fouling and membrane material published by Meng et al. [28]
were the most influential publications based on total cited
counts and ACY among all related papers from Mainland
China, respectively. Six extraction ways for EPS extraction
from sludges were comparably investigated by Liu and
Fang in their paper, which was frequently cited because of

influential extraction procedures for EPS study, and it was
the first paper evaluating EPS extraction from Mainland
China. The paper of Meng et al. [28] reviewed the membrane fouling in MBRs caused by EPS, was highly cited
since published because MBR fouling is still a hot topic in
wastewater treatment. Additionally, the result of most cited
papers seems to confirm a fact that more citation counts
were obtained by review papers than other types of papers
[29].
Citation trends of four papers mentioned above are illustrated in Fig. 2. The citation counts of Decho’s paper
increased continuously since it was published in 1990
while its percentages of citation counts in total number of
papers decreased irregularly with publication year after
reaching the maximum of 105% in 1994. It indicated
Decho’s paper as most influential one, and all new papers
in the topic of EPS cited it till 1994. The phenomenon that
old academic papers always lost their influence over time
has been confirmed by Quental and Lourenco [30], and
Schubert and Lang [31], although the reasons seemed to be
more complicate to analysis. To our best knowledge, it may
result from the assumption that some authors preferred to
cite the relatively new scientific publications which also
described the structure, futures, and application of EPS
proposed by other authors [1, 32-37]. Also, as per guidelines, many journals suggest authors to cite most recent papers. The percentage of other three papers rose dramatically, suggesting that the aspects of EPS studied in those
papers are still a hot topic in environmental science, and
they seem to be cited more in the near future. For example,
some work [38-40] has still be conducted to evaluate the
extraction procedures of EPS, thus Liu and Fang’s EPS extraction paper is likely to have a more enduring and stable
influence in the future.

TABLE 1 - Top 10 most-frequently cited papers in the topic of EPS between 1899 and 2011.
R Author(s)

Year

Title

Journal

TCC ACY

1 Decho AW

1990

2

Scalbert A

1991

Microbial exopolymer secretions in ocean environ- Oceanography and Marine Biology 678
ments
- their role(s) in food webs and marine processes
Antimicrobial properties of tannins
Phytochemistry
623

3

Sudesh K et al.

2000

4

Frolund B et al.

1996

5

Beguin P and Aubert JP

6

Donlan RM

7

29.48
28.32

Progress in Polymer Science

580

44.62

Water research

558

32.82

1994

Synthesis, structure and properties of polyhydroxyalkanoates: biological polyesters
Extraction of extracellular polymers from activated
sludge using a cation exchange resin
The biological degradation of cellulose

FEMS Microbiology Reviews

549

28.89

2002

Biofilms: Microbial life on surfaces

Emerging Infectious Diseases

429

39

Schimel JP and Bennett J

2004

Ecology

427

47.44

8

Le-Clech P et al.

2006

Journal of Membrane Science

383

54.71

9

Baldrian P

2006

Nitrogen mineralization: Challenges of a changing
paradigm
Fouling in membrane bioreactors used in wastewater
treatment
Fungal laccases - occurrence and properties

FEMS Microbiology Reviews

378

54

356

27.38

10 Riding R

2000

Microbial carbonates: the geological record of calcified Sedimentology
bacterial-algal mats and biofilms
R: Rank; TCC: Total citation counts; ACY: Average Citations per Year.
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FIGURE 2 - Citation trend of four most cited papers from all countries (above) and P.R China (below).

TABLE 2 - Top 20 most productive journals on the topic of EPS from all countries and Mainland China.
All Countries
Mainland China
R
Journal
TP(%)
IF
R
Journal
1
Water Research
138(5.8)
4.865
1
Water Research
2
Water Science and Technology
131(5.5)
1.122
2
Water Science and Technology
3
Journal of Membrane Science
78(3.29)
3.850
3
Journal of Membrane Science
4
Applied Microbiology and Biotechnology 68(2.86)
3.425
4
Bioresource Technology
5
Bioresource Technology
67(2.82)
4.980
5
Applied Microbiology and Biotechnology
6
Applied and Environmental Microbiology 64(2.70)
3.829
6
Environmental Science Technology
7
Environmental Science Technology
58(2.44)
5.288
7
Applied and Environmental Microbiology
8
Desalination
53(2.23)
2.590
8
Desalination
9
Biofouling
36(1.52)
4.429
9
Biofouling
10
Water Environment Research
31(1.31)
0.883
10
Journal of Hazardous Materials
11
Biotechnology and Bioengineering
30(1.26)
3.946
11
Water Environment Research
12
Journal of Hazardous Materials
30(1.26)
4.173
12
Biotechnology and Bioengineering
13
Process Biochemistry
26(1.10)
2.627
13
Desalination and Water Treatment
14
Environmental Technology
24(1.01)
1.406
14
Journal of Phycology
15
Desalination and Water Treatment
23(0.97)
0.614
15
Separation and Purification Technology
16
Geochimica et Cosmochimica Acta
23(0.97)
4.259
16
Process Biochemistry
17
Journal of Phycology
23(0.97)
2.071
17
Chemosphere
18
Marine Ecology Progress Series
21(0.88)
2.711
18
Geochimica et Cosmochimica Acta
19
Separation and Purification Technology
21(0.88)
2.921
19
Marine Ecology Progress Series
20
Chemosphere
20(0.84)
3.026
20
Environmental Technology
R: Rank; TP (%): Total number of publications and percentage of total publications; IF: Impact factor of publication
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TP(%)
124(6.78)
116(6.35)
76(4.16)
61(3.34)
52(2.84)
52(2.84)
51(2.79)
49(2.68)
30(1.64)
28(1.53)
26(1.42)
25(1.37)
23(1.26)
21(1.15)
21(1.15)
20(1.09)
19(1.04)
19(1.04)
19(1.04)
18(0.98)

IF
4.865
1.122
3.850
4.980
3.425
5.288
3.829
2.590
4.429
4.173
0.883
3.946
0.614
2.071
2.921
2.627
3.026
4.259
2.711
1.406
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3.3 Most productive journals

The top 20 most productive journals, publishing papers
related to EPS from all countries and China, were ranked
and listed in Table 2, with the values of total publications
(TP) and impact factor (IF). Water research, Water science
and technology, and Journal of membrane science were the
top 3 most productive journals, regardless of the origin of
their papers globally, or only China. It was notable that the
list of top 20 most journals with the papers from all countries were the same to that of China.
3.4 Performances: counties/territories, organizations and authors

The top 20 most productive countries or territories are
shown in Fig. 3, with their values of total publications num-

England

600

-ber and ACI. With the aspect of total number of papers,
USA published 547 papers, ranking the first, followed by
Mainland China (405), Germany (247), Canada (159),
England (144), France (137), and Japan (117). In terms of
ACI, Denmark ranked the first, followed by Scotland,
France, and England. However, Mainland China’s ACI
was 10.59 and ranked the last one in the top 20 most productive countries, which was less than a quarter of Denmark’s ACI.
According to total number of publications, five organizations from Mainland China, three from USA, two each
from Taiwan, Singapore, Germany, and Canada, and one
each in Hong Kong, Spain, Scotland, and South Korea
were ranked in the top 20 most productive organizations in
the topic of EPS from 1899 to 2011 (shown in Table 3).
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FIGURE 3 - The total number of papers and average citation per item (ACI) of top 20 most productive countries or territories.

TABLE 3 - Top 20 most productive institutes in EPS-related research during years from 1899 to 2011.
R
1
2
3
4
5
6
7
8
9
10

Institute
Tongji Univ
Natl Taiwan Univ
Nanyang Technol Univ
Univ Sci Technol China
Chinese Acad Sci
Montana State Univ
Univ Hong Kong
Dalian Univ Technol
CSIC
Tech Univ Munich

CT
Mainland China
Taiwan
Singapore
Mainland China
Mainland China
USA
Hong Kong
Mainland China
Spain
Germany

TP(%)
58(2.4)
51(2.15)
48(2.02)
48(2.02)
47(1.98)
39(1.64)
30(1.26)
29(1.22)
28(1.18)
27(1.14)

R
Institute
11
Natl Univ Singapore
11
Univ St Andrews
13
Harbin Inst Technol
14
Arizona State Univ
14
Chung Yuan Christian Univ
14
CNR
14
Tech Univ Berlin
20
Environm Canada
20
Seoul Natl Univ
20
Univ Duisburg Essen
20
Univ Guelph
R: Rank; CT: Countries or territories; TP (%): Total number of publications and percentage of total publications.
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CT
Singapore
Scotland
Mainland China
USA
Taiwan
USA
Germany
Canada
South Korea
Germany
Canada

TP(%)
25(1.05)
25(1.05)
22(0.93)
21(0.88)
21(0.88)
21(0.88)
21(0.88)
20(0.84)
20(0.84)
20(0.84)
20(0.84)
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TABLE 4 - Top 10 most productive authors in EPS-related research during years from 1899 to2011.
Rank

Authors

Institute

CT

TP

ACI

H-index

1

LEE DJ

Natl Taiwan Univ

Taiwan

49(2.06)

16.43

16

ħ-index
16

2

YU HQ

Univ Sci & Technol China

Mainland China

47(1.98)

13.91

15

15

3

SHENG GP

Univ Sci & Technol China

Mainland China

30(1.26)

16.43

12

12

4

LIU Y

Univ Alberta

Canada

28(1.18)

24.04

15

15
16

5

FLEMMING HC

Univ Duisburg Essen

Germany

25(1.05)

46.36

16

6

PATERSON DM

Univ St Andrews

Scotland

25(1.05)

40.12

14

14

7

TAY JH

Nanyang Technol Univ

Singapore

25(1.05)

33.00

16

16

8

HE PJ

Tongji Univ

Mainland China

24(1.011)

7.96

8

7

9

SHAO LM

Tongji Univ

Mainland China

24(1.011)

7.96

8

7

10
WANG ZW
Oak Ridge Natl Lab
USA
24(1.011)
15.75
11
11
CT: Countries or territories; TP: Total number of publications and percentage of total publications; ACI: Average citations per item.

Five Mainland China organizations were Tongji University
(1st), University of Science and Technology of China (4th),
Chinese Academy of Science (5th), Dalian University of Technology (8th), and Harbin Institute of Technology (13th).
Various bibliometric indicators, such as H-index, ħ-index, and total citation counts, can be used to characterize
the scientific output performance of a researcher. However,
all of them have certain limitations. It is unfair to use solely
citation counts to measure the research achievement of senior scholars (scientific age young), since it is favorable for
older ones [30], and it does not measure the importance of
papers [41]. Hirsch [41] proposed another indicator, H-index, in order to overcome those disadvantages. H-index is
also disputed because it does not reflect the true contribution of individual scholars in his or her papers with multiple coauthors, and it is inappropriate to characterize scientists across disciplines [41, 42]. Additionally, H-index might
be only valid at micro and meso levels, and a promising
rough indicator for young scientists [43]. The indicator, ħindex, proposed by Hirsch [42], is a useful tool for identifying the scientific output of a researcher when the effects
of multiple coauthors are taken into consideration. H-index, together with ħ-index as well as other bibliometric indicators, like ACI, is especially important for the correct
evaluation of junior scholars using bibliometric methods
[42]. In the present study, all authors are from the same research field (EPS); therefore, all authors can be compared
appropriately by the bibliometric parameters, ACI, H-index, and ħ-index.
The top 10 most productive authors in the field of EPS
were listed in Table 4. Lee DJ from National Taiwan University published the most papers among all researchers
worldwide, followed by Yu HQ and Sheng GP from University of Science and Technology of China. It was notable
that Mainland China’s authors accounted for 40% of all authors in top 10 most productive authors (two each from
University of Science and Technology of China and Tongji
University), which was in accordance with countries or territories analysis. In terms of ACI, Germany author, Flemming HC, contributed to the largest ACI, followed by Pat-

erson DM and Tay JH from Scotland and Singapore, respectively. However, except Yu HQ, all three other Mainland China authors’ H-index and ħ-index were both less
than the average value (12.9) of that of the top 10 most productive authors. Additionally, all of their ACI values were
less than the average value (22.196) of the top 10 most productive authors.
4. DISCUSSION
The rapid growth of Mainland China’s publication
number suggests that an increasing attention is paid by Chinese researchers to EPS-related research. Papers from
Mainland China account for 17.06% of all publications (2nd
rank) until 2011. Moreover, five organizations from Mainland China ranked in the top 20 most productive institutes.
These two results confirm that Chinese researchers have
made great contributions to the EPS-related research. The
project 2008ZX07316-002 (24.68 million Yuan) [43], supporting 22 papers, from Tongji University, ranked the 1st,
making up for 0.927 % of all papers. This demonstrates that
a great amount of SCI papers result from Mainland China
government’s large fund.
The term, ACI, can be used to describe the average
times cited per paper from one country or organization, and
evaluate the average quality of its papers. H-index of one
certain scientist can be used in combination with ħ-index
to identify his or her individual scientific abilities. Mainland China’s ACI of EPS topic was the last one in the group
of top 20 most productive countries. However, Denmark
ranked only 16th in the total number of publications but 1st
in ACI. Besides Mainland China’s ACI, the values of ACI,
H-index and ħ-index of Mainland China’s authors are also
not so excellent among top 10 most productive authors.
The poor ACI values of Mainland China as well as Chinese
authors give an idea that papers from Mainland China are
less cited by other countries’ authors due to sophisticated
reasons. Furthermore, none of Mainland China’s papers
belonged to the top 10 most frequently cited papers as
shown in Table 1. Compared with the high performance of
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some developed countries in the most productive groups,
the poor ACI value of Mainland China and values of ACI,
H-index, and ħ-index of Mainland China authors indicate
that more endeavors from Chinese researchers should be
made to improve Mainland China’s performance in the
field of EPS. Similar results had been reported in the research of solid waste [19]. At the same time, it is noteworthy that the ∆h (∆h = H-ħ) values of each Mainland China’s
top 10 most productive authors are very small (0-1), meaning that all of those four authors are senior scientists [42].
Mainland China’s performance in this field can be expectable to be improved with scientists and their groups’ work.
More than 98% papers published in English confirm
the fact that English remains the dominating language in
the scientific fields. English’s major role in academic papers writing had also been demonstrated by many previous
bibliometric analyses of other fields, such as microbiology
[44], lead pollution in drinking water [20], aerosol [21],
and solid waste [22]. The combinational analysis of organizations, authors and languages results imply that most
Mainland China authors prefer to submit their manuscripts
to SCI journals in English, regardless of their great potential in writing papers. For the long-term development of
China’s scientific research, the research funding agencies in
China, such as National Natural Foundation of China, should
encourage their researchers to choose more impacted and internationally acclaimed journals.

analysis, organizations analysis and author analysis imply
that Chinese authors should focus more on high quality
work of EPS. Publications concerning EPS in Mainland
China needs to shift from “quantity” to “quality”. Moreover,
excellent journals from Mainland China are expected to promote their global influence and long-term development. In
order to achieve this goal, Mainland China government or
research funding agency also should pay more attention to
guide the development of journal, while authors could choose
to submit their high-quality manuscripts to domestic journals.
International cooperation with foreign scientists and institutions is an ideal option for this purpose.
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ABSTRACT
In this study, the combined process of biofilm and aeration was applied to treat polluted landscape water. The results of the lab-scale experiments showed that water quality parameters improved remarkably after treatment by the
combined method. With the retention time of 8 d, chemical
oxygen demand (COD), ammonium nitrogen (NH4+), total
nitrogen (TN) and total phosphorous (TP) were observed
to be reduced, with the mean removal efficiency of 53.4%,
85.0%, 24.9% and 37.0%. Accordingly, the mean Oxidation-Reduction Potential (ORP) increased from 130.0 to
182.8 mV, the mean pH decreased from 10.0 to 8.0, and
the mean transparency improved from 20 to 90 cm. It was
proved that the improvement of polluted water was mainly
resulted from the synergistic reaction of the biofilm and
aeration. The combined process had the better performance
in field-scale experiment. Water quality in the treated area
arrived at Degree Ⅵ of the State Standard for Surface Water. The results indicate that usefulness of the combined
process to remediate polluted landscape water.

KEYWORDS:
biofilm; aeration; landscape water; nutrient salt; transparency

1. INTRODUCTION
With rapid growth of the economy and the dramatic
improvement of living standards, the desire for living in
residential environments has greatly increased. In order to
satisfy the growing demand, a number of man-made landscape engineering projects have been constructed. Due to
the fact that many landscaped bodies of water are in a closed
or semi-closed status, they are easily polluted by domestic
and industrial wastewater, rainwater and agricultural run* Corresponding author

off. This results in severe degradation of water quality. In
such cases water becomes black, odorous, and is marked
by the disappearance of submerged macrophytes as well as
a decrease in biological diversity [1, 2]. Therefore, landscape water quality has become a major concern, both regionally and worldwide [3, 4].
Landscaped bodies of water are aesthetically demanding and the principal objective of landscape water treatment
is to keep it in a clear-water state and improve visual and
perceptual effects. Transparency is an important parameter
to describe water optical quality and evaluate water eutrophication, which also plays the critical role in restoration
of submersed macrophytes. Since the late 1970s, researchers have conducted lake transparency studies [5]. Water
transparency is influenced by the solar radiation, optical attenuation coefficient, physical-chemical characteristics,
suspended solids and meteorological effects [6]. However,
only a limited number of studies focused on the transparency of landscape water.
During the past few years, many physical, chemical
and biological techniques used for the treatment of heavily
polluted surface water have been developed and reported
in many literatures [7, 8]. Among these available techniques,
in situ bioremediation is a potentially effective process for
purification of polluted surface water [9]. While, many in
situ remediation processes have been developed for bioremediation of polluted surface waters, these techniques have
many disadvantages associated with them such as high time/
energy demand, high cost, lack of flexibility and the requirement of a large area [10~12].
The hybrid system of biofilm and aeration originated
from fluidized-bed bioreactor which has been widely used
to deal with industrial or domestic wastewater [13, 14].
This combined approach to remediate polluted landscaped
bodies of water requires less time, less space and less cost
but has greater flexibility compared to other technologies.
The principles of the combined process are: (1) aeration
can create favorable conditions for microbial degradation,
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macrophytes restoration, inhibition of nutrient release from
the sediments and promotion of water column mixing [15];
(2) impelling force caused by airflow can change the flow
regime, allowing sedimentation to dominant over suspension [9]; (3) underwater biofilm carrier serves as a base for
attaching microorganisms, which favors the break-down of
organic matters and the trap of suspended solids. The combination of biofilm and aeration can be a highly effective
and economical method to treat polluted landscape water.
In this study, laboratory experiments were performed
to investigate the necessity of the co-existence of biofilm
and aeration compared with biofilm alone system. The correlations between the environment variables and water
transparency were recognized. In addition, the variation of
water quality parameters during the treatment was monitored, and the efficiency as well as feasibility of this
method was evaluated in practical application.

2. MATERIALS AND METHODS

1.0 m in length, 0.6 m in width and 1.0 m in height. To
compare the water quality improvement effect of different
arrangements, biofilm carrriers and biofilm carriers united
with aeration were launched into two tanks separately. The
other tank was a blank control without any setting. The
belt-like biofilm carriers were made of polypropylene
rayon fibers, which have a certain elasticity and huge surface. There were 12 clusters of biofilm carriers in each reactor, which were fixed in the iron mesh. The aeration device ran continuously, and could inject the air into the
lower water column and achieve mixing through the entrainment of bottom water, and also make an obviously horizontal flow in the water. The pump had a power of 125 W
and a flow rate of 5000 L/h. The experiments were performed
outdoors and all the reactors were under a shed of plastic roof
to avoid the effect of rainfall. Water temperature in the reactors was kept at 25℃ by using a thermostat. The water
was taken from Lake Rome located in outskirts of Beijing,
China. Each experiment was performed in triplicate and
each sampling aliquot was measured three times.
2.3 Field-scale experiment

2.1 Biofilm formation of carriers
3

The carriers (24 clusters) and natural lake water (1m )
were put into a glass cylinder to form biofilm. The cylinder
was inoculated with 10 L of aerobic sludge, which was obtained from the municipal wastewater treatment plant of
Beijing. Then, the carriers were aerated intermittently in a
cycle of 2.5h on/ 0.5h off (DO 4.0 mg/L during aeration,
decreasing to 1.0 mg/L during no aeration) for 3 days. From
the 4th day, 4L of the supernatant of incubation liquid was
slowly exchanged with fresh natural lake water every other
day. After 20 days of aeration, active attaching biofilm carriers were gently washed using tap water and then put into
the certain reactor to treat lake water.
2.2 Lab-scale experiment

The experiments were conducted in three laboratory
reactors with effective volume of 0.5 m3 each, which are

The practical project was located in the constructed
lake of a sanatorium in Beijing, China. The whole lake was
separated into two parts by a concrete dyke; the area of each
section was approximate 5000 m2. There were Neilumbo Nuciferas in the center of the two parts, with the coverage rate
of 15-20% each. The enclosure of the lake was paved by
cement tiles. The combined system was stalled in section B
and was compared to the section A, where no treatment
was performed.
The aeration devices were installed at the bottom of the
water in a continuous run model, which was able to bring
surface water down to a lower level and allow it to flow
through the circulation facility, leading to horizontal-flow
reoxygenation throughout the whole system. The biofilm
carrier modules were merged into water. The schematic diagram of equipment is shown in Fig. 1.

FIGURE 1 - Schematic diagram of equipment
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Aeration device

Biofilm module

FIGURE 2 - Distribution of monitoring points and apparatus (A1-A5, sampling points of Section A; B1-B5, sampling points of Section B)

Section B was installed with six sets of aeration devices and eight sets of biofilm modules. Each aeration apparatus had a power of 1 kW and each biofilm module had
72 clusters of pre-inoculated biofilm carrier, which were
immobilized to an iron shelf (Length: 2 m, Width: 1 m;
Height: 1 m). The couple of aerated devices were fixed in
three sites. The sites were 1 m away from the bank and had
60 m interval between each other. Two sets of biofilm
module were placed around the aeration devices. The water
in section B was circulated by aeration devices. The velocity of the water was approximately 5 cm/s. The five monitoring points (B1, B2, B3, B4, B5) were selected along the
water-flow route. To compare the performance of Section
A and Section B, water samples were taken at a similar location in Section A (A1, A2, A3, A4, A5). Each site was
sampled at 8:00 am, 2:00 pm and 8:00 pm and each sampling aliquot was measured three times. The distribution of
monitoring point and apparatus is shown as Fig. 2
2.4 Analysis method

Samples were collected from a surface layer depth of
0.5 m. Once the sample was collected, pH and ORP were
measured immediately with the portable Multimeter
(Thermo ORION 5-STAR). Water transparency was determined by a Secchi disc. NH4+, NO3-, TN, TP and COD
were measured according to standard methods [16].
In this paper, the standard deviations for the water parameters were calculated with the Microsoft Excel 2003
program. And the Pearson’s correlations (R) were performed with SPSS 16.0.

3. RESULTS AND DISCUSSION
3.1 Nutrient salt removal under different treatment conditions

Harmful cyanobacterial blooms, reflecting advanced
eutrophication, are the common phenomenon in many landscaped bodies of water. Both excessive nitrogen (N) and

phosphorus (P) loads are responsible for their proliferation
[17, 18]. The variation and removal efficiency of N and P
were monitored through lab-scale experiments, which exhibits the capacity of combined process for treating eutrophic bodies of water.
Fig.3a shows NH4+ concentration changing as a function of retention time under different treatment conditions
in the batch experiments. All the samples showed decreasing trends. It was obvious that the nitrification rate in the
biofilm-aeration system was higher than that of the biofilm
alone system as well as the control system. After the 8-day
treatment, the mean concentration of NH4+ for the combined system was 0.18 mg/L, with mean removal efficiency as 85.0%. Additionally, NH4+ concentrations of biofilm system and control system were averaged at 0.58 mg/L
and 0.95 mg/L respectively, with mean reduction efficiency as 51.7% and 20.8%. The variation of nitrate (NO3-)
concentration under different treatment conditions is shown
in Fig.3b. The results showed that NO3- in the biofilm-aeration and biofilm alone system accumulated gradually, with
their concentrations averaging 2.35 mg/L and 1.87 mg/L,
respectively. NO3- concentration in the control system basically coincided with the raw water. The TN concentration
varied as the retention time under different treatment conditions is presented in Fig.3c. The concentration of TN under all experimental conditions showed a declining trend.
During the 8-day treatment, the TN mean concentrations of
the combined, biofilm alone, and control system were accordingly 2.78 mg/L, 2.62 mg/L and 3.40 mg/L, resulting
in the mean removal efficiency of 24.9%, 38.2% and 8.1%,
respectively.
Biological denitrification, volatilization and plant uptake are the major mechanisms for nitrogen removal in eutrophic waters [19]. In the experiments, NH4+ and TN decreased during the treatment in all systems, but removal efficiency of NH4+ and TN were much higher in the combined and biofilm alone system. This increase in removal
efficiency was attributed to the effect of biological action.
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It is obvious that the increase amplitude of the removal
efficiency of NH4+ in the combined and biofilm alone system was different. At a retention time of 8 d, the removal
efficiency of NH4+ reached 85.0% for the combined system
and 51.7% for the biofilm alone system, which is due to
aeration enhanced nitrifying bacteria activities [23], and
horizontal flow of water caused by aeration device promoted mass-transfer and accelerate degradation of pollutants [24]. Aeration can also create gradients of dissolved
oxygen through the biofilm, which is thought to increase
systems’ life span, such as nitritation and anammox [25].
Therefore, the combination of aeration and biofim performed the synergistic effect to nitrogen conversion and removal.
The variation of TP under different treatment conditions in batch tests is shown in Fig.4, the initial concentration
of TP was 0.27 mg/L. After an 8-day treatment, the mean TP
concentration in the control, the biofilm alone and the combined system were 0.23 mg/L, 0.19 mg/L and 0.17 mg/L,
respectively with mean removal efficiency of 14.8%, 29.6%
and 37.0%. The removal efficiency of TP in all systems
increased as the retention time was extended; this is similar
to the trend of NH4+ and TN. The prolonged retention time
contributes to mineralization of particulate phosphorus, as

The results showed that the mean density of microorganisms attached on the biofilm carriers after inoculation were
comparable to the values reported by Li et al. [8], who
found that the mean density of nitrifying bacterial and denitrifying bacteria attached on the biofilm medium to be
measured at 2.25×108cells/g-medium and 3.88×106 CFU/gmedium. The detailed study of the bacterial species and populations attached on carriers will be carried out in another
paper. The results of other literatures [20, 21] also revealed
that wetland with much richer microbial communities can
have a better performance when it comes to nitrogen removal, which indicates that nitrogen conversion and removal are primarily dependent on the nitrification/denitrification activity of bacteria [22].
It should be noted that the removal efficiency of NH4+
and TN in the combined and biofilm alone system increased remarkably with a prolonged retention time. This
was most likely due to the NH4+ and TN load per unit volume decreasing as the retention time increased; this enhanced the amount of nitrogen assimilated by microorganisms [8]. After an 8 d treatment, TN mainly existed in the
form of NO3- in both treated systems, which showed that
denitrification is the constraint process for nitrogen removal in the lab-scale experiments.
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FIGURE 3 - Effect of different treatment conditions on nitrogen removal (Means ± standard deviation, n=9)
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well as assimilation of microorganisms. In fact, TP elimination is achieved mainly though chemical precipitation in
a body of water with high P concentration [26] and hydrophyte assimilation in a body of water with low P concentration [27]. Studies indicate TP concentration is negatively
related to macrophyte coverage [28]. The reduction rate of
TP was 73.33% under the 20% coverage of submerged macrophyte Ceratophyllum demersum L. in Donghu Lake in
China [2].

reduction efficiency increasing by 8.6%. It can be explained that the artificial aeration increased the DO level
in the water, which provided stronger oxidation to degrade
the pollutants [30] and promoted the activities of heterotrophic microorganisms. Therefore, the combined process is
effective to treat black, anoxic landscaped bodies of water.
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(Means ± standard deviation, n=9)
3.2 COD removal under different treatment conditions

Fig.5 demonstrates the variation of COD concentration
under different treatment conditions in batch tests. During
the treatment, the mean concentration of COD in the control,
the biofilm alone, and the combined system were 97.2 mg/L,
60.7 mg/L and 51.2 mg/L, resulting in mean removal efficiency of 11.6%, 44.8% and 53.4%, respectively. COD in
all systems showed decreasing treads as well. Compared to
the control system, the biofilm alone and the combined system showed much higher removal efficiencies, which suggest that the increase of biomass facilitates the removal of
COD. That was due to (1) the microbial community formed
on biofilm carriers which possesses highly specific surface
area enhanced the removal of pollutants [29]; (2) extracellular enzyme of microorganisms on medium would transform
the particulate organics into dissolved biodegradable organics
in favor of the biodegradation of organic matters [8].
It should be noted that under biofilm conditions, the
removal of COD could be enhanced through aeration, with

3.3 Variation of ORP, pH and water transparency

The other environmental variables at different treatment times in the batch tests are summarized in Table 1.
The mean transparency of the influent remained at 20 cm.
After being treated with the biofilm-aeration system, the
transparency improved significantly as the retention time
increased. After an 8-day treatment, the mean transparency
increased to 90 cm. For the control system, the mean transparency changed slightly to 27 cm. Due to the aeration and
circulation flow, the mean ORP in the combined system
increased from 130.0 mV to 182.8 mV, with the maximum
value of 203.2 mV. The high ORP in the reaction system
can improve the anaerobic condition of solid-water surface
and also inhibit the release of nutrients from the sediment
[31]. The mean pH of the combined system decreased from
10.0 to 8.0 after the 8 days treatment. Compared with the
control system, the biofilm-aeration method was more
likely to keep water at the acid-base equilibrium state and
provide the environment for macrophyte restoration, which
has been recognized to play an important role in shifting
the turbid state of eutrophic waters to a clear state [32].

TABLE 1 - Variation of water qualities at different treatment times (Means ± standard deviation, n=9)
Influent
Transparence
(cm)
ORP
(mV)
pH

The control system

Biofilm plus aeration system

2d

4d

6d

8d

2d

4d

6d

8d

20 ±1.2

22 ±0.8

27±1.3

24±0.7

27±1.0

37±1.5

56±1.9

85±1.8

90±2.0

130.0±1.4

128.0±1.8

149.9±1.1

130.9±1.5

130.8±0.8

166.7±0.7

203.2±1.4

183.8±0.9

182.8±1.2

10.0±0.3

10.1±0.2

10.0±0.2

10.1±0.3

9.8±0.1

9.4±0.2

8.9±0.1

8.4±0.2

8.0±0.2
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TABLE 2 - Water quality parameters of practical project (Means ± standard deviation, n=15)

Section B
(treated area)
Section A
(control area)
Degree VI
Chinese Standard

NH4+
(mg/L)

NO3(mg/L)

TN
(mg/L)

TP
(mg/L)

COD
(mg/L)

Transparence
(cm)

ORP
(mV)

pH

0.09±0.03

0.03±0.01

1.46±0.03

0.04±0.01

27.1±1.8

110±1.2

325±1.3

7.4±0.2

0.70±0.02

0.20±0.03

1.92±0.05

0.15±0.01

98.6±2.0

21±0.8

301±1.5

8.5±0.3

1.5

—

1.5

0.1

30

—

—

6～9

TABLE 3 - Relationships between water transparency and environmental variables in the batch tests (n=24)
T-Variable
R

T- NH4+
-0.9594

T-NO30.8882

T-TN
-0.8764

T-TP
-0.703

3.4 Relationships between environmental variables and water
transparency

Many factors influence the transparency of bodies of
water, involving suspended solids, Chl-a concentration,
dissolved organic matters, nutrient concentration, pH and
so on (Wang et al., 2008) [33]. In this work, the relationship of the transparency (T) and environmental variables in
the lab-scale experiments were investigated (Table 3). R of
T-NO3- and T-ORP were 0.8882 and 0.6299, a statistically
significant positive correlation. However, R of T- NH4+, TTN, T-TP, T-COD and T-pH were -0.9594, -0.8764, 0.703, -0.8617 and -0.9695, respectively, showing statistically significant negative correlations.
It was noted that the limitation of nutrients, such as N
and P, is beneficial to improve water transparency. Scheffer
et al. [34] also reported that when TN was frequently below
2.5 mg/L and TP below 0.080 mg/L, the body of water was
inclined to trigger a change from the initial turbid state to a
clear-water state. Transparency is also influenced by dissolved organic matter. Some dissolved organic matter can
strongly absorb light, leading to a low transparency in the
body of water.
High ORP helps to increase water transparency as
well. Probable explanation is that the high ORP is beneficial to oxidation of sulfide matters and sedimentation, to
the enhancement of microorganism activities and to the increased removal efficiency of pollutants [9]. The balance
of pH in water could provide the suitable environment for
hydrophyte restoration.
The results showed that TN existed in the form of NO3in the combined system after an 8 day treatment. Decrease
of NH4+ and increase of NO3- could assist to control algae
growth, and result would be a transparency improvement. It
is supported by the conclusion of Paerl et al. [17], who found
that per unit amount of N added, NH4+ stimulated significantly more algal biomass formation than nitrate did, suggesting most algae assimilate NH4+ preferentially, which is
rapidly regenerated in the water column and sediments of the
shallow systems [35]. Acquisition rate of different forms of
N was researched in Shelburne Pond in Vermont by Ferber

T-COD
-0.8617

T-ORP
0.6299

T-pH
-0.9695

et al. [36]. They found that the pond was dominated by Nfixing cyanobacteria, and TN uptake rate was less than 9%,
NOX uptake rate was less than 5%, however, the acquisition
rates of NH4+ was up to 82-98% in the summer. Therefore,
NH4+ is the key factor for eutrophic water treatment, and
management in the future should be paid more attention to it.
3.5 Performance of biofilm- aeration method in practical application

In order to illustrate the feasibility of biofilm-aeration
measure for practical application, an integrated system was
built in the artificial lake of a sanatorium. Table 2 shows
the water quality of the treated area and the control area.
After 20 days of continuous remediation, obvious improvement was observed for the area treated by the combined
system of biofilm and aeration. The mean removal efficiency of NH4+, NO3-, TN, TP and COD were 87.1%,
85.0%, 24.0%, 73.3% and 72.5%, respectively. The combined method increased the mean transparency from 21 to
110 cm. In addition, pH in treated water remained at the
neutral range, and the mean ORP was enhanced to 325 mV.
The lake displayed a stronger self-cleansing capability under the combined treatment. Water quality has reached Degree VI of the State Standard for Surface Water [37]. The
performance of the combined process in practical application was better than that of batch experiments. The reason
was that there were some hydrophytes in the filed site,
which could take an auxiliary effect on elimination of nutrient salts and improvement of water quality. In contrast
to other common methods, this combined method has advantages for its convenience, rapid-restoration, and sustainability. The maintenance and operational cost of the
process consisted mostly of electricity and depreciation,
which was about $2 per cubic meter annually. Due to their
low maintenance and operational cost together with high
efficiency of remediation, the combined application is
practically feasible. Nowadays, this process has been applied in many landscaped bodies of water in China, for example, the lake of Diaoyutai State Guesthouse, Forbidden
City River and dozens of residential manmade lakes, showing the enormous market prospect.
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3.6 Mechanisms of biofilm- aeration process

The mechanisms of the combined process for polluted
water remediation may be summed up under the following
categories: (1) to improve hydraulic flow regime and flow
rate in water body, which is more beneficial to sedimentation rather than suspension for suspended solids and better
mass-transfer for microorganism degradation [38]; (2) to
cut down nutrient concentration efficiently, especially
NH4+, an important material base for algae growth; (3) to
promote degradation of COD and improve DO, direct factors in improving water quality. The lower COD plus the
higher DO allowed primary producers to re-colonize, restarting the usual diurnal cycle of photosynthesis and respiration [9]; (4) to adjust pH balance in water and provide
an environment for hydrophyte restoration. Hence, the combined process of biofim and aeration can restore the selfcleansing capacity of a polluted water body.

[2]

Dai, Y.R., Jia, C.R., Liang, W., Hu, S.H. and Wu, Z.B. (2012).
Effects of the submerged macrophyte Caretophyllum demersum L. on restoration of a eutrophic water body and its optimal
coverage. Ecological Engineering 40(3), 113-116.

[3]

Moreno, D., Pedrocchi, C., Comín, F.A., García, M. and Cabezas A. (2007). Creating wetlands for the improvement of water quality and landscape restoration in semi-arid zones degraded by intensive agricultural use. Ecological Engineering
30(2), 103-111.

[4]

Zhang, S.X., Zhang, J., Wang, W.Q., Li, F.R.and Cheng, X.Z.
(2013). Removal of phosphate from landscape water using an
electrocoagulation process powered directly by photovoltaic solar modules. Solar Energy Materials & Solar Cells 117, 73-80.

[5]

Hall, D.O. and Rao, K.K. (1977). Photosysthesis. Studies in
Biology, pp. 1-37.

[6]

Wang, H., Pang, Y., Ding L., Liu M.Y. and Zhuang H.H. (2008).
Numerical simulation of the transparency of waterfront bodies.
Tsinghua Science and Technology 13(5), 720-729.

[7]

Auvray, F., Van Hullebusch, E.D., Deluchat, V. and Baudu,
M. (2006). Laboratory investigation of the phosphorus removal (SRP and TP) from eutrophic lake water treated with
aluminium. Water Research 40(14), 2713-2719.

[8]

Li, X.N., Song, H.L., Li, W., Lu, X.W. and Osamu, N. (2010).
An integrated ecological floating-bed employing plant, freshwater clam and biofilm carrier for purification of eutrophic
water. Ecological Engineering 36(4), 382-390.

[9]

Sheng, Y. Q., Qu, Y. X., Ding, C. F., Sun, Q. Y. and Robert,
J.G. (2013). A combined application of different engineering
and biological techniques to remediate a heavily polluted river.
Ecological Engineering 57(8), 1-7.

4. CONCLUSION
The comprehensive remediation of the polluted landscape water using a combined method of biofilm and aeration has been shown to be not only feasible, but also effective. Compared with the control and biofilm alone system,
this combined method dramatically reduced NH4+ and COD
concentrations. The mean removal efficiency of NH4+ and
COD were as high as 85.0% and 53.4% at the retention time
of 8 d, the mean transparency increased from 20 cm to 90 cm.
The results also suggest that NH4+ is the effective N source
for algae growth. The combined system of biofilm and aeration was applied in an artificial lake and after a 20-day treatment, NH4+, NO3-, TN, TP and COD were all observed to be
reduced significantly. The mean transparency was improved
to 110 cm, which is 5 times more than the untreated water.
The experimental results suggested a promising method for
landscape water remediation.
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ABSTRACT

1. INTRODUCTION

Wastewater generated daily in urban localities could
provide nourishment to algae for potential production of
biofuel and biochemicals. This study presents an integrated
approach to the use of Spirulina platensis cultures for the
treatment of domestic wastewater and lipid extraction. In
this experimental approach, wastewater subjected only to
the primary settling process was used as nutrient media at
different concentrations of 100%, 75%, 50%, and 25%
wastewater diluted with distilled water, and Spirulina
platensis was cultured in these mediums for 20 days. The
inoculated medium was incubated at 30 ºC in the presence
of light (42 µmol photon m-2.s-1) by using light/dark cycle
of 12 hours. S. platensis consumed nitrite, nitrate, phosphate
and ammonium from wastewater, and it increased its biomass
and its lipid amount. Although the highest biomass increase
was observed at the wastewater medium without dilution
(100% wastewater) (the control group was not included),
the highest lipid production was found in 25% wastewater.
On the other hand, the percent reduction in the level of nitrite, nitrate, phosphate and ammonium in 75% wastewater
medium was 91%, 99%, 99% and 99%, respectively. Despite
the low lipid content, since Spirulina platensis can live in
harsh conditions and increase its biomass rapidly, they can
be easily cultivated in wastewater. Therefore, their use in
wastewater for biodiesel production was found appropriate.
The resulting algae biomass after oil extraction can be also
used in different industrial sectors.
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In recent years, researchers have focused their studies
on producing biofuels and biochemicals from the growth
of algae cultures. These studies have been inspired by the
need to develop renewable biofuels and other biochemicals
in order to alleviate the environmental effects of using petroleum fuels and chemicals, and because conventional
fuel resources are diminishing [1]. Greenhouse gas levels in the atmosphere have increased during the post-industrialization era by 25%, and estimates reveal that about
three-quarters of anthropogenic carbon dioxide are due to
the burning of fossil fuels. Because fossil fuels contribute
to global warming and supplies are dwindling, more ecofriendly alternatives are required [2]. Biofuels, such as biodiesel, reduce greenhouse-gas emissions in comparison to
fossil fuels and can provide an environment-friendly source
of energy [3].
Biodiesel can be produced from a variety of feedstocks,
including plant oils, recycled cooking grease or animal fats.
But the use of food crops for biodiesel and other renewable
fuels may be an uneconomical long-term solution [4].
Therefore, it is better to use algae, which have great biomass
capacity for biodiesel production. The idea of using microalgae as a source of fuel is not new, but it is now being taken
seriously because of the escalating price of petroleum and
the emerging concern about global warming that is associated
with burning fossil fuels [5]. Microalgae biomass contains
approximately 50% carbon on a dry weight basis, and all
of the carbon present in the cell is usually derived from carbon dioxide. With the production of 100 tons of micro-algae
biomass, approximately 180 tons of CO2 (carbon dioxide)
can be captured/sequestered from atmosphere. From this point
of view, microalgae can also be seen as simple CO2 sequestrates for use in plants for greenhouse gas emissions control
[6]. The most important cost-increasing factor in the production of biodiesel from algae is the raw materials, whereas
wastewater rich in C (carbon), N (nitrogen) and P (phosphate) enhances the nutrient levels in the receiving water
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bodies (such as tanks, lakes and rivers), leading to eutrophication [2, 7]. Nutrient-rich wastewater is quite suitable for
the production of micro- and macroalgae. Many species of
algae grow profusely in wastewater, utilizing abundantly
available organic carbon and inorganic nutrients (N and P)
and hence play an important remediation role in the efficient removal of N and P [8]. In this manner, algal biomass
produced in wastewater can be more economically profitable, in addition to provide treatment of wastewater. Algae
grown under controlled conditions can produce >20 times
more oil per hectare than terrestrial oilseed crops like soy
and canola [9-11]. Although the amount of lipids in Spirulina platensis is less than that of other algae, the high reproductive rate of this species makes it preferable for biodiesel production from wastewater treatment.
Although there are several studies about algal production, removal of nutrients and lipid production by algae, to
our knowledge there is no study concerning the evaluation
of the efficiency of nutrients removal and lipid production
using wastewater dilutions [2-6]. In this study, Spirulina
platensis microalgae were cultured in various dilutions of
wastewater processed only in primary settling. The variation in the biomass and lipid content of the cultured algae
and their wastewater treatment efficiency were examined.

2. MATERIALS AND METHODS
2.1. Experimental species and growth condition

S. platensis (UTEX 2340) strain was obtained from the
Culture Collection of Algae at the University of Texas at
Austin. Cells were maintained in the medium of Zarrouk
[12], with the following composition (per liter): 16 g NaHCO3, 0.5 g K2HPO4, 2.5 g NaNO3, 1 g K2SO4, 1 g NaCl,
0.2 g MgSO4.7H2O, 0.04 g CaCl2, 0.01 g FeSO4.7H2O and
0.08 g Na2EDTA, and the pH value was adjusted to 10 by
using NaOH. The inoculated medium was incubated at 30 ºC
in the presence of light (42 µmol photon m-2.s-1) by using
light/dark cycle of 12 hours.
2.2. Pretreatments of wastewater

Urban wastewater subjected only to primary settling
process from the Metropolitan Wastewater Treatment Plant
located in Izmir, Turkey was used in this study. Large solid

particles were removed by sedimentation and filtration. After coarse filtration, the wastewater was filtered again through
a 50μm plankton net and autoclaved for 15 minutes at
121 ºC and at 1 atm. vapor pressure. This was conducted
using an autoclave to eliminate bacterial contamination and
excess heterotrophic growth.
2.3. Preparation of culture mediums and culture conditions

The experiments in this project were carried out with
four different concentrations of wastewater. After autoclaving, waste nutrient media were prepared undiluted and
diluted using sterile distilled water to obtain 25%, 50% and
75% concentration (v/v). Zarrouk’s medium was used for the
control group. All experiments were performed in 250 ml
conical flasks containing 200 ml of varying concentrations
of wastewater, and their pH values were adjusted to 10 by
using NaOH. Homogenous algal suspension (5 ml) was
used to inoculate each flask. S. platensis were inoculated at
1:40 (v:v) (initial dry weight was 0.24 g.L-1 ) and grown
under 30 ± 1 ºC with illumination at light intensity of 42 µmol
photon m-2.s-1. Illumination and aeration were continuous.
2.4. Algal growth determination

Algae growth in the batch culture is usually characterized by five reasonably defined phases: (1) lag, (2) exponential, (3) declined, (4) stationary and (5) death [13, 14].
The study was carried over 20 days to see all of these phases.
For 20 days, the microalgae concentration was determined
daily by OD (optical density) measurement and was recorded at 680 nm by a spectrophotometer, model Boeco S20 vis (Boeco, Hamburg, Germany). To determine the dry
weight of algal cells, algae filtrated through Whatman
GF/C filter paper were washed twice with distilled water
and dried for 12 hours in an oven set to 100 °C [15]. Gravimetrically-determined dry weights were recorded daily
and the phases were investigated. All parameters were analyzed in triplicate.
2.5. Algal Harvest

At the end of the 20-day production period, all algae were
separated from the medium by centrifugation at 4000 rpm for
10 minutes, using the centrifuge model TD3 (800B). Biomass
remaining in the centrifuge vials were rinsed with distilled
water and dried for 12 hours in an oven set to 100 °C [15].
The samples were preserved in a dark cabinet before use.

TABLE 1 - Some parameters of wastewater before and after treatment
100% WW

75% WW

50% WW

25% WW

Initial

Final

Initial

Final

Initial

Final

Initial

Final

NO2 (mg.L )

5.59

2.87

4.19

1.15

2.80

0.25

1.39

0.02

NO3- (mg.L-1)

14.98

7.26

11.24

2.90

7.49

0.013

3.75

0

NH4+ (mg.L-1)

164.11

83.76

123.08

33.91

82.05

0.001

41.03

0

33.85

19.83

25.39

8.22

16.93

0.001

8.46

0

-

-3

-1

-1

PO4 (mg.L )
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2.6. Analysis of the nutrient

The nutrient medium was separated from the biomass
by centrifugation after being filtered through Whatman
GF/C filter paper; the consumption of ammonia, nitrite, nitrate and phosphate by algae at the end of the 20-day production period was also determined [16-17]. All parameters were analyzed in triplicate. The studied parameters of
wastewater at the beginning and at the end (20 days) of the
experiments are shown in Table 1.
2.7. Lipid extraction

The algae dried for lipid extraction were placed into
Bead-beater vials. The algae were disrupted by the Beadbeater at 4800 rpm for 3 minutes [15]. Then they were taken
to centrifuge vials and hexane as the extraction solvent was

added and centrifuged for 5 minutes at 4000 rpm. The supernatant separated from the algal pulp was collected. Hexane
was evaporated using a rotary evaporator (4000 eco/G1
model Heidolph) with a water bath temperature of 60 °C.
The procedure was repeated three times until the entire lipid was extracted and the weight of total lipid was measured gravimetrically.
2.8. Statistical Analysis

Density, dry-weight and the amounts of lipids data obtained in this study were statistically analyzed using oneway analysis of variance (ANOVA) in SPSS 14.0 program.
Duncan's multiple comparison method was used to determine statistical differences between the groups. Statistically significant differences were expressed as p<0.05.

FIGURE 1 - Growth of S. platensis in cultures with different wastewater concentrations. The (a) optical density of the S. platensis cultures as
measured at 680 nm and (b) the dry weight of S. platensisg L-1.
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3.2. Algal growth on different wastewater concentrations

3. RESULTS AND DISCUSSION
3.1. Municipal wastewater characteristics

Water samples collected from wastewater ponds were
rich in nutrients such as nitrite, nitrate, ammonium and phosphate, the concentrations of these nutrients were analyzed
before starting the algal production. The ratio of the consumption of the initial ammonia, nitrite, nitrate and phosphate by algae at the end of the 20-day production was determined, and the efficiency of using algae for the treatment
of municipal wastewater was examined. The algae have
been used as an alternative way to recycle some of the nutrients within these wastewater sources [18], particularly for
the removal of nitrogen and phosphorus, which are unsuitable for natural water bodies. Other groups have successfully
demonstrated the treatment of wastewater by algae-based
systems [19]. The present study provided the evidence for
the efficient removal of nitrogen, phosphorus and other harmful chemicals by the blue-green algae S. platensis.

The efficient growth of microalgae in wastewater depends on a variety of variables. Τhe critical variables are
the pH, light and temperature of the growth medium, and
the concentration of essential nutrients (nitrite, nitrate,
phosphate, ammonium), as well as oxygen and carbon dioxide [14-18]. Nutrients are essential for algal growth. In
this study, algal growth as indicated by optical density was
measured daily. The measurements were made in triplicate,
and the means of the values were recorded. The obtained
optical density and dried weight of the algae provided in
Figure 1-a and Figure 1-b respectively. The results showed
the least algal growth in 100% and 25% wastewater. According to these results, wastewater with very high nutrient
concentrations could inhibit algal growth, while on the
other hand wastewater with low nutrient concentrations could
be insufficient for algal growth. Indeed, it was noticed that algae grew faster in the 75% wastewater samples and the optical
density of the algae cultures increased from 0.185 to 1.352. In

FIGURE 2 - Consumed nitrite, nitrate, ammonium and phosphate by algae.

FIGURE 3 - Lipid production of algae cultured in different concentrations of wastewater.
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TABLE 2 - Optical density, dry weight and lipid content of algae at the end of the treatment
Groups

Optical density (680 nm)

Dry weight (g.L-1)

% Lipid (dry weight)

Control

1.1594a ± 0.4744

1.5608a ± 0.6388

1.4233d ± 0.2082

%100

0.7305bc ± 0.3514

0.9832bc ± 0.4732

1.4767d ± 0.1528

%75

1.0593a ± 0.4563

1.4261a ± 0.6145

2.7167 c ± 0.2548

%50

0.8689b ± 0.4294

1.1697b ± 0.5782

3.8467b ± 0.0306

%25

0.6800c ± 0.3242

0.9152c ± 0.4366

4.2467a ± 0.2517

*Different letters show statistically different mean values (p˂0.05)

addition, the percent reduction in the level of nitrite, nitrate,
phosphate and ammonium in 75% wastewater medium was
91%, 99%, 99% and 99%, respectively (Figure 2). It has been
observed that nitrate removal by S. platensis is better than nitrite. There is a possibility that nitrite is utilized by algae as
a nitrogen source only when the concentration of nitrate is
depleted (Table 1) [20-22].
3.3. Algal lipid content

Earlier studies have revealed various levels of lipid accumulations and contents under variable environmental
conditions. Along with the reduction of the nutrients in the
medium, a decrease in the algal biomass and an increase in
the amount of lipids, being inversely proportional to biomass, have been reported in the previous studies [23, 24].
Especially nitrogen limiting conditions were reported to
significantly increase the lipid fraction of many microalgae
[25, 26]. The lipid content ranges from 20% to 50% in
Scenedesmus sp. at varied N and P concentrations [27], and
42% in Chlorella sp. cultures grown in wastewater in a
semi-continuous mode with effective COD (chemical oxygen demand), NH3–N and P removal [28]. The total lipid
content of B. braunii was reported in the range from 26%
to 86% of the dry weight [29]. In this study, the lipid amount
increase was inversely proportional to biomass (Figure 3).
Although the highest biomass increase was measured in the
experiment group that contained 75% wastewater (OD680nm;
1.0593± 0.4563), lipid production in this group was significantly lower than the 50% and 25% wastewater (% dry
weight; 2.7167 ± 0.2548). The highest lipid production (%
dry weight; 4.2467 ± 0.2517) was observed in the 25%
wastewater treatment, which had the lowest biomass increase (OD680nm; 0.6800± 0.3242). These results are consistent with previous studies [30-32]. Table 2 displaces all
findings about optical density, dry weight and lipid content
of algae at the end of treatment for all cases.

can help reduce the pollution load on the environmental
sector and the production of biofuel can help reduce the
energy load on the energy sector. The idea of using microalgae as a source of fuel is not new, but algae production is
a very expensive process, whereas the production of algae
in wastewater is both economical and environmentally
friendly. Micro and macro algae have been used to recycle
some of the nutrients in wastewater sources and as a step
in wastewater treatment. S. platensis is capable of completely depleting N and P from wastewater containing high
concentrations of nitrate and phosphate while also achieving high biomass productivity. At the same time, S. platensis cultures are capable of producing high amount of lipids
under certain conditions. For this reason, the production of
biodiesel from algal biomass produced in wastewater will
be economically profitable while also provide wastewater
treatment, which is necessary to prevent harm to the environment.
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ABSTRACT

1. INTRODUCTION

The concentrations of trace elements (TEs), such as
As, Cd, Co, Cr, Cu, Ni, Pb, and Zn, in the water and sediments of Tangipahoa River in Louisiana were investigated
at five selected sampling locations along the river in July
2009. Some important physicochemical parameters (pH,
EC, temperature, DO (dissolved oxygen), turbidity, TOC
(total organic carbon), and DOC (dissolved organic carbon) and common anions (F-, Cl-, Br-, NO2-, SO42-, NO3-,
and PO43-) of river water were analyzed, and the correlation
coefficients of selected parameters with TE concentration
were examined. The bioavailability and fractionation of
TEs in sediment were evaluated using EDTA and BCR sequential extraction, respectively. The results showed that
all measured TEs and common anions in water were below
the current guidelines of USEPA and WHO for drinking
water. Sediment was only contaminated by As at all sampling locations according to the Sediment Quality Guidelines (SQGs). Bioavailability of TEs in sediment obtained by
EDTA extraction decreased in the order of Zn>Cd>Co>Pb>
Ni>Cu>As>Cr. Zn was identified as a potential risk to
aquatic organisms despite being below SQGs at its highest
total and bioavailable concentration. The fractionation of
all TEs obtained by BCR sequential extraction showed that
the TE exchangeable fraction in sediment decreased in the
order of Zn>Co>Ni>Cd>Cu>Cr>Pb≈As, which differs
from that as evaluated by EDTA extraction. This difference
was attributed to the variation of complexing potential of
TEs with EDTA or CH3COOH used in the BCR extraction.
The relationships of TE variation with partial water parameters showed strong positive or negative correlation. The
results obtained in this study provided baseline information
for future Tangipahoa River management and application.

KEYWORDS: Trace element; bioavailability; sediment; water; fractionation; Tangipahoa River

* Corresponding author

Water and sediment, which are significantly related to
each other, are the two main constituents of a river. Substance and energy exchange constantly occur between water and sediment. Sediments comprise the collection of the
sources of previous and current river water constituents.
Metal contamination in aquatic environments has received
considerable attention worldwide for its toxicity, persistence, accumulation in aquatic habitats, and biomagnification in the food chain [1,2]. Understanding the relationship
between the concentration and fractionation of trace elements (TEs), most of which are heavy metals, in water and
sediment is necessary for assessing river water quality. The
TEs discharged into a river system by natural and anthropogenic sources are distributed between the aqueous phase
and sediment during their transport along the river. Most
TEs that enter into a river rapidly transfer into the solid
phase, i.e., sediment, from the liquid phase through precipitation, adsorption, and biological activities [3,4]. Sediments could also act as the reservoir of TEs from water. In
this case, the TEs previously fixed in sediment would again
be released into the aqueous phase through physical, chemical, and biological processes under certain conditions
[2,5]. This phenomenon will result in secondary pollution
[6]. The concentration and fractionation distribution of TEs
in river water and sediment, as well as their potential environmental and ecological risks, have become crucial issues
in water environment research worldwide [6, 7]. The bioavailability of heavy metals is not determined by total
amount [6]. No direct relationship exists between the total
and bioavailable metal concentration. Hence, different
classification methods, e.g., Tessier et al. [8], Sposito et al.
[9], and BCR sequential extraction methods [5,10], have
been suggested by previous studies [11]. Among these
methods, BCR is the most acceptable because it standardizes/harmonizes not only the diversity of procedures but
also the inhomogeneity of the different protocols of previous methods [5,12].
Tangipahoa River is located at the north of Lake Pontchartrain and is one of the most heavily polluted rivers
within the lake basin. Tangipahoa River begins as an upland stream in Mississippi and flows southeastward at
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127 km from the Mississippi–Louisiana State line through
Tangipahoa Parish into Lake Pontchartrain [13]. The river
watershed has a drainage area of 1682.3 km2. Urbanization
and industrialization, particularly the rapid development of
the breeding industry, around the Tangipahoa River Basin
resulted in water pollution of the river. The routine water
quality monitoring of pH, temperature, turbidity, dissolved
oxygen (DO), and coliform has been performed by the
Lake Pontchartrain Basin Foundation [13]. However, little
information is available on the TEs for the river water and
sediment.
This study aimed to assess the current status of the TEs
in Tangipahoa River in the Louisiana area and to figure out
the relation of this status with some important physicochemical parameters of river water and sediment. The fractionation and bioavailability of TEs in water and sediment
were also evaluated.

2. MATERIALS AND METHODS
2.1 Sampling and pretreatment

Five sampling sites were chosen along the route of
Tangipahoa River in Louisiana. These sites represent the
downstream locations for the farm complex of the state.
The site locations are shown in Figure 1. Water and sediment sample collection was conducted in July 2009 at the
five sites located near LA38, LA10, LA40, LA190, and
Lee’s landing using a dipper. The water samples were
stored in 1000 mL polypropylene bottles, and the sediment
samples were stored in air-sealed polyethylene bags. All
water and sediment samples were then stored in an insulated cooler containing ice and then delivered to the laboratory in the same day and kept at 4 °C before processing
and analysis.

The sand was removed from the sediment samples before measurement. However, a certain amount of sand remained because Tangipahoa River bed contained fine sand
in some segments. Sand separation from sediment was
based on the settling of the smallest size of the sand fraction at 0.005 mm diameter. According to Stokes Law [14],
we can calculate the settling velocity, vt, as follows:

gd 2(  p   m )
vt 
18 
,

(1)

where g—gravity acceleration, 9.8 m/s2
d—particle diameter, 0.005 mm
ρp—particle density, 2.5 g/cm3
ρm—medium density, 1 g/cm3
μ—medium viscosity, 0.00089 kg/ (m·s)
Based on known parameters, the vt value was obtained
as 1.37 cm/min or 10 cm per 7.27 min. The original sediment was transferred from the plastic bag into a 500 mL
graduated cylinder and rinsed using the same site water
sample. The suspension was mixed completely into a homogeneous system. After settling for 7.27 min, 10 cm of
the supernatant was transferred to a 500 mL polypropylene bottle. This step was followed by solution evaporation
to no more than 250 mL by placing the bottle in an oven at
50 °C. The concentrated solution was transferred to a
250 mL HDPE bottle and centrifuged for 10 min at
3000 rpm. The supernatant was decanted, and the solid that
settled at the bottom was transferred to a plastic beaker for
freeze-drying using an Advantage Freeze Dryer (The VirTis Company). The freeze-dried samples were powdered
using a pestle and mortar, passed through a 75 µm stainless
steel sieve, and stored in polyethylene bottles for analysis.
2.2 Water analysis

The river water physicochemical parameters, such as
pH, electrical conductivity (EC), DO, salinity, and temperature, were measured in situ with a hand-held YSI
(Model556, YSI Incorporated, USA) 10 cm below the surface. Other river sample parameters were determined in the
laboratory. Turbidity was analyzed using a Hach Turbidimeter. For TOC (Total Organic Carbon), DOC (Dissolved Organic Carbon), and dissolved anions and trace elements, the river samples were passed through a 0.45 µm
pore size membrane filter before analysis. TOC and DOC
were determined using a Shimadzu TOC-V vch Total Organic Carbon Analyzer. The dissolved anions were analyzed by a Dionex ICS 2000 Ion Chromatograph. The dissolved TEs were analyzed by a PERKIN ELMER SCIEX
ELAN 9000 ICP-MS after HNO3 acidification.
2.3 Total TE analysis

FIGURE 1 - Sampling locations along the Tangipahoa River

The sediment samples for total TEs measurement were
digested according to the EPA Method 3050 using DEENA
(Thomas Cain, Inc.). The solid sample (0.50 g) was transferred to a 50 mL disposable digestion vial (SCP Science),
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which was placed in the rack of DEENA. The block temperature was preset at 120 °C. The reagents used were deionized (DI) water, concentrated HNO3, concentrated HCl,
and H2O2. HNO3 and H2O2 were added dropwise to avoid
excessive foaming. The block temperature was set to high
values for the sample to achieve the desired temperature
(95 °C) within the allotted time. The final sample volume
was ~40 mL. All steps were performed using DEENA. The
samples were filtered using a 0.45 µm filter membrane
and diluted to 80 mL for measurement on an inductively
coupled plasma optical emission spectrometer (ICPOES) (SPECTRO Ciros-CCD, SPECTRO Analytical Instruments GmbH).
2.4 EDTA extraction

1 mol/L NH4Ac, pre-adjusted to pH 2 with HNO3, was
added to the residue, and extraction was performed as mentioned above (Oxidizable).
Residual fraction: The remaining solid after three-step
extraction was digested in 10 mL of aqua regia on a hot
plate to near dryness. The mixture was transferred to a
25 mL volumetric flask. DI water was added to the flask
for analysis (Residual).
The concentrations of As, Cd, Co, Cr, Cu, Ni, Pb, and
Zn in the extractant obtained from the BCR procedure were
determined using an ICP-OES (SPECTRO Ciros-CCD,
SPECTRO Analytical Instruments GmbH). In all cases, respective blank samples were prepared and considered.
2.6 Quality control

The predetermined sediment sample (1 g) was transferred to a 200 mL polypropylene bottle. Then, 50 mL of
0.05 mol/L EDTA was added [6]. The bottle was shaken in
a mechanical rotary tumbler shaker at 30 rpm for 1 h at
room temperature. The suspension was centrifuged at
3000 rpm for 30 min. The supernatant liquid was filtered
and stored in polyethylene bottles at 4 °C and determined
by ICP-OES (SPECTRO Ciros-CCD, SPECTRO Analytical Instruments GmbH).
2.5 Modified BCR extraction methods

A modified BCR (the European Community Bureau of
Reference) sequential extraction procedure was used to extract TEs under different fractionations [15], because it is
more suitable to extract the reducible fraction in the sediment/soil [16]. The experimental protocol details are available elsewhere [10]. The various stages of extraction in this
study are summarized as follows:
Step 1: First, 0.5 g sediment was mixed with 20 mL of
0.11 mol/L CH3COOH (pH 2.85) by overnight (16 h) shaking. The mixture was centrifuged to separate the extractant
for measurement (Exchangeable).
Step 2: Then, 20 mL 0.5 mol/L HONH2·HCl (pH 1.5,
adjusted with HNO3) was added to the residue from step 1,
and extraction was performed as mentioned above (Reducible).
Step 3: The residue from step 2 was twice heated at
85 °C with 5 mL of 8.8 mol/L H2O2. Then, 25 mL of

For quality control, analytical blanks and certified
samples with known concentrations of metals were prepared and analyzed using the same procedures and reagents. The dissolved TE in water was controlled by using
a laboratory internal control sample. The total acid digestion values of the sediments were measured using two certified reference materials, i.e., 8704 and 2704, of the National Institute of Standards and Technology, which resulted in high accuracy of the analysis (Table 1).
The data were statistically analyzed to test the significance of differences using a t-test, and correlation coefficients were determined using the SPSS8.0 Software package.

3. RESULTS AND DISCUSSIONS
3.1 Water properties

The physicochemical water quality parameters are
summarized in Table 2. Similar pH, temperature, and DOC
values were detected in the five sampling locations. However, the results of EC, DO, turbidity, and TOC significantly differed in the five locations. WHO does not propose
a health-based guideline value for temperature in drinking
water [17]. Most values of pH, EC, and DO are within the
WHO recommended guidelines [17]. WHO does not require a certain turbidity value in drinking water, but NTU
recommends a value below 5. High turbidity was detected

TABLE 1 - Analytical results of certified reference materials

Element
Cd
Co
Cr
Cu
Ni
Pb
Zn

Buffalo River Sediment
SRM 8704(mg/kg)
Certified values
Observed values
2.94 ± 0.29
2.89 ± 0.04
13.57 ± 0.43
13.46 ± 0.09
121.9 ± 3.8
162.32 ± 2.56
83.39 ± 1.15
42.9 ± 3.7
43.63 ± 0.74
150 ± 17
147.76 ± 2.54
408 ± 15
399.02 ± 7.16

Recovery (%)
98.3
99.2
133.2
101.7
98.5
97.8

912

Buffalo River Sediment
SRM 2704(mg/kg)
Certified values
Observed values
3.45 ± 0.22
3.35 ± 0.05
14.01 ± 0.12
135 ± 5
192.03 ± 1.97
98.6 ± 5
93.13 ± 1.16
44.1 ± 3.0
45.04 ± 0.38
161 ± 17
161.18 ± 5.47
438 ± 12
448.6 ± 4.95

Recovery (%)
97.1
142.2
94.5
102.1
100.1
102.4
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TABLE 2 - Physico-chemical characteristics and main anions concentration of Tangipahoa River in Louisiana
Sample
site

pH

EC
μs

T

DO
(mg/L)

Turbidity
NTU

TOC
(mg/L)

DOC
(mg/L)

F(mg/L)

Cl(mg/L)

NO2(mg/L)

SO42(mg/L)

Br(mg/L)

NO3(mg/L)

PO43(mg/L)

1

6.91

78.4

26.3

3.66

2.74

4.587

4.622

0.20

7.96

0.73

1.35

0.71

1.75

ND

2

6.70

63.9

27.0

5.55

4.79

3.552

4.661

0.20

8.16

0.56

1.32

0.37

1.13

ND

3

6.69

47.1

27.8

3.82

3.96

3.617

4.816

0.14

7.45

1.03

1.56

0.00

0.75

ND

4

6.53

56.4

27.9

5.13

5.13

4.234

4.637

0.41

6.27

0.59

1.49

0.37

0.55

0.29

5

6.36

63.9

28.6

3.30

10.8

5.646

5.935

1.12

8.23

1.05

1.90

0.36

1.47

0.28

Note: ND: not detectable.

only at the fifth site, which was probably caused by an accidental water disturbance during sampling. The similar
values of TOC and DOC indicate that most organic matters
are dissolved in water. Relatively low dissolved anions
were observed in all sampling locations (Table 2). Cl-,
SO42-, NO2-, NO3-, PO43-, F-, and Br- are not hazardous at
such low levels according to the current USEPA [18] and
WHO guidelines.
3.2 TEs in water and sediment

The concentrations of As, Cd, Co, Cr, Cu, Ni, Pb, and
Zn in Tangipahoa River water and sediments as well as in
the sediments extracted by EDTA, are shown in Figure 2.
Different TE showed a variable trend at five sampling sites
along the river. Most TE concentrations, except for that of
Ni, increased at the fifth site. This phenomenon possibly
resulted from anthropogenic activities because a dock is located near this sampling site. All TEs in water are below
the current guidelines of USEPA [18] and WHO [17] for
drinking water. This result suggests that the river water has
not been polluted by these TEs. The distribution coefficient
(logKd) of metal in sediment (µg/kg) relative to the dissolved
metal in the corresponding water is shown in Figure 3A. The
concentration of TEs in sediment was 3 to 5.5 orders of magnitude higher than the corresponding water, which indicates that most TEs are enriched in sediment because they
are attached to particulates owing to sorption [19]. A similar occurrence has been reported in other river sediments
[20]. Zn had the highest fraction, whereas Pb had the lowest fraction in water relative to the total in sediment.
The fraction that EDTA extracted reflects the bioavailability of each TE [6]. Assessing the potential risk of EDTAextracted TE to the environment is very important. Figure 3B
reveals the percent of EDTA-extracted TE to the total TE in
sediment. The percentage of EDTA extracted for each TE
in sediment significantly depended on a specific element. As shown in Figure 2, high total As (45.7 mg/kg
to 57.9 mg/kg) was detected in the sediment. This value is
significantly higher than the SQGs [21] of 9.79 mg/kg dry
weight. This result reveals a high risk posed by As in sediment to aquatic life. However, only a trace amount (<2%)
(0.63 mg/L to 2.4 mg/L) of EDTA-extracted As was obtained in all sampling sites, one reason is that maybe the
negative charge of As (AsO43-) is difficult to extract by

EDTA, and this does not mean that most of As is unavailable for aquatic biota. By contrast, a relatively low total Cd
(0.15 mg/kg to 0.4 mg/kg) was found in sediment, whereas
a high ratio (~50% to 92%) was found in EDTA-extracted
sediment among all samples. Although the total Cd is below SQGs (0.99 mg/kg), the Cd in sediment remains a potential secondary source of Cd pollution in water because a
very low Chronic Criterion Concentration (CCC) of Cd
(0.25 µg/L) in water is required by USEPA [18] for aquatic
life. A low concentration of Cd in sediment but a high accumulation in plants was observed in the Yamuna River in Haryana [3]. Similar total Co (6.7 mg/kg to 17.8 mg/kg) and Cu
(5.8 mg/kg to 16.9 mg/kg) were detected in all sampling sites.
However, considerably higher EDTA-extracted Co (4.4 mg/
kg to 7 mg/kg) than Cu (1.39 mg/kg to 3.64 mg/kg) was detected (Figure 3B). The same phenomenon was observed in
lake sediment [6]. Total Cu was below the SQGs (31.6 mg/
kg), but no Co requirement is provided by the guidelines.
The lowest concentrations of Co and Cu were observed at the
fourth sampling site. A relatively high total Cr (17.7 mg/kg to
36.9 mg/kg), although below SQGs (43.4 mg/kg), was detected in the sediment in all samples, but no EDTA-extracted Cr was observed. This phenomenon can be attributed
to the negative charge of Cr (CrO42-). Thus, EDTA did not
easily extract this TE, which implies that all Cr is tightly
bound to the sediment. Cr will therefore not be released to
the liquid phase under normal conditions, but rather under
extreme conditions. The lowest EDTA-extracted Cr, compared with As, Cd, Co, Cu, Zn, and Ni, was also observed
in lake sediment [6]. Higher total and EDTA-extracted Pb
(10.25 mg/kg to 29.2 mg/kg and 5.47 mg/kg to 14 mg/kg,
respectively) than Ni (5.7 mg/kg to 12.1 mg/kg and 1.38 mg/
kg to 2.62 mg/kg, respectively) were detected in all samples, which are both below SQGs. Nevertheless, higher Ni
(0.35 µg/L to 1.75 µg/L) than Pb (0.01 µg/L to 0.33 µg/L)
was obtained in water, which implies that the Ni in water
was not released from sediment but from the upstream water
source. Zn had the highest total (45.2 mg/kg to 71.8 mg/kg)
and EDTA-extracted values (36.5 mg/kg to 53 mg/kg) among
the TEs, but the values remain below the SQGs value of
121 mg/kg. Correspondingly, the highest dissolved Zn
(39.3 µg/L to 69.75 µg/L) occurred in water among elements. Although dissolved Zn in water is not higher than the
CCC (120 µg/L), the high EDTA-extracted Zn in sediment
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would be released to the aquatic system and would pose a
potential risk to biota in water. Zn was found to be the most
enriched element in sediments in previous studies [5, 20, 22,

23]. The highest accumulation of Zn in fish Bagrusdocmac
(187.5 µg/g Zn) was observed in Lake George [24].

FIGURE 2 - Dissolved trace elements in river water, total and EDTA extractable ones in sediment
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Co>Pb>Ni>Cu>As>Cr. The high availability of Cd and Zn
was also detected in the estuary of Tinto and Odiel Rivers
in Huelva [20], several rivers in Serbia [25], and the Haihe
River in Tianjin, China [26], as well as in Anhumas reservoir sediment, Araraquara-São Paulo State, Brazil [27].

(A)

(B)
FIGURE 3 -Trace elements distribution in river water and EDTA solution: (A) Distribution coefficient (logKd) of elements in sediment
(μg/kg) to the dissolved element concentration in corresponding water (μg/L); (B) The percent of EDTA extractable elements to the total
in sediment (mg/kg)

According to SQGs, only As highly contaminated the
sediment. Based on the results of EDTA-extracted TE, the
bioavailability of all TEs decreased in the order of Zn>Cd>

TEs indicated statistically significant relationships
with partial elements and water properties, as shown in Table 3. Other parameters do not significantly correlate with
TEs in water and sediment. Br- in water had a strong positive correlation with Co in water and EDTA-extracted Ni
in sediment, indicating that Co and Ni might have come
from a common source. However, a significant negative
correlation of Br- with EDTA-extracted Cd in sediment
was observed. By contrast, NO3- in water showed a positive
correlation with EDTA-extracted Cd, which suggests that
the NO3- contamination in water would increase the bioavailability of Cd in sediment. PO43- in water exhibited a
negative correlation with total Zn in sediment and EDTAextracted Cd, which might be attributed to the precipitation
of PO43- and Cd. However, PO43- showed a positive relationship with EDTA-extracted Cu in sediment. Water pH
showed a positive correlation with Cd in sediment, possibly because of the precipitation of Cd at high pH, which
reveals a potential approach for Cd removal from water.
The EC in water showed a strong positive correlation with
Cr in water and EDTA-extracted Pb in sediment. DO in
water exhibited a negative relationship with EDTA-extracted Cd in sediment, which indicates that DO in water is
good for Cd immobilization in sediment. Cd in water
showed a strong negative correlation with Cu in water, this
result simply indicated that the concentration of Cd and Cu
in water showed a reverse trend (Fig.2) and it does not
mean that the combined contamination of Cd and Cu in water is impossible. However, Cd in water exhibited a strong
positive relationship with EDTA-extracted Cd in sediment,
which reveals the substance exchange between water and
sediment. No significant correlation was found between
various other parameters and TE in water and sediment.

TABLE 3 - Significant correlation in different parameters (p< 0.05)
Matrix
X axis
BrBrBrNO3PO43PO43PO43pH
pH
EC
EC
EC
DO
Cd in water
Cd in water

Y axis
Co in water
EDTA extreacted Ni
EDTA extracted Cd
EDTA extracted Cd
Zn in sediment
EDTA extracted Cd
EDTA extracted Cu
EC
Cd in sediment
Cr in water
Ni in water
EDTA extracted Pb
EDTA extracted Cd
Cu in water
EDTA extracted Cd

Correlation

R2

Regression equation

0.7112
0.6328
– 0.7951
0.6827
– 0.5792
– 0.8107
0.5132
0.6667
0.6909
0.8327
– 0.5883
0.7745
– 0.6835
– 0.7654
0.8034

0.1576
0.1335
0.0188
0.3081
0.2127
0.4408
0.0835
0.4991
0.3919
0.1005
0.0323
0.0331
0.3501
0.0603
0.4526

y = 0.154x + 0.2483
y = 0.7048x + 1.6217
y = -0.0402x + 0.2215
y = 0.0826x + 0.1136
y = -49.456x + 62.097
y = -0.3133x + 0.2426
y = 1.6239x + 2.0341
y = 0.1349x - 0.7219
y = 0.2963x - 1.6625
y = 0.0012x + 0.6805
y = -0.0095x + 1.4565
y = 0.0498x + 5.9965
y = -0.0442x + 0.3966
y = -3.7397x + 0.2898
y = 8.6173x + 0.2185
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3.3 Fractionation of TEs in sediment by BCR

The distribution of TEs in sediment following BCR
process is shown in Figure 4. The obtained results reveal
that the proportion of each fractionation depends on specific TE. Over 74% of As in sediment was residual in all
sampling sites, whereas only a trace amount of exchangeable
As was observed. This result is consistent with that of EDTA
extraction in Figure 2. The ratio of each fractionation of As

decreased in the order of residual>oxidizable>reducible>exchangeable, which indicates that most of As was embedded
in the crystal lattice of the sediment fraction and should not
be bioavailable, except under extreme conditions. This result
is similar to that obtained from the estuary of Tinto and Odiel
Rivers in Huelva (Spain), which indicated that 65% to 98%
of As was in the residual state [20].
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FIGURE 4 - Distribution of trace elements in sediment obtained by BCR sequential extraction method. I, II, III and IV
represent the extraction step
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The Cd fractionation distribution varied for different
sampling sites. Reducible and residual fractions were primarily found in the five sites. A relatively high percentage
(10% to 15%) of exchangeable Cd was observed at the second, third, and fifth sampling sites, indicating moderate
pollution in these sections. Cd contamination decreased
from the first site at the upstream to the fourth site at the
downstream, which was probably caused by natural attenuation through precipitation and adsorption in the sediments nearby the possible source. The highest Cd found at
the fifth site might be attributed to a nearby dock, where
numerous anthropogenic activities, such as boating and
fishing, occur. Cd enrichment in river sediment is significantly associated with anthropogenic influences [26].
The Co fractionation distribution significantly differed
in the five sampling locations. Over 50% of exchangeable
fraction was observed at the second, third, and fifth sites.
Reducible fraction dominated the first site, followed by the
exchangeable state. Nearly 70% of Co was at the reducible
state at the fourth sampling site. The highest exchangeable
fraction was detected at the second site, whereas the least
fraction was found at the fourth site, which suggests that
the second site is highly contaminated but the fourth site is
clean. Highly exchangeable Co was obtained at the fifth
site, which might be attributed to a nearby dock and frequent human activities.
Similar to As, a high percentage (60% to 70%) of residual Cr fraction was observed in all samples. However, a
higher percentage (~30%) of the oxidizable fraction of Cr
than that of As was detected. Only a trace amount of exchangeable fraction was detected in all sampling locations,
which is consistent with the EDTA extraction result in Figure 2. The obtained results indicate that Cr is not hazardous
in the sampled section of the river. This finding is similar
to a previous report on the urban river sediments in
Zhongshan City, Pearl River Delta, China [28].
Cu fractionation distribution differed at the five sampling sites. Oxidizable and residual states dominated all samples. This result was similar to that of Xiao-qing River in
Jinan, Shandong, China, extracted using the BCR method
[29]. A relatively high exchangeable fraction was observed
at the third and fifth sampling sites, which indicates potential
Cu pollution. The lowest exchangeable fraction percentage
was detected at the fourth site, which is identical to the
EDTA extraction result in Figure 2. Similar to Co, a relatively high exchangeable fraction was obtained at the fifth
site.
A similar variation of Ni fractionation was observed in
the five sampling sites. The residual fraction was the highest in all samples, followed by exchangeable (second site)
or oxidizable (first, third, and fifth sites) fractions. Reducible fraction was the least in most samples. Similar exchangeable fraction (~20%) was obtained in all sampling
sites, except in the second site, which showed a value
higher than the EDTA extracted one in Figure 2. These results indicate that the acidic dissolution (CH3COOH) of Ni
is the possible reason for these phenomena. Based on the

exchangeable fraction percentage, the second site is the
most highly contaminated.
Similar Pb fractionation distribution was observed in
the five locations. Residual (40% to 50%) and reducible
(36% to 45%) fractions dominated all samples, followed
by oxidizable fraction (15% to 20%). Residual and oxidizable Pb were also the main fractions in Sakarya River, as
determined by BCR sequential extraction [30]. Only a
small amount (<5%) of exchangeable Pb was observed in
all samples. However, more EDTA-extracted Pb (~25% to
50%) was indicated in Figure 2, which probably resulted
from the stronger complexity of Pb with EDTA than
CH3COOH. Consequently, Pb pollution is not significant
in the sampled area of the river.
Zn was the most mobile metal mainly bound to weak
acid and carbonate TEs (30% to 45%). A similar result was
presented in a previous study on the estuary of Tinto and
Odiel Rivers in Huelva [20]. A certain percentage of reducible and oxidizable fractions were observed in each sampling site. The residual fraction was the least in all samples.
The highly exchangeable Zn in the second and third sites
might be attributed to the intensive farming near the river,
whereas that in the fifth site was possibly because of the
nearby dock. Therefore, Zn is highly bioavailable in sediment and thus poses a potential risk to water. This result is
consistent with the EDTA extraction values in Figure 2.
Higher EDTA-extracted Zn than CH3COOH-extracted Zn
was detected, which might be attributed to the stronger
complexity of Zn with EDTA, similar to Pb.
According to the BCR sequential extraction results, the
availability of TE in sediment decreased in the order of
Zn>Co>Ni>Cd>Cu>Cr>Pb≈As. A difference was found in
the order obtained from the EDTA extraction in Figure 2
because of different extractants.

4. CONCLUSION
The physicochemical characteristics and TEs contamination states of the water and sediment of Tangipahoa
River in Louisiana were investigated in this study. All
tested TEs and common anions in water were below the
current guidelines of USEPA and WHO for drinking water.
Only the total As in sediment was significantly higher than
SQGs in all TEs. The bioavailability of TEs in sediment
obtained by EDTA extraction decreased in the order of
Zn>Cd>Co>Pb>Ni>Cu>As>Cr. A high percentage of Zn
and Cd bioavailability was found in sediment and they may
pose a potential risk to aquatic biota. Strong positive and
negative correlations were observed between water properties and TEs in water and sediment. The BCR sequential
extraction showed that the exchangeable TE in sediment
decreased in the order of Zn>Co>Ni>Cd>Cu>Cr>Pb≈As.
The results obtained in this study offered baseline information for future Tangipahoa River management.
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ABSTRACT
The effects of four anilines, two nitrobenzenes, four
phenols, two phthalates individually, and their mixtures on
the bioluminescence inhibition of Vibrio qinghaiensis sp.Q67 were studied by using microplate toxicity analysis.
The toxicity of a substituted benzene will increase when
introducing -NO2, -NH2, or -CH3 into the molecule. The mixtures of these substituted benzenes were built according to
uniform design concentration ratio method. The pEC50 of
mixtures had a monotonically increasing relationship with
the concentration proportion of the component having the
most toxicity in the mixtures. Observed mixture toxicities
were compared with predictions calculated by concentration addition (CA) and independent action (IA) models. CA
and IA made equally good predictions for the mixture toxicities, irrespective of mixture ratios and effect levels. The mixture of the anilines, nitrobenzenes, phenols, and phthalates
presented additive toxicity on photobacterium Q67.
KEYWORDS: Concentration addition, independent action, uniform
design, microplate toxicity analysis, Vibrio qinghaiensis

1. INTRODUCTION
Anilines, nitrobenzenes, phenols, and phthalates are
important organic industrial raw materials for manufacturing dyes, pharmaceuticals, polymers, and cosmetics. Anilines and nitrobenzenes can cause skin ferrihemoglobin
diseases [1]. Phenols are highly toxic to organisms such as
Daphnia magna [2], and some phenolic chemicals such as
octylphenol, nonylphenol, and bisphenol A are endocrine
disrupting chemicals [3]. Phthalates are priority pollutants
in aquatic environment [4], and can cause developmental
and reproductive toxicity [5]. Combined exposure to pollutants in the environment is undoubtedly the rule. Therefore, it is necessary to study their combined toxicity of
these substituted benzenes.
* Corresponding author

The assessment and prediction of combined toxicity is
generally based on two additive models: concentration addition (CA) and independent action (IA). CA was generally
suited for predicting the joint effects of similarly acting
chemicals, while IA was considered suitable for the mixture of dissimilarly acting chemicals [6]. Several studies
have reported the combined effects of these substituted
benzenes. For example, the joint toxicities of 16 phenols
on Vibrio fischeri were well predicted by CA but were underestimated by IA [6]. The mixture toxicities of 14 nitrobenzenes on Scenedesmus vacuolatus were overestimated
by CA and were underestimated by IA [7]. The combined
toxicities of six phenols and two anilines on Vibrio qinghaiensis were well predicted by CA but were overestimated
by IA [8]. The mixture toxicities of five phthalate esters inhibiting rat fetal testicular testosterone production were in
accordance with CA manner [9]. However, little is known
about the toxicities of mixtures including the four types of
substituted benzenes at present.
Photobacterium has been widely accepted as the living
organism to characterize the toxicity of pollutants because
of the simplicity, speediness, sensitivity, reproducibility,
and low cost [10]. Photobacterium luminescence is a chemical reaction in which the reduced flavin mononucleotide
(FMNH2), the long-chain fatty aldehyde (RCHO), and molecular oxygen are catalyzed by bacteria luciferase and result in flavin mononucleotide (FMN), long-chain fatty acid
(RCOOH), and water with emitting blue-green light [11].
This reaction can be written as follows: FMNH2 + RCHO
+ O2  FMN + RCOOH + H2O + hν. The Vibrio qinghaiensis sp.-Q67 is a freshwater photobacterium exhibiting
a wide pH tolerance, and has been employed to determine
the aquatic toxicity [12]. The inhibition toxicities of four anilines, two nitrobenzenes, four phenols, and two phthalates
compounds as well as those of their mixtures on Q67 were
determined using microplate toxicity analysis. The mixture
toxicities were predicted by using CA and IA models. Then,
the combined toxicities were assessed through comparing
observed toxicity with predicted toxicity of mixtures. The
present research can contribute to the understanding of the
combined effects of different types of organic pollutants.
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2. MATERIALS AND METHODS
2.1 Chemicals

The 12 test components include one from Guangdong
Xilong chemical regent plant (Shantou, China), aniline (A1);
two from Shanghai Tingxin chemical reagent plant (Shanghai, China), 2-methyl-aniline (A2) and 4-methyl-aniline
(A4); one from Guangzhou chemical reagent plant (Guangzhou, China), nitrobenzene (N1); one from Shanghai Qingpu
synthetic reagent plant (Shanghai, China), 4-methyl-nitrobenzene (N2); and seven from Shanghai Sinopharm chemical reagent plant (Shanghai, China), 3-methyl-aniline (A3),
phenol (P1), 2-methyl-phenol (P2), 3-methyl-phenol (P3), 4methyl-phenol (P4), dimethyl phthalate (D1), and diethyl
phthalate (D2). The molecular structures of these compounds are shown in Figure 1. The purity of these chemicals
is greater than 98% at least. The stock solutions of these
compounds were prepared by dissolving them in Milli-Q
water and stored in the dark at 4 °C. The stock solutions of
their mixtures were prepared by directly mixing the stock
solutions of single compounds according to the concentration ratios assigned.
2.2 Photobacterium toxicity test

The freeze-dried Vibrio qinghaiensis sp.-Q67 used in
the present study was purchased from the Department of Biology, East China Normal University. The culture medium
consists of 13.6 mg KH2PO4, 35.8 mg Na2HPO4·12H2O,
0.25 g MgSO4·7H2O, 0.61 g MgCl2·6H2O, 33.0 mg CaCl2,
1.34 g NaHCO3, 1.54 g NaCl, 5.0 g yeast extract, 5.0 g tryptone, 3.0 g glycerin, and 1000 mL water, and was adjusted
to pH 8.5 ± 0.5 [12]. The Q67 was grown in the culture medium at 22 ± 1 °C by shaking (120 r/min) for 16–18 h during
the logarithmic growth phase until the relative light unit
reached 2×106 for toxicity test.
According to the method of microplate toxicity analysis
[8], the test compounds and their mixtures with 12 concentrations in triplicate and 12 controls were arranged in a microplate. First, 100 µL water was added to 12 wells of the
first row in the microplate as controls, 100 µL solutions of
test chemicals of 12 gradient concentrations according to a

geometric dilution factors of 0.618 were added to 12 column
wells from the second to the fourth row. Then, 100 L Q67
suspension in the logarithmic growth phase was added into
each test well to reach the final test volume of 200 μL. Each
microplate test was repeated twice.
The relative light units (RLUs) of Q67 exposed to
various treatments (with chemicals) and controls (without
any chemical) were determined on Veritas luminometer
(Turner BioSystems Inc., USA). The operating parameters
of analytical instrumentation are wavelength in instrument
default range, exposure time of 15 minutes, and temperature at 22 °C. The toxicity of a treatment is expressed as an
inhibition (E of x%) based on Equation (1). The concentration-response curves (CRCs) of test compounds and their
mixtures were fitted by the Logit [Equation (2)] or Weibull
[Equation (3)] function using least squares method. The coefficient of determination (R2) and the root mean square error (RMSE) were calculated as Equations (4) and (5) respectively. As a quantitative measure of the uncertainty,
the observation-based 95% confidence interval was determined [13]. To conduct the low-concentration assessment,
NOEC (no observed effect concentration) of chemicals
were determined by using Dunnett test [14]. NOEC is the
highest test concentration that does not statistically significantly differ from the control response.

E  x%  (1  L / L0 )  100%
E  1 /(1  exp(    log10 (c)))
E  1  exp( exp(    log10 (c)))
R 2  1   ( E  Eˆ ) 2  ( E  E ) 2
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FIGURE 1 - Molecular structure of 12 substituted benzenes.
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TABLE 1 - Design formulae of mixtures of 12 substituted benzenes according to uniform design concentration ratio method.
No.
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

A1
EC0.5
EC1
EC2
EC5
EC10
EC15
EC20
EC25
EC30
EC35
EC40
EC50

A2
EC1
EC5
EC15
EC25
EC35
EC50
EC0.5
EC2
EC10
EC20
EC30
EC40

A3
EC2
EC15
EC30
EC50
EC1
EC10
EC25
EC40
EC0.5
EC5
EC20
EC35

A4
EC5
EC25
EC50
EC2
EC20
EC40
EC1
EC15
EC35
EC0.5
EC10
EC30

N1
EC10
EC35
EC1
EC20
EC50
EC5
EC30
EC0.5
EC15
EC40
EC2
EC25

N2
EC15
EC50
EC10
EC40
EC5
EC35
EC2
EC30
EC1
EC25
EC0.5
EC20

2.3 Experimental design and toxicity prediction of mixtures

In light of the uniform design method [15, 16], the
mixtures of 12 substituted benzenes were designed according to uniform design concentration ratio (UDCR) method.
The 12 effect concentrations (EC0.5, EC1, EC2, EC5, EC10,
EC15, EC20, EC25, EC30, EC35, EC40, and EC50) were selected as the 12 levels, and the 12 mixtures were denoted
as M1–M12. Detailed design formulae of the UDCR mixtures were listed in Table 1.
The mixture toxicities were predicted by using CA
[Equation (6)] and IA [Equation (7)] on the basis of concentration-response relationship of single components.
n

1
EC xCA
,mix  (  ( pi / EC x ,i ))

(6)

i 1

n

x%  1   (1  Fi ( pi  EC xIA, mix ))

(7)

i 1

where n is the number of mixture components (n=12),
ECx,i is the concentration of ith component eliciting x% effect, ECx,mix is the concentration of a mixture eliciting x%
effect, pi is the concentration proportion of the ith component in a mixture, Fi is the function describing the CRC of
the ith component.

3. RESULTS AND DISCUSSION
3.1 Single toxicity

The best simulated CRCs (Figure 2) of single substituted benzenes on photobacterium Q67 were obtained by
using the least squares fit to the experimental data. The
CRCs can be well fitted by two-parameter Logit or Weibull
function. All fitted coefficient of determination (R2) were
greater than 0.91 and root mean square error (RMSE) less
than 0.06, indicating good relationships between the exposure concentrations of single chemicals and inhibition effects. The location parameter (α) and slope parameter (β)
for the fitting model are shown in Table 2. Various ECx
values of single components (such as the EC0.5, EC1, EC2,
EC5, EC10, EC15, EC20, EC25, EC30, EC35, EC40, and EC50)

P1
EC20
EC0.5
EC25
EC1
EC30
EC2
EC35
EC5
EC40
EC10
EC50
EC15

P2
EC25
EC2
EC40
EC15
EC0.5
EC30
EC5
EC50
EC20
EC1
EC35
EC10

P3
EC30
EC10
EC0.5
EC35
EC15
EC1
EC40
EC20
EC2
EC50
EC25
EC5

P4
EC35
EC20
EC5
EC0.5
EC40
EC25
EC10
EC1
EC50
EC30
EC15
EC2

D1
EC40
EC30
EC20
EC10
EC2
EC0.5
EC50
EC35
EC25
EC15
EC5
EC1

D2
EC50
EC40
EC35
EC30
EC25
EC20
EC15
EC10
EC5
EC2
EC1
EC0.5

required for mixture design and prediction can be computed from the fitting function. The pEC50 (i.e., −log10EC50)
of the 12 substituted benzenes ranged from 2.05 for aniline
to 3.40 for diethyl phthalate. According to pEC50, the toxicity order was D2 > D1 > N2 > P4 > P2 > P3 > A4 > P1 >
N1 > A2 > A3 > A1. The toxicity order for substituted anilines, nitrobenzenes, and phenols is para- > ortho- > meta. Similar rules can be found in the study [8].
In addition, it can be seen that the toxicity of a substituted benzene will increase when introducing -NO2, -NH2,
or -CH3 into the molecule. This is consistent with the characteristic of polar narcotic chemicals (PNCs). PNCs often
contain hydrogen bond donor (e.g., -NH2) or hydrogen
bond acceptor (e.g., -NO2, -OH) in their molecules and easily form hydrogen bond through combining with biological
molecules [17], their toxic effects are co-produced by lipid
solubilization action and polar narcotic effects. Specifically,
the PNCs (anilines, nitrobenzenes and phenols) accumulated
in cell lipoprotein membrane by lipid solubilization action
and formed hydrogen bond with FMN, the hydrogen
transport by FMN was inhibited, thereby interfering with the
normal light-emitting reaction and resulting in luminescence
inhibition of photobacterium. For phthalates, they typically
possess polar functional moieties, polar narcosis is generally
accepted as the primary mode of action [18]. However, the
specific mechanism of toxic action of phthalates on photobacterium is unclear at present.
By inserting the NOEC values (Table 2) into the concentration-response functions (F), it can be calculated that they
correspond to effects ranging from 2.6% for M3 to 12.4% for
N2 with an arithmetic mean of 6.6%. However, the NOEC
for M11 was absent in the present study. NOEC has been criticized for decades, and low effect ECx values have been suggested as appropriate alternatives to NOEC [19]. Van der
Hoeven et al. suggested that the preferred value of ECx would
be EC5 or EC10 [20]. Based on our results, it may be more
conservative to use EC10 to replace NOEC.
3.2 Mixture toxicity

Based on uniform design method, we constructed
12 mixtures of M1–M12. The component concentration
proportions in these mixtures are listed in Table 3. Their
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FIGURE 2 - Concentration–response curves for the inhibitory effects of 12 substituted benzenes on Q67 luminescence (Hollow circles: blank
control; Solid circles: observed data; Solid line: model fit; Dashed line: confidence interval).

TABLE 2 - Concentration–response models of substituted benzenes and their mixtures on the inhibitory effects of Q67 luminescence and some
statistics.
No. F α
β R2 RMSE Cmax
Cmin
NOEC E(NOEC)
EC10
pEC50
EC50
EC50,CA EC50,IA
A1 W 5.01 2.62 0.995 0.024 3.23×10–2 1.62×10–4 6.87×10–4 3.7% 1.71[0.703–2.70]×10–3 2.05 8.93[7.58–10.5]×10–3
A2 W 6.20 2.87 0.979 0.049 1.96×10–2 9.85×10–5 6.75×10–4 5.4%
1.13[NA–2.35]×10–3 2.29 5.15[3.70–6.97]×10–3
A3 W 4.58 2.17 0.964 0.035 7.07×10–3 3.55×10–5 6.37×10–4 9.0% 7.16[0.350–15.3]×10–4 2.28 5.27[3.90–6.97]×10–3
4.95[NA–11.7]×10–4 2.45 3.57[2.49–4.94]×10–3
A4 W 5.01 2.20 0.974 0.042 8.91×10–3 4.47×10–5 1.89×10–4 4.1%
9.52[NA–18.6]×10–4 2.41 3.85[2.86–5.04]×10–3
N1 W 7.12 3.10 0.951 0.048 6.12×10–3 3.07×10–5 8.93×10–4 9.2%
1.64[NA–3.28]×10–4 3.14 7.18[4.91–10.3]×10–4
N2 L 10.79 3.43 0.916 0.052 8.20×10–4 4.12×10–6 1.93×10–4 12.4%
6.50[NA–15.6]×10–4 2.43 3.72[2.49–5.39]×10–3
P1 W 5.68 2.49 0.977 0.052 1.67×10–2 8.38×10–5 5.74×10–4 8.8%
P2 W 7.59 2.67 0.991 0.033 4.37×10–3 2.19×10–5 1.50×10–4 7.1% 2.04[0.306–3.68]×10–4 2.98 1.04[0.819–1.31]×10–3
1.36[NA–3.29]×10–4 2.89 1.30[0.906–1.80]×10–3
P3 W 5.19 1.93 0.984 0.037 5.45×10–3 2.73×10–5 7.16×10–5 6.0%
1.16[NA–2.67]×10–4 3.08 8.28[5.71–12.4]×10–4
P4 W 6.44 2.21 0.988 0.041 8.98×10–3 4.51×10–5 1.18×10–4 10.1%
3.76[NA–12.8]×10–5 3.35 4.45[2.55–7.30]×10–4
D1 W 5.51 1.75 0.969 0.051 2.08×10–3 1.05×10–5 4.43×10–5 11.3%
D2 W 7.57 2.33 0.995 0.022 1.53×10–3 7.68×10–6 2.01×10–5 3.3%
6.25[2.47–10.2]×10–5 3.40 4.01[3.36–4.76]×10–4
2.07[NA–5.86]×10–4 2.86 1.38[0.835–2.12]×10–3 1.27×10–3 1.25×10–3
M1 W 6.16 2.28 0.959 0.059 4.34×10–3 2.18×10–5 2.42×10–4 11.6%
M2 W 8.21 3.16 0.991 0.026 3.84×10–3 1.93×10–5 2.14×10–4 3.3%
4.94[2.12–7.40]×10–4 2.71 1.95[1.68–2.23]×10–3 1.90×10–3 2.02×10–3
M3 W 5.61 2.29 0.983 0.036 7.14×10–3 3.59×10–5 9.39×10–5 2.6%
3.72[19.6–7.65]×10–4 2.61 2.46[1.85–3.20]×10–3 2.67×10–3 2.84×10–3
M4 L 11.28 4.38 0.985 0.033 5.59×10–3 2.81×10–5 5.04×10–4 4.1%
8.35[2.62–12.3]×10–4 2.58 2.65[2.20–3.18]×10–3 2.88×10–3 3.22×10–3
M5 W 6.25 2.66 0.985 0.035 9.15×10–3 4.60×10–5 5.10×10–4 7.9% 6.33[0.555–11.8]×10–4 2.49 3.24[2.54–4.04]×10–3 3.16×10–3 3.71×10–3
M6 L 11.85 4.70 0.976 0.048 7.90×10–3 3.97×10–5 7.12×10–4 5.1%
1.02[NA–1.64]×10–3 2.52 3.00[2.34–3.78]×10–3 3.08×10–3 3.71×10–3
M7 W 5.85 2.47 0.965 0.051 8.11×10–3 4.07×10–5 4.52×10–4 8.7%
5.20[NA–12.5]×10–4 2.52 3.02[2.03–4.27]×10–3 2.79×10–3 2.72×10–3
M8 L 10.52 4.23 0.978 0.039 6.57×10–3 3.30×10–5 5.92×10–4 4.2%
9.81[NA–15.5]×10–4 2.49 3.25[2.58–4.09]×10–3 2.81×10–3 2.87×10–3
M9 W 5.06 2.17 0.989 0.032 1.20×10–2 6.03×10–5 1.58×10–4 4.0% 4.33[0.580–8.71]×10–4 2.50 3.19[2.43–4.11]×10–3 3.21×10–3 3.45×10–3
M10 W 7.37 3.15 0.995 0.020 8.72×10–3 4.38×10–5 4.86×10–4 4.6%
8.78[4.88–12.3]×10–4 2.46 3.48[3.11–3.87]×10–3 3.31×10–3 3.71×10–3
M11 W 4.97 2.20 0.988 0.033 1.43×10–2 7.17×10–5
NA
NA
5.28[0.607–10.7]×10–4 2.42 3.78[2.87–4.90]×10–3 4.14×10–3 4.56×10–3
M12 W 6.83 3.10 0.997 0.017 1.11×10–2 5.60×10–5 6.21×10–4 4.4% 1.17[0.741–1.57]×10–3 2.32 4.75[4.31–5.19]×10–3 4.95×10–3 6.07×10–3
F is function, W is Weibull function, L is Logit function, α is location parameter, β is slope parameter, R2 is coefficient of determination, RMSE is root
mean square error, Cmax is maximum concentration exposed, Cmin is minimum concentration exposed, NOEC is no observed effect concentration,
E(NOEC) is the effect observed for NOEC, EC10 is 10%-effect concentration, EC50 is 50%-effect concentration, the number in the brackets is confidence
interval, NA is not available, pEC50 is −log10EC50, EC50,CA is mixture EC50 predicted by concentration addition, EC50,IA is mixture EC50 predicted by
independent action, the units of Cmax, Cmin, NOEC, EC10, EC50, EC50,CA, and EC50,IA are mol/L.
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TABLE 3 - Concentration percentage (%) of individual substituted benzenes in the mixtures.
No.
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

A1
2.18
2.79
3.53
7.35
12.80
18.95
27.55
35.74
35.93
41.45
39.49
41.59

100

A2
3.18
8.16
14.12
20.55
26.33
39.03
0.82
2.61
8.18
14.60
17.46
18.76

A3
2.31
14.55
22.93
42.63
0.45
5.43
17.33
33.05
0.20
2.35
9.17
14.83

A4
4.31
18.22
31.41
0.71
8.15
19.66
0.35
6.76
15.63
0.14
2.86
8.29

100

M1

N1
17.62
34.72
1.46
13.43
28.86
4.23
19.63
0.86
9.46
21.64
1.61
9.34

N2
4.15
9.21
1.44
4.42
0.75
3.59
0.44
3.52
0.24
2.42
0.12
1.32

M2

P1
24.12
0.50
14.49
0.60
15.06
1.07
19.98
2.89
20.21
4.58
21.50
4.52

100

P2
9.00
0.63
7.02
2.40
0.11
4.44
0.92
8.99
2.81
0.19
3.98
0.95

P3
10.84
1.75
0.03
5.93
1.71
0.06
7.50
2.89
0.14
9.13
2.62
0.27

100

M3

80

80

80

60

60

60

60

40

40

40

40

20

20

20

20

0

0

0

0

-20

-20

-20

-20

% Inhibition

80

% Inhibition

100

0

1E-4

1E-3

0.01

100

M5

1E-4

1E-3

0.01

100

M6

0

1E-4

1E-3

0.01

100

M7

80

80

80

80

60

60

60

60

40

40

40

40

20

20

20

20

0

0

0

-20

-20

0
-20

100

% Inhibition

0

0

1E-4

1E-3

0.01

-20
100

M9

0

1E-4

1E-3

0.01

100

M10

0

1E-4

1E-3

0.01

100

M11

80

80

80

80

60

60

60

60

40

40

40

40

20

20

20

20

0

0

0

0

-20

-20

-20

0

1E-4

1E-3

0.01

Concentration (mol/L)

0

1E-4

1E-3

0.01

Concentration (mol/L)

0 1E-4

1E-3

0.01

Concentration (mol/L)

-20

P4
9.35
3.26
0.48
0.04
4.52
2.51
0.97
0.09
5.97
2.92
1.06
0.10

D1
5.52
2.39
0.88
0.30
0.03
0.01
3.71
2.06
1.01
0.47
0.08
0.01

D2
7.42
3.81
2.20
1.68
1.26
0.99
0.80
0.54
0.22
0.09
0.04
0.01

M4

0

1E-4

1E-3

0.01

1E-4

1E-3

0.01

M8

0

M12

0 1E-4

1E-3

0.01

Concentration (mol/L)

FIGURE 3 - Concentration–response curves for the inhibitory effects of 12 mixtures of substituted benzenes on Q67 luminescence (Hollow
circles: blank control; Solid circles: observed data; Black solid line: model fit; Black dashed line: confidence interval; Red line: concentration
addition; Blue line: independent action).

CRCs predicted by CA and IA together with the experimental data and the fitted curves were integrated and displayed in Figure 3. The fitted CRCs could also be depicted
by the Logit or Weibull function. In all cases, the R2s were
greater than 0.95 and the RMSEs less than 0.06, exhibiting
good calibration ability and high stability. The pEC50 values ranged from 2.32 for M12 to 2.86 for M1. These values
are within the range of pEC50 values of single components
(2.05 for aniline to 3.40 for diethyl phthalate). This indicated the absence of strong synergistic or antagonistic interaction within the mixtures [21].

According to Tables 2 and 3, it was of interest to observe a monotonically increasing relationship between the
pEC50 of the 12 mixtures and the concentration proportion
of diethyl phthalate (D2) as shown in Figure 4. Meanwhile,
diethyl phthalate was the component having the most toxicity in the mixtures. Similarly, there was also a good linear
relationship between the pEC50 of ionic liquid (IL) mixtures and the concentration proportion of a certain IL [22].
This indicated that there may be the key component to determine the mixture toxicity in some cases. However, there
was no obviously monotonic relationship between mixture
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pEC50s and concentration proportion of other components
except for diethyl phthalate in the present study. Therefore,
whether this type of monotonic relationship is always present in mixtures, it needs further investigation.

2.9

pEC50,mix

2.8
2.7

4. CONCLUSIONS
We studied the mixture toxicities of anilines, nitrobenzenes, phenols, and phthalates on photobacterium Q67.
There was a monotonically increasing relationship between the mixture pEC50s and the concentration proportion
of diethyl phthalate. Concentration addition (CA) and independent action (IA) models made equally good predictions for the mixtures toxicities. This supports the use of
CA and IA models as a default approach for predicting the
combined effect of different types of organic pollutants.

2.6
0.59
pEC50,mix  2.39  0.14 pD2

2.5

2

R = 0.937

2.4
2.3
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FIGURE 4 - Relationship between the pEC50,mix of 12 mixtures of substituted benzenes and the concentration proportion of diethyl phthalate
(pD2) (Solid circles: experimental data; Solid line: model fit).

Figure 3 showed that the toxicities of M1–M12 can be
predicted by CA and IA, irrespective of mixture ratios and
effect levels. To further evaluate the model predictive
power, the EC50 of the 12 mixtures predicted by CA and IA
were computed as shown in Table 2. The ratios of CA-predicted EC50 to observed EC50 of mixtures ranged from 0.92
for M1 and M7 to 1.10 for M11. So there was a high level
of agreement between the experimental mixture toxicity
and CA predictions. Phthalates were strictly additive with
anilines, nitrobenzenes, and phenols which further demonstrated their similar mode of action. On the other hand, the
ratios of IA-predicted EC50 to observed EC50 of mixtures
ranged from 0.88 for M8 to 1.28 for M12. IA was shown
to have power to predict the mixture toxicities.
In the present study, CA and IA made very close predictions for mixture toxicities. In fact, mathematical proof
indicated that CA-predicted effect will be greater than,
equal to, or less than IA-predicted effect when Weibull β
values of all components are greater than, equal to, or less
than 2.3 (i.e., ln10) [23]. In our case, CA curves very close
to IA curves can be attributed to that the arithmetic mean
of Weibull β values of components was 2.4 which was very
close to 2.3. Similar results can be found in the report [24].
Moreover, there may be overlapping or intersecting between CA and IA curves depending on specific CRC models and the β values [25]. Therefore, the slope parameter β
is an important parameter to determine the location relationship between CA and IA curves.
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ABSTRACT
Intensive agricultural activities can bring about major
environmental distress, including soil degradation, water
eutrophication and the interruption of elemental geochemical cycles. Both agricultural and non-agricultural soils
near an upstream portion of the Pearl River in China were
sampled to investigate the distribution and speciation of
plant essential macronutrients linked to agricultural activities, including organic (C, H, N and S) and metal elements
(Ca, Mg, K and Na). The results showed that total C, N and
S concentrations were closely correlated in agricultural
soils and were significantly higher than those in non-agricultural soils, for most of the sampling sites. Low ratios of
C/N and N/S could accelerate microbial decomposition and
mineralization of N and S; thus, ensuring that agricultural
soil would not be deficient in N and S for crop production.
Total Ca, Mg, K and Na concentrations in agricultural soils
were slightly higher than in non-agricultural soils. Available concentrations and speciation percentages of these four
metal elements were analyzed based on the Bureau Communautaire de Référence (BCR) sequential extraction procedure. The distribution patterns of speciation percentages
for the metal elements were similar in both the agricultural
and the non-agricultural soils. No fraction of the four metals was significantly correlated with total organic carbon
(TOC) or microbial biomass carbon (MBC) content, indicating that their speciation fractions were not affected by
cultivation, TOC or MBC. The investigated soils held sufficient available Ca, Mg and K for plants.
KEYWORDS:
agricultural soil; nutrient; organic composition; ratios; speciation

1. INTRODUCTION
The element concentrations in soil are essential to
maintain environmental quality and retain soil nutrients.
The elements C, H, O, N, S, Ca, Mg, K and P are required
* Corresponding author

by plants in relatively large amounts and are thus known as
plant essential macronutrients. These elements can compose over 0.1% of the plant dry weight [1]. Plants can utilize C, H and O from the breakdown of CO2 and H2O, and
therefore are not limited by these elements, but N, S, Ca,
Mg, K and P may limit the growth of plants, if not sufficiently available. The use of the soil usually influences the
above-mentioned macronutrient concentration and distribution [2]. Different types of soil use have varying effects
on the resident vegetation, as well as soil microbial activities [3], which can lead to a change in available soil nutrients. Therefore, investigating the distribution and speciation of plant essential macronutrients is important for soil
quality assessments and management.
The Pearl River originates near the southern Maxiong
Mountain in Qujin, Yunnan. It is the third largest river in
China. The protection of the ecological system of the Pearl
River has attracted much attention in scientific research.
The Nanpan River is upstream of the Pearl River and because of the importance of this river, both locally and
downstream, environmental and pollutant behavior assessments are of great concern for both scientific research and
soil management. The environmental behavior and processes for various chemical and human activities along the
Nanpan River contribute greatly to the environment quality
of the downstream area. This research group conducted a
systematic study on the composition and behavior of elements introduced by human activity in the Nanpan River.
We previously investigated the distribution and speciation
of common heavy metals in this region [4]. This study focuses on the distribution and speciation of plant essential
macronutrients, including organic (C, H, N and S) and
metal elements (Ca, Mg, K and Na). The primary hypothesis of this study was that the generally excessive input of
fertilizers into agricultural soils results in their higher content of macronutrients, in comparison to non-agricultural
soils. The chemical species of these metal elements were
investigated, based on the Bureau Communautaire de Référence (BCR) sequential extraction procedure, in agricultural and non-agricultural soils along the Nanpan River.
The ratios of C/N, C/S, N/S, Ca/Mg and K/Mg were discussed regarding soil nutrient status.
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and residual fractions) and analyzed. The BCR procedure
was used in this study [5, 6], as briefly described below.

2. MATERIALS AND METHODS
2.1 Study area

The Nanpan River is 677 km long with a catchment of
58,000 km2, covering 15.2% of Yunnan province. The area
is a subtropical monsoon climate region, which is characterized by dry winters and wet summers. Peas, rice and vegetables are the main agricultural crops grown in this area.
2.2 Soil collection and preparation

The sampling area was located along Nanpan River
(25°24'-25°46'N, 103°51'-103°55'E), upstream of the Pearl
River. Twelve sites were set along Nanpan River (A1A12), as indicated in Fig. 1 of our previous study [4]. All
the sampling sites were located in an agricultural area, except for A8, which was in a factory district. For each sample, surface soil was collected from 3 random spots, which
were 50 m away from each other. The three specimens
were then mixed as one sample. The soils were collected
from a depth of 0-10 cm and about 1 kg of soil was collected for each sample, on November 12th or 13th, 2011.
Non-agricultural specimens were collected from nearby
agricultural soil, after questioning the local farmers. The
collected soil samples were put into clean polyethylene
sample bags, labeled and then stored in the lab. The soils
were dried at room temperature, grilled with a wooden
stick, and then filtered with a 2-mm nylon sieve. The gravels and plant residues were manually picked out. The soils
were further ground and filtered with a 0.149-mm nylon
sieve to prepare them for the analysis of total metal element
concentrations and the fractions thereof.
2.3 Sample analysis

Soil pH, total organic carbon (TOC) and microbial biomass carbon (MBC) were determined as described in our
previous study [4]. Two mg of each soil sample were
wrapped with aluminum foil and the total concentrations of
organic elements (C, H, N and S) were determined using
an elemental analyzer (MicroCube, Elementar, Germany).
Soil samples were digested using HCl-HNO3-HClO4
and total concentrations of the metal elements (Ca, Mg, K
and Na) were determined using ICP-OES (VISFA-MPX).
For each digestion procedure, aliquots of 0.5 g soil sample
were weighted and transferred to a Teflon crucible (50
mL). Fifteen mL of aqua regia (nitro-hydrochloric acid)
was added to the Teflon crucible. The samples were heated
to 140-160℃, using a heating plate for 10 min. The samples were air-cooled before 5 mL of HClO4 was added and
then heated until complete evaporation of the solution.
After cooling, the residues were dissolved in 10 mL of
5% HNO3. The solutions were then transferred to volumetric polypropylene tubes (50 mL), through a filter and
diluted to 50 mL with Milli-Q water. The samples were
stored at 4℃ until analysis.
Metal elements in all of the soil samples were chemically fractionated (weak acid soluble, reducible, oxidizable

Weak acid soluble fraction (F1): One g of the air-dried
soil (< 2 mm) was weighted in a 50 mL polypropylene centrifuge tube and 40 mL of HOAc (0.11 mol/L) was added.
The tubes were kept on a rotary shaker for 16 h at room temperature. These tubes were then centrifuged at 3,000 r/min
for 20 min. Subsequently, the supernatant was filtered into a
plastic container through a 0.45-μm membrane filter. The
solid residues were subjected to the subsequent extractions.
The filtrates were stored at 4℃ until they were analyzed.
Reducible fraction (F2): 40 mL of 0.5 mol/L
NH2OH·HCl (with pH of 1.5 adjusted by HNO3) was added
to the solid residues from F1. The tubes were kept on a rotary shaker for 16 h at room temperature. The supernatants
were filtered and the solid residues were collected for the
following extraction.
Oxidizable fraction (F3): Ten mL of 30% H2O2 with a
pH of 2-3 (adjusted using HOAc) was added to the residues
of F2 and digested at 85℃ (water bath) for 1hr with occasional shaking. Another 10 mL H2O2 was introduced into
the mixture and digested at 85℃ (water bath) for 1 hr with
occasional shaking. The mixtures were then evaporated until a small volume was achieved (1-2 mL). Fifty mL of
NH4Ac (1.0 mol/L and pH 2, adjusted with HOAc) were
added into the cooled and moist residue. The mixtures were
shaken, centrifuged and filtered. The supernatants were
subjected to metal element analysis and the solid residues
were used in the next step.
Residual fraction (F4): The steps were adopted as previously discussed for analyzing the total concentrations of
metal elements.
The concentration of metal elements in different fractions was determined by ICP-OES (VISFA-MPX). Analytical wavelengths of Ca, Mg, K and Na were 396.847,
279.553, 766.491 and 589.592 nm, respectively.
2.4 Statistic analysis

The correlation matrix of the total concentrations of
various elements in agricultural and non-agricultural soils
was obtained with bivariate correlation using the Pearson
coefficient in a two-tailed test (p ≤ 0.05). The statistical
differences of total concentrations between agricultural
and non-agricultural soils from each site were determined
by a paired T-test (p ≤ 0.05). SPSS13.0 software was used
for all of the statistical analyses.

3. RESULTS AND DISCUSSION
3.1 Total concentration and distribution of organic elements

Distributions of total concentrations of organic elements in agricultural and non-agricultural soil samples
along the river are shown in Fig. 1. Paired T-tests showed
significant differences between agricultural and non-agri-
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cultural soils for total C, N and S contents (Table 1). Total
C, N and S concentrations in agricultural soils were significantly higher than those in non-agricultural soils (p<0.05),
while total H concentration was not significantly different
(p>0.05). This result is consistent with previous work that
shows that agricultural activities could cause accumulation
of crop residues in surface soils [7, 8], which results in
greater soil organic matter storage [9], even in the absence
of tillage. These improvements presumably enable the soil
to resist water and/or wind erosion, retain more water and
retain essential plant nutrients (such as K, Ca, Mg and P)
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[10]. Furthermore, crop management practices (such as application of chemical and organic fertilizers) have the potential to enhance C and N sequestration in agricultural soil
[11-13]. The organic element correlation analysis showed
that, in agricultural soil, total C content was closely correlated with N and S, whereas for non-agricultural soil, total
C content was correlated only with N (Table 2). This is
probably because most of the N and S in agricultural soil
are in organic form and their microbial mineralization is
usually similar [14].
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FIGURE 1 - Distribution of total C (A), H (B), N (C) and S (D) contents, along the Nanpan River

TABLE 1 - Paired T-test of organic and metal elements between agricultural and non-agricultural soils
Elements

C

Significance

0.02

H
*

0.46

N

S

0.00

*

0.00

*

Mg

K

Ca

Na

0.39

0.87

0.06

0.06

*: p<0.05

TABLE 2 - Correlation matrix for organic elements in agricultural and non-agricultural soils in the Nanpan River area
Agricultural soil
C

H

C

1

H

0.007

1

N

0.407

0.293

Non-agricultural soil
N

S

C

H

N

S

1
1

S
0.521
0.246
0.650*
* Significance at the 0.05 probability level
** Significance at the 0.01 probability level

1
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-0.121

1

0.742**

-0.205

1

-0.331

-0.204

-0.210

1
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15. Thus, high rates of nitrogen mineralization are expected, which could supply enough nitrogen for the plant.
The C/S and N/S ratios from all sample sites were significantly lower than those reported by other researchers (such
as C/S of 54-132 and N/S of about 8, in Kirkby et al. [17]).
This result suggests total S concentrations were relatively
high in the agricultural soils in this study. Because the agricultural soil may have the potential to supply crops with
S over a long period of time, and low C/N and N/S ratios
indicate considerable bacterial activity, mineralization and
oxidation of total S to sulphate will minimize the problem
of S deficiency in crop production [16].

Total N is commonly used to evaluate the fertility of
the soil and ranged from 2.09 to 4.25 g/kg with an average
of 3.24 g/kg for the agricultural soil samples. Basing on the
national grade standard of the second soil census in China
[15], total N content of all sample sites was high (taking
the third grade (Total N, 1 g/kg) as the abundance and deficiency index of total N in soil).
3.2 Ratios of organic elements

The C/N ratio of soil is considered to be an indicator for
assessing the C and N nutrition balance and the N/S ratio is
often a criteria used to evaluate the S status in soil [16].
The ratios of C/N, C/S and N/S for agricultural soil averaged 8.95±5.02, 16.1±7.89 and 1.85±0.39, respectively.
No significant differences in the C/N, C/S and N/S ratios
were found between agricultural and non-agricultural soils.
The C/N ratios of most sample sites were slightly lower
than those reported by other researchers (9.8-17.5) [17]. Previous research indicated that soils with large C/N ratios had
low quantities of N mineralization [14, 18]. The reason for
this is that a low ratio of C/N can accelerate microbial activity and, thus, enhance the decomposition and mineralization rate of nitrogen [19]. It is generally believed that
when the C/N ratio exceeds 30, a plant cannot obtain nitrogen in the first stage of nitrogen mineralization; when the
C/N ratio is less than 15, the effective nitrogen from nitrogen mineralization will exceed the amount of microbial assimilation, and the plant will obtain available nitrogen
through organic matter mineralization [1]. In this study, the
average of the C/N ratios in agricultural soil was lower than
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Significant differences between agricultural and nonagricultural soils were not observed for total concentrations
of all metal elements. The distributions of total concentrations of metal elements in agricultural and non-agricultural
soils along the river are shown in Fig. 2. Total Mg, K, Ca
and Na concentrations in agricultural soil were slightly
higher than those in non-agricultural soils, except for sites
A6 and A7 (Fig. 2). The accumulation of Mg, K, Ca and Na
in these agricultural soils may be attributed to human activities, such as water irrigation and fertilizer and pesticide applications [20, 21]. Sites A6 and A7 are relatively far away
from residential areas and human disturbance were, thus,
rare. In addition, arbors, shrubs and weeds grew on non-agricultural soils at these two sites, which may have hindered
rainwater flush and erosion from the topsoil. The downward
transport of metal elements from topsoil to subsoil may not
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FIGURE 2 - Distribution of total Ca (A), Mg (B), K (C) and Na (D) concentrations, along with water flow of the Nanpan River
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TABLE 3 - Correlation matrix for metal element total concentrations in agricultural and non-agricultural soils
Agricultural soil

Non-agricultural soil

Mg

K

Mg

1

K

0.675*

1

Ca

0.459

-0.072

Ca

Na

Mg

Na
0.630*
0.839**
* Significance at the 0.05 probability level
** Significance at the 0.01 probability level

1
0.036

1

Speciation fraction (%)

be significant, which leads to the higher metal element concentrations in topsoil, compared with no or fewer arbors,
shrubs and weeds (from the other sampling sites)
No significant difference was observed between the
sampling sites with dissimilar crops in total concentrations
of organic and metal elements in agricultural soils
(p>0.05). Na and K concentrations showed similar distribution among sites. The correlation between total Na and
K concentrations in both agricultural and non-agricultural
soils was significant (p<0.01) (Table 3), possibly due to
their similar properties and sources. Na and K are constituents of group 1A in the elemental periodic table and are
both alkali metals. They have one electron in their outer
shell and have comparable atomic radii [22, 23]. Total
metal concentrations were not significantly different in site
A8 (industrial zone) compared to other sampling sites, indicating that industrial activities did not impact distribution
of the metals of interest (Ca, Mg, K and Na).

Ca

0.686*

1

0.717**

0.261

1

0.269

0.803**

-0.135

Na

1

3.4 Speciation distribution of metal elements

The potential for element uptake by plants is not only
closely related to the total concentration, but it is also dependent on their chemical fraction [24, 25]. Organisms
could not take advantage of the residual fraction of metals,
while weak acid soluble fractions could be fully utilized,
followed by reducible fraction. The activity of oxidizable
fraction is rather weak. The sum of the three active species
was defined as a biologically available form. Therefore, determining the chemical speciations of soil elements is crucial for assessing soil quality. Percentages of four speciation fractions are shown in Figs. 3 and 4. An available Ca
concentration of below 1,000 mg/kg in soil is considered
Ca deficit for plants [26]. The lowest detected Ca concentration in this study was 1,325 mg/kg among all the investigated agricultural and non-agricultural soils. The average
Ca concentrations were 4,030 mg/kg in agricultural soil
and 3,644 mg/kg in non-agricultural soil, which were both
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FIGURE 3 - Speciation distribution of Ca (A), Mg (B), K (C) and Na (D) in agricultural soils
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FIGURE 4 - Speciation distribution of Ca (A), Mg (B), K (C) and Na (D) in non-agricultural soils

much higher than 1,000 mg/kg. Among all of the available
forms, the most available, weak acid soluble fraction (F1),
accounted for about 50%. This result implies that the investigated soils contain a sufficient supply of available Ca
for plant nutrition. Available Mg and K concentrations
from all sampled soils were much higher than the upper
limits of Mg (100 mg/kg) and K (200 mg/kg) deficiency in
soils and their F1 forms constituted about 20%. Therefore,
Mg and K could not be limiting nutrients in these soils.
The distribution patterns of speciation percentages for
Na and K were similar and percentages of residual fraction
were found to be more than 60% in most of the sites. This
result suggests that Na and K may exist in a mineral crystal
lattice, which would be the reason that Na and K were significantly correlated in both agricultural and non-agricultural soils. The distribution patterns of speciation percentages for the four metal elements were similar in agricultural
and non-agricultural soils, indicating that their speciation
distributions were not affected by artificial cultivation.
The correlations between metal speciation percentages
and TOC/MBC were evaluated. No systematic correlation
was observed. This indicates that the speciation distributions of the metals were not affected by TOC or MBC.
3.5 Ratios of available concentration of metal elements

Because available Mg is affected by other elements
(such as Ca and K) in plant nutrition, Ca/Mg and K/Mg ratios are used as factors to evaluate available Mg in plant nutrition [27]. With respect to plant nutrition, a Ca/Mg ratio in
the range of 1:1 to 5:1 is beneficial to plants [26]. Most of
the investigated soils in this study showed ratios between 1:1

and 5:1, with only two exceptions (one agricultural soil of
6.21:1 and one non-agricultural soil of 15.7:1). The soils
along the Nanpan River thus have suitable Ca/Mg ratios. The
K/Mg ratios in all samples were below 1:1. Both parameters
(Ca/Mg and K/Mg) suggest that the soils in the studied area
have adequate Mg for most of the vegetable crops.

4. CONCLUSIONS
Based on the investigation of organic and metal elements in agricultural and non-agricultural soils near an upstream branch of the Pearl River, total C, N and S concentrations were closely correlated with each other in agricultural soils and were significantly higher than those in nonagricultural soils for most of the sampling sites. This result
reflects the accumulation of crop residues in the surface
soil. Low ratios of C/N and N/S could accelerate microbial
decomposition and mineralization of N and S. Thus, S in
the soil could be readily altered to sulfate, so that agricultural soils will not be deficient in N and S for crop production. Total Ca, Mg, K and Na concentrations in the tested
agricultural soils were slightly higher than those in non-agricultural soils. The correlations between total Na and K
concentrations were significant in both agricultural and
non-agricultural soils, due to their similar properties. The
distribution patterns of speciation percentages for the four
tested metal elements were similar in agricultural and nonagricultural soil, indicating that their speciation fractions
were not affected by cultivation. The investigated soils
contained sufficient supplies of available Ca, Mg and K for
plant nutrition.
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ABSTRACT
Microcystis aeruginosa was axenically cultured in culture media with varying DIC concentrations (0, 0.2, 0.5, 1,
5, 10 m mol L-1, respectively) to test the hypothesis that
high level of DIC can stimulate the EPS production and
induce colony formation of Microcystis. At the 4th day, the
cellular EPS content and cells per particle in the treatments
with 0.2, 0.5 and 1 m mol L-1 DIC was significantly higher
than that in the control sample (without DIC addition). The
differences in cellular EPS content and cells per particle
among different growth phases were also significant under
these conditions. However, it was not expected that the
highest level of DIC did not result in the highest cellular
EPS content nor obvious colony formation of Microcystis.
Our results also showed that the value of cells per particle
was almost 1 while EPS content increased from 0.07 pg
cell-1 to 0.20 pg cell-1. When the EPS content was higher
than 0.20 pg cell-1, the value of cells per particle increased
dramatically. This result suggested that the recognized positive linear relationship between colony size and cellular
EPS content appeared unless the cellular EPS content was
higher than a critical value.

KEYWORDS: Microcystis, dissolved inorganic carbon, polysaccharide, colony formation

1. INTRODUCTION
Mechanisms of Microcystis water blooms are widely
studied due to the serious problems caused by Microcystis
blooms worldwide [1, 2]. Large colony formation is considered as an important factor influencing Microcystis bloom
formation [3]. Large colonies of Microcystis have high speed
of vertical migration [4, 5], which is helpful to float up into
* Corresponding author

the water surface and form blooms. Colony formation can
also affect the behaviours of antipredator defence of Microcystis [6, 7]. Thus, mechanisms and influencing factors
of colony formation is important to understand Microcystis
bloom formation.
The effects of biotic factors on colony formation of Microcystis have already been extensively analysed. The phenomenon of grazer-induced colony formation of Microcystis was examined by different researchers in the last ten
years [8-10]. Cylindrospermopsis raciborskii can also induce colony formation of Microcystis [11]. Compounds produced by predator and C. raciborskii may induce defense
mechanisms and promote colony formation of Microcystis.
Shen et al. [12] showed that heterotrophic bacteria could induce colony formation of Microcystis aeruginosa. The extracellular polysaccharide (EPS) production of Microcystis
promoted by heterotrophic bacteria was considered playing
important roles in colony formation [12].
Recently, researchers discovered that colony formation of Microcystis could be induced by some abiotic
factors, such as calcium [13], temperature [14], light intensity and nutrient concentration [15]. These abiotic factors
can promote the EPS production of Microcystis which induced colony formation.
It has been well documented that high EPS content
could promote colony formation of Microcystis [13, 16].
EPS is derived from intracellular polysaccharide (IPS; the
combination of EPS and IPS is the total polysaccharide
content (TPS)). Both EPS and IPS were transformed from
carbohydrates, the photosynthetic product of Microcystis.
Dissolved inorganic carbon (DIC), a vital carbon source
for Microcystis, was an important abiotic factor influencing
physiology of Microcystis. It could also affect the competition of Microcystis with other algae, such as Chlamydomonas microsphaera [17] and Scenedesmus [18]. High level of
DIC would promote the synthesis of carbon into polymers
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(especially carbohydrates) [19]. Moreover, colonial Microcystis collected from lakes occurred as single cells or a few
paired cells in axenic cultures in the laboratory as a result
of a long-term cultivation. The DIC concentration in normal
culture medium and lake water was 2.89 mg L-1 and 20 mg
L-1 [15], respectively. This significant difference of DIC
concentration would be a cause of this morphological
change. Thus, it was believable that DIC would paly important roles in EPS production and colony formation of
Microcystis. However, the knowledge about the effects of
DIC on polysaccharide content and colony formation of
Microcystis is still woefully inadequate.
The aim of this study is to find out the effects of DIC
on polysaccharide content and colony formation of Microcystis. We hypothesized that high level of DIC can stimulate EPS production and induce colony formation of Microcystis. In this study, Microcystis was cultured under a
standard conditions with varying DIC concentrations to
test the above hypothesis. The polysaccharide content and
cells per particle at different growth phases was analyzed.

2. MATERIALS AND METHODS

The average number of cells per particle (both unicells
and colonies could be defined as particles in this study) was
analyzed at the 4th, 8th and 12th day. The number of cells and
particles was recorded using a blood cell counting chamber
with an optical microscope (Olympus CX31; Olympus Corporation) at ×400 magnification. The average number of
cells per particle was calculated by counting a minimum of
400 particles.
EPS and IPS content analysis: The extract method of
EPS and IPS content was described by our previous study
[14]. The anthrone sulfuric acid method was used to analyze the content of EPS and IPS.
2.4 Data analysis

The growth curve was presented as mean with error bars
which presented the maximum and minimum of Microcystis
cell density. The other data were presented as mean ± SD
and were analyzed by one-way ANOVA using tukey post
hoc test. Pearson correlation analysis was also performed
to analyze the relationship between cells per particle and
EPS content. SPSS 10.0 was employed to perform all the
statistical analyses.

2.1 Organisms

M. aeruginosa (Kützing) Kützing 1846 strain (FACHB
469), obtained from FACHB collection (Freshwater Algae
Culture Collection of the Institute of Hydrobiology, Chinese Academy of Sciences) was used in this study. The
strain, purified through the dilution method, was subjected
to long-term cultured in BG-11 medium [20]. It existed as
unicellular morph.
2.2 Axenic cultures

M. aeruginosa was axenically cultured in triplicate in
250 mL Erlenmeyer flasks with 100 mL liquid culture media with varying DIC concentrations. The culture media was
based on BG-11 medium and the DIC concentrations were adjusted to 0, 0.2, 0.5, 1, 5, 10 m mol L-1, respectively (using
NaHCO3). The culture without DIC (the concentration was
0 m mol L-1) was defined as control sample in the current
study. All the cultures were grown at 25oC under a 12:12 h
light-dark cycle with a fluorescent light intensity of 50 µ mol
photons m-2 s-1. The initial cell density was 5×104 cells mL-1.
The flasks were shaken by hand two to three times a day.

3. RESULTS
3.1 Growth of Microcystis

Figure 1 shows growth curves of M. aeruginosa grown
in BG-11 medium with varying DIC concentrations. The
cell density increased slowly during the early four days and
none significant difference was found among the cultures
with varying DIC concentrations. Then, from the 6th day to
the 10th day, Microcystis cell density increased rapidly and
the cell density in cultures with high DIC concentrations
was much higher than that in cultures with low DIC concentrations. Microcystis cell density in all the treatments
was stable and reached to 3500×104 cells mL-1 during the
last three days.

2.3 Cells counting

Cell density of Microcystis was analyzed every two
days in the first 6 days and once a day from the 7th to the
13th day. Cells number was counted thrice in a blood cell
counting chamber using an optical microscope (Olympus
CX31; Olympus Corporation) at ×400 magnification. If the
differences of these three calculated results were less than
10%, then the average value of these results was used as
the final cell density. Otherwise, an extra counting was
conducted.

FIGURE 1 - Growth curves of M. aeruginosa grown in BG-11 medium with varying DIC concentrations. Vertical lines represent the
maximum and minimum value respectively.
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3.2 EPS and IPS content of Microcystis

Cellular EPS and IPS content of Microcystis at different growth phases is demonstrated in Fig. 2. The maximum
values of both EPS and IPS content appeared at the 4th day
in the culture with 0.5 m mol L-1 DIC treatment. The maximum values reached to 0.5 and 1.1 pg cell-1, respectively.
At the 4th day, cellular EPS content treated with 0.2, 0.5
and 1 m mol L-1 DIC was significantly higher than that in
the control sample (without DIC addition). The differences
in cellular EPS content among different days were also significant in cultures with 0.2, 0.5 and 1 m mol L-1 DIC treatments. The variation of cellular IPS content was similar to
that of EPS except that high DIC concentration (5 and 10 m
mol L-1) induced significantly increase of cellular IPS content but not for EPS.

the conditions with 0.2, 0.5 and 1 m mol L-1 DIC treatments. The differences in the cells per particle among different days were also significant under the conditions with
0.2, 0.5 and 1 m mol L-1 DIC treatments.

FIGURE 3 - Cells per particle of Microcystis with different concentrations of DIC treatments. Vertical lines represent one SD. * Indicates cells per particle differed significantly (P < 0.05) from that in the
control sample (0 m mol L-1 DIC). a, b, c indicates that cells per particle differed significantly (P < 0.05) from that at the 4th, 8th, 12th day,
respectively.
3.4 Relationship between cells per particle and EPS content of
Microcystis

The relationship between cells per particle and EPS
content of Microcystis is shown in Fig. 4. It was also
showed that the value of cell per particle was almost 1 while
EPS content increased from 0.07 pg cell-1 to 0.20 pg cell-1.
When the EPS content was higher than 0.20 pg cell-1, the
increase of cells per particle became dramatic.

FIGURE 2 - Cellular EPS and IPS content of Microcystis at different
grwoth phases. Vertical lines represent one SD. * Indicates polysaccharide content differed significantly (P < 0.05) from that in the control sample (0 m mol L-1 DIC). a, b, c indicates that polysaccharide
content differed significantly (P < 0.05) from that at the 4th, 8th, 12th
day, respectively.

FIGURE 4 - Relationship between cells per particle and EPS content
of Microcystis.

3.3 Cells per particle of Microcystis

4. DISCUSSION

Cells per particle of Microcystis with different DIC
concentrations treatments is shown in Fig. 3. At the 4th day,
the value of cells per particle of Microcystis was smaller
than 1.4 in the control sample but it was more than 2.0 under

This study ignored gas exchange between the medium
and the external environment because that the DIC concentration gradient in different treatments would not change
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during the whole growth phase [17]. Our results showed
that DIC concentration affected polysaccharide content
and colony formation of Microcystis in some degree.
Surprisingly, it was not expected that the highest level
of DIC did not result in the highest EPS content nor obvious
colony formation of Microcystis. This is because the photosynthesis rate was lower under conditions with high DIC
concentration (7.658 m mol L-1) than that with moderate
DIC concentration (0.365) according to Zhang et al. [17].
The difference in hotosynthesis rate resulted in decrease of
TPS content (Fig. 2) when DIC concentration was higher
than 0.5 m mol L-1. However, when DIC concentration was
much lower than 0.5 m mol L-1, the carbon source was insufficient and the synthesis of carbohydrates was limited as
well.
DIC concentration influenced EPS content not only by
influencing the synthesis of carbohydrates but also by affecting EPS secretion. The ratio of EPS: TPS at varying
DIC concentrations is shown in Fig. 5. At the 4th day, the
secretion of EPS decreased along with the increase of DIC
concentration. However, this variation tendency was overturned at the 12th day. Further research is needed to reveal
the mechanism of the influence of DIC concentration on
EPS secretion.

form colonies. Although it was the first time to report the
critical value, this value was theoretical and it was easy to
be understood. Therefore, significant relationship between
EPS and colony size were be authentic unless the value of
EPS content was higher than this critical value in consideration of results in the current study.
Our results revealed that colony formation occurred
only at the 4th day but not at the 8th and 12th day. This phenomenon indicated that growth phases would affect colony
formation of Microcystis. Yang et al. [27] reported a similar result that colony formation occurred only in the exponential phase (from the 2th day to the 6th day). They also
suggested that colony formation of Microcystis was only
induced in growing cells. However, according to Fig. 1, the
growth of Microcystis was vigorous at the 8th day. It seems
that the growing cells at the 8th day in the current study was
not induced to form colony. It might attribute to the strong
dilution function [14] during this time. EPS decreased rapidly (Fig. 2) because it was easily separated into two portions due to cell division. Thus, our results suggested that
colony formation of Microcystis only appeared at the early
exponential phase when the growth was vigorous but the
dilution function was not strong.
In conclusion, DIC concentration can affecte polysaccharide content and colony formation of Microcystis in
some degree that highest level of DIC did not result in the
highest EPS content nor obvious colony formation of Microcystis. Moreover, growth phases would affect colony
formation of Microcystis and colony formation of Microcystis only appeared at the early exponential phase when
the growth was vigorous but the dilution function was not
strong. There is a significant positive relationship between
EPS and colony size but it would be authentic unless the
value of EPS content was higher than a critical value.
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1. INTRODUCTION

ABSTRACT
We evaluated the influence of exposure to ultravioletB (UV-B) radiation (2.75, 3.08, 3.25 and 3.41 W m-2), and
recovery on returning to visible light conditions (150 μmol
m-2 s-1) on the physiological properties related to photosynthesis in the mosses Bryum argenteum Hedw. and Didymodon vinealis (Brid.) Zand. Specimens of B. argenteum
and D. vinealis were isolated from biological soil crusts
(BSCs) from the Tengger Desert, northern China. The results showed that UV-B radiation decreased the Chl fluorescence parameters, photosynthetic pigments, soluble protein and malondialdehyde (MDA) contents of B. argenteum and D. vinealis, and that the degree of negative effects
was in proportion to the intensity of UV-B radiation. The
Chl fluorescence parameters, photosynthetic pigments, soluble protein and MDA contents of B. argenteum and D.
vinealis increased when they were returned to visible light
after UV-B radiation. There were gradual decreases in recovery ability with increasing UV-B intensity. Experiments
conducted to determine the ability of BSCs to recover from
UV-B stress when exposed at different intensities show
they have some capacity to recover from the stress. Enhanced UV-B radiation causes changes in the composition
and structure of BSCs that could impair their protective
ecological functions in desert areas.

Biological soil crusts (BSCs) are complex assemblages
of minute organisms that are formed primarily by cyanobacteria, green algae, lichens, and mosses on the surface of
soils [1]. BSCs are usually divided into different types according to their constituent organisms, such as cyanobacterial crusts, algal crusts, lichen crusts, moss crusts, and a
complex mix of these types [2]. It has been acknowledged
that BSCs are widespread and important landscape features
in arid and semiarid regions throughout the world, and are
viewed as being beneficial for maintaining soil stability
[3], enhancing nutrients in infertile soils [4], creating favorable habitats for other organisms [5], and for reducing
wind and water erosion and therefore increasing resistance
to sandstorms in desert regions [6]. In addition, BSCs play
a role as a “bioindicator” in desert ecosystem restoration
[7]. Their reduction indicates a degradation threshold has
been reached, while their recovery represents a reversal of
desertification [8]. In desert ecosystems plant life suffers
damage in response to the adverse environmental conditions due to strong light, extreme temperature, salinity, and
water deficit [9]. There is a wealth of literature on the effects of species composition and physiological properties
of BSCs in response to environmental factors [10]. However, fewer studies have addressed the recovery mechanisms of BSCs after environmental stresses [11].

KEYWORDS: global climate change; mosses; photosynthesis;
physiological properties; repair capacity

Depletion of stratospheric ozone as a consequence of the
emission of chlorofluorocarbons has attracted attention to increased levels of solar ultraviolet-B (UV-B, 280-315 nm) radiation reaching the biosphere [12]. Although UV-B radiation accounts for only about 1.5% of total solar radiation
it can be readily absorbed by biomacromolecules so that
increased UV-B radiation causes inhibition of photosynthesis and growth of most plants [13-15]. According to
Bhattacharyya et al. [16], UV-B stress causes photoinhibition in the cyanobacterium Nostoc carneum by damaging
DNA and D1 protein of the PSII. In addition, Arróniz-Crespo et al. [17] found that the growth of the moss Hylocomium splendens was considerably reduced under enhanced UV-B radiation at the mesic site. However, most



ABBREVIATIONS

BSCs, Biological soil crusts; Chl, Chlorophyll; Fm, the
maximal fluorescence level; F0, the minimal fluorescence
level; Fv/Fm, the maximal quantum yield of PSII photochemistry; MDA, Malondialdehyde; PAR, photosynthetically active radiation; PSII, photosystem II; qP, photochemical quenching; UV-B, ultraviolet-B; ΦPSII, the actual
quantum yield of PSII photochemistry
* Corresponding author
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plants have repair systems to deal with UV-B radiation,
such as the production of protective pigments to prevent
photochemical damage [18] and nucleotide excision repair
to remove cyclobutane pyrimidine dimer [19]. The recovery mechanisms from exposure to increased UV-B radiation
could vary according to different biological systems [20], and
are complex phenomena, but few researchers have emphasized the recovery mechanisms of plants from exposure to
enhanced UV-B radiation [21].
Re-vegetation was started in 1956 in the Shapotou region of northern China to facilitate passage of the BaotouLanzhou railway line, and mobile sand dunes were successfully transformed into a stable, productive ecosystem.
Initially, sand barriers were constructed using shrub branches
and bamboo to reduce wind erosion. Behind the sand barriers,
straw-checkerboards of approximately 1 m2 were installed
using wheat or rice straw to stabilize the dune surface and
to improve the environmental conditions for re-colonization by many annual plants. The re-vegetation was extended in 1964, 1973 and 1982 with the planting of shrubs
(Artemisia ordosica Krasch., Caragana korshinskii Kom.
and Hedysarum scoparium Fisch.) resulting in a 16×0.7 km
green corridor [22]. Over the past 55 years BSCs began to
develop on the stabilized sand dune surfaces by dust deposition, and the species that developed varied with the age of
the restored vegetation enclosure. The pioneer cyanobacteria
were gradually substituted with an algae, lichen and moss
succession with time after sand dune stabilization [23]. According to our earlier investigations and reports, the moss
crusts mainly consist of Bryum argenteum Hedw. and Didymodon vinealis (Brid.) Zand [1], and they grow in desert areas that are usually subject to high intensity UV-B radiation.
Previous studies have shown that enhanced UV-B radiation
have detrimental effects on BSCs [24]. However, we observed that they have the ability to recover from UV-B stress
and are still growing and flourishing in desert regions.
In the present work the aims were to investigate the
responses of physiological properties related to photosynthesis of B. argenteum and D. vinealis to increased UV-B
radiation, and the recovery of physiological properties after
exposure to normal visible light. We aim to improve understanding of the influence of increased UV-B radiation
and the mechanisms of recovery after exposure to visible
light, and to provide a theoretical basis for predication of
changes in BSCs cover and composition due increased UVB radiation in the future.

2. MATERIALS AND METHODS
2.1 Plant materials location and collection

Intact samples of crusts of single species of B. argenteum and D. vinealis were collected in the Shapotou of
Ningxia Hui Autonomous region, located at the southeastern fringe of the Tengger Desert, China (37°32′-37°36′N,
105°02′-104°30′E). The altitude is about 1300 to 1350 m
above mean sea level. The landscape is characterized by

high, concentrated and continuous reticulate barchans
dunes with natural vegetation dominated by Hedysarum
scoparium Fisch. et Mey. and Agriophyllum squarrosum
(L.) Moq. According to the meteorological data from the
past 55 years, the mean precipitation is 186 mm, with minimum and maximum values of 88 mm and 304 mm, with
rain falling primarily between May and September. The annual potential evaporation is 2800 mm. Average annual air
temperature is -6.9 °C, with a minimum temperature is
-25.1 °C in January, and a maximum value of 38.1 °C in the
hottest month of July. Average wind velocity is 2.6 m s-1,
predominantly from the northwest [25]. Currently, the crusts
cover more than 80% of the total surface of this ecosystem,
and algal and moss crusts predominate. Algal crusts are
black and are usually located in areas with relatively dry
conditions, while moss crusts are a later successional stage
and are green under wet conditions and inhabit areas with
relatively moist conditions [1]. All crusts samples were
100 cm2 and 5 cm thick, and were collected in cylindrical
PVC containers (0.1 m in diameter, 0.05 m in height).
Twenty-four samples of B. argenteum and D. vinealis were
collected and kept dry under cool conditions until the start
of the experiment, respectively.
2.2 UV-B radiation and visible light treatments

A square-wave UV-B system was used to provide the
desired UV-B radiation [26]. A set of six 40 W fluorescent
lamps (UV-B 313, Chenchen Lighting and Electronics
Company, Shanghai, China) were installed vertically
above B. argenteum and D. vinealis crusts. The UV-C component of the lamps was filtered out by cellulose diacetate
film (0.13 mm thickness, Courtaulds Chemicals, Derby,
UK), and it was preburnt for 48 h in order to minimize
changes in filter properties [27]. The intensities of UV-B
radiation were 2.75 (control), 3.08, 3.25 and 3.41 W m-2,
which are similar to flux densities that would occur at 0, 6,
9, and 12% stratospheric ozone depletion at Shapotou during a clear day on the summer solstice. The desired spectral
irradiances were obtained by altering the distance of the
lamps to the top of moss crusts. In addition, samples were
grown under 150 μmol m-2 s-1 photosynthetically active radiation (PAR, 400-700 nm). The photoperiod of the moss
crusts was 8 h (9:00-17:00) for 10 days. Three replicate
containers per exposure intensity were irradiated.
Visible light during recovery was applied by a set of
eight 40 W daylight fluorescence lamps (Chenchen Lighting and Electronics Company, Shanghai, China) that supplied PAR of 150 μmol m-2 s-1. Each visible light treatment
had three replicates. The light/dark temperatures inside the
laboratory were maintained at 25/20 °C, and all moss crusts
were watered with distilled water daily.
2.3 Chl fluorescence parameters analysis

We used a pulse amplitude modulated fluorometer
(MFMS-2, Hansatech, UK) to measure the Chl fluorescence
parameters of B. argenteum and D. vinealis crusts by the
methods of Zhao and Wang [28]. For recovery experiments
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moss crusts were exposed to the UV-B treatments described above and samples then exposed to visible light after 10 days UV-B radiation. B. argenteum and D. vinealis
crusts were dark-adapted for at least 20 min and then exposed to a photon flux density of 400 μmol m-2 s-1 with a
duration of 0.8 s. During this period the minimal fluorescence level (F0), the maximal fluorescence level (Fm), and
photochemical quenching (qP) were measured. From F0,
Fm and qP, three photosynthetic parameters were estimated: the maximal quantum yield of PSII photochemistry,
Fv/Fm = (Fm-F0)/ Fm; the actual quantum yield of PSII
photochemistry, ΦPSII = (Fm’-Ft)/Fm’, which includes
Fm’ is the maximal fluorescence level in the light [29]. The
experiment was carried out three times.
2.4 Photosynthetic pigments quantification

Chl and Car contents analysis were performed according to the method described by Lan et al. [30]. In brief,
fresh samples of B. argenteum and D. vinealis were extracted by 100% ice-cold ethanol after grinding in liquid
nitrogen, followed by centrifugation at 12000 g for 30 min
twice at 4 °C, and the supernatants were combined. Afterwards, the absorbance of the supernatant was determined
at 649 nm and 665 nm for Chl, and at 470 nm for Car with
a spectrophotometer (752N UV Spectrophotometer, Shanghai Precision and Scientific Instrument Company, Shanghai,
China). For both B. argenteum and D. vinealis, Chl a, Chl b
and Car contents were calculated following the formula described by Chappelle et al. [31].
2.5 Soluble protein content measurement

Soluble protein content was estimated using the Coomassie blue dye-binding method [32]. Fresh samples of B.
argenteum and D. vinealis were homogenized in 5 mL of
50 mM chilled potassium phosphate buffer (pH 7.8) including 1% (w/v) polyvinylpyrrolidone, 1% (w/v) ascorbic
acid, 1% (w/v) phenylmethanesulfonyl fluoride, and 1%
(v/v) Triton-100. After thorough grinding the homogenate
was transferred to 10 mL centrifugation tubes and clarified
at 15000 g for 20 min at 4 °C. Thereafter 0.02 mL supernatant was removed and added to a test tube and 3 mL of
G-250 coomassie brilliant blue added. After 20 min the absorbance of the reaction mixture was determined at 595 nm
and bovine serum albumin as a standard.
2.6 Malondialdehyde (MDA) content determination

MDA content was measured using the thiobarbituric
acid method at absorbances at 532 and 600 nm [33]. Fresh
samples of B. argenteum and D. vinealis were homogenized
in 10 mL of a solution containing 10% (w/v) tri-chloroacetic
acid and 0.25% (w/v) thiobarbituric acid. The reaction was
activated by heating in hot water for 30 min at 95 °C and
then centrifuged at 5000 g for 10 min at room temperature,
then the supernatant was immediately assayed for MDA.
2.7 Statistical analysis

Data are presented as the mean ± standard deviation (SD)
of at least three independent experiments, and were ana-

lyzed using the SPSS 16.0 statistical package (SPSS, Chicago, IL, USA). One-way analyses of variance (ANOVA)
were used to determine the significance of the effects of enhanced UV-B radiation in each species on Chl fluorescence
parameters, photosynthetic pigments, soluble protein, and
MDA content. The testing of differences were performed by
the Duncan’s test with a level of significance set at P<0.05.

3. RESULTS
3.1 Effects of UV-B and visible light after UV-B exposure on
Chl fluorescence parameters in B. argenteum and D. vinealis

A strong negative effect of UV-B radiation on Chl fluorescence parameters was observed with B. argenteum and
D. vinealis. In B. argenteum the Fv/Fm after UV-B radiation
showed remarkable reductions of 31.1% at 3.08 W m-2,
52.4% at 3.25 W m-2, and 58.7% at 3.41 W m-2 (P<0.05,
Fig. 1A). The trend of change of Fv/Fm in B. argenteum was
quite similar in D. vinealis. After exposure to supplemental
UV-B radiation, the Fv/Fm were significantly decreased by
25.3%, 46.4%, and 52.0%, respectively (P<0.05, Fig. 1B).
In addition, the results for ΦPSII (Fig. 1C and 1D) and qP
(Fig. 1E and 1F) are consistent with variability in Fv/Fm
within B. argenteum and D. vinealis.
Exposure to visible light during recovery from UV-B
exposure was beneficial for Chl fluorescence parameters in
B. argenteum and D. vinealis. Fv/Fm, ΦPSII and qP were
higher in B. argenteum and D. vinealis after 5 days of recovery than when exposed to UV-B radiation. Moreover,
their ability to recover from UV-B stress varied between
UV-B radiation intensities (Fig. 1).
3.2 Effects of UV-B and visible light after UV-B exposure on
photosynthetic pigments contents in B. argenteum and D.
vinealis

Photosynthetic pigment contents of B. argenteum and
D. vinealis were inhibited by enhanced UV-B radiation. In
B. argenteum, Chl a, Chl b, Chl a/Chl b and Car contents
under 3.41 W m-2 UV-B treatments were decreased respectively by 74.9% (Fig. 2A), 60.9% (Fig. 2C), 35.3% (Fig. 2E)
and 67.1% (Fig. 2G). The changes of photosynthetic pigments contents in D. vinealis were similar to those of B. argenteum. When D. vinealis was exposed to 3.41 W m-2 UVB radiation, Chl a, Chl b, Chl a/Chl b and Car contents were
significantly decreased by 55.6% (Fig. 2B), 42.2% (Fig.
2D), 22.9% (Fig. 2F) and 46.8% (Fig. 2H), respectively.
During recovery under visible light after UV-B radiation the photosynthetic pigments contents of B. argenteum
and D. vinealis gradually increased. In B. argenteum, Chl
a, Chl b, Chl a/ Chl b and Car exposed to visible light after
3.41 W m-2 UV-B radiation reached up to 7.14% (Fig. 2A),
2.33% (Fig. 2C), 5.21% (Fig. 2E) and 17.5% (Fig. 2G) than
only exposure of 3.41 W m-2 UV-B radiation. In D.
vinealis, Chl a, Chl b, Chl a/ Chl b and Car in visible light
after 3.41 W m-2 UV-B increased by 14.5% (Fig. 2B),
10.4% (Fig. 2D), 4.19% (Fig. 2F) and 12.0% (Fig. 2H), respectively in comparison with their controls.
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FIGURE 1 - Effects of UV-B and visible light after UV-B exposure on Fv/Fm (A, B), ΦPSII (C, D), and qP (E, F) in B. argenteum (A, C, E) and D.
vinealis (B, D, F). The intensities of UV-B were 2.75, 3.08, 3.25 and 3.41 W m-2, and photosynthetically active radiation (PAR) of visible light was
150 μmol m-2 s-1. Means with different letters were significantly different at P<0.05. Error bars represent standard deviations (SD) of three independent experiments. Fv/Fm - the maximal quantum yield of PSII photochemistry; ΦPSII - the actual quantum yield of PSII photochemistry; qP photochemical quenching.

FIGURE 2 - Effects of UV-B and visible light after UV-B exposure on Chl a (A, B), Chl b (C, D), Chl a/Chl b (E, F) and Car (G, H) contents in
B. argenteum (A, C, E, G) and D. vinealis (B, D, F, H). The intensities of UV-B were 2.75, 3.08, 3.25 and 3.41 W m-2, and PAR of visible light
was 150 μmol m-2 s-1. Chl - chlorophyll; Car - carotenoid.
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3.3 Effects of UV-B and visible light after UV-B exposure on
soluble protein content in B. argenteum and D. vinealis

UV-B exposure markedly decreased soluble protein
content of B. argenteum and D. vinealis. In B. argenteum the
soluble protein content significantly decreased by 23.1%,
43.7%, and 52.2% (P<0.05, Fig. 3A). In D. vinealis the responses to increased UV-B radiation of soluble protein content were similar to those of B. argenteum. Soluble protein
content in D. vinealis significantly decreased by 12.2%,
27.2% and 32.4%, respectively (P<0.05, Fig. 3B).
After 5 days of exposure to visible light the soluble
protein content of B. argenteum and D. vinealis increased.
The soluble protein content in B. argenteum reached 119%,
117%, and 105% when exposed to visible light after 3.08,
3.25 and 3.41 W m-2 of UV-B (Fig. 3A), respectively, and
in D. vinealis the soluble protein contents were 103%,
108,%, and 104%, respectively, in comparison with their
respective controls (Fig. 3B).

FIGURE 4 - Effects of UV-B and visible light after UV-B exposure on
MDA content in B. argenteum (A) and D. vinealis (B). The intensities
of UV-B were 2.75, 3.08, 3.25 and 3.41 W m-2, and PAR of visible light
was 150 μmol m-2 s-1. MDA - Malondialdehyde.

4. DISCUSSION
4.1 Photoinhibition and UV-B radiation

FIGURE 3 - Effects of UV-B and visible light after UV-B exposure on
soluble protein content in B. argenteum (A) and D. vinealis (B). The
intensities of UV-B were 2.75, 3.08, 3.25 and 3.41 W m-2, and PAR of
visible light was 150 μmol m-2 s-1.
3.4 Effects of UV-B and visible light after UV-B exposure on
MDA content in B. argenteum and D. vinealis

Lipid peroxidative injury of B. argenteum and D.
vinealis was induced by enhanced UV-B radiation. In B.
argenteum MDA contents increased sharply with increasing levels of UV-B, and maximum increases were obtained
at 3.41 W m-2 UV-B treatments with increases of 205%
(Fig. 4A). In D. vinealis, the highest value of MDA content
was 0.086 μmol g-1 FW at 3.41 W m-2 UV-B treatments,
and increased by 121% (Fig. 4B).
The MDA contents in B. argenteum and D. vinealis
exposed to visible light after UV-B exposure gradually decreased. In B. argenteum average MDA contents decreased
by 6.38%, 19.4%, and 4.92% under 3.08, 3.25, and 3.41 W
m-2 UV-B (Fig. 4A), respectively. D. vinealis responded in
a similar way to visible light: MDA contents declined by
18.5%, 9.21%, and 9.30% (Fig. 4B).

Several authors have earlier reported inhibitory effects
of increased UV-B radiation on photosynthesis of mosses
[14] and our findings on the physiological properties related
to photosynthesis of B. argenteum and D. vinealis corroborate earlier observations. Our experimental results show that
supplemental UV-B radiation inhibited the maximum photochemical efficiency of photosystem II (PSII) reaction centers, and that the inhibition had close a relationship with UVB radiation intensity. The Chl fluorescence parameters of B.
argenteum and D. vinealis decreased with increased UV-B
intensity (Fig. 1), and may cause inhibition of photosynthesis. This effect is probably associated with the Rubisco activity, the key regulatory enzymes of the Calvin cycle [34].
This is similar to the results of Xie et al. [35], who reported
that UV-B radiation strongly decreased Fv/Fm that indicated
inhibition of growth and photosynthesis by Microcoleus
vaginatus (Vauch) Gom. In contrast, Green et al. [36] found
that Chl fluorescence responses to enhanced UV-B were not
significant in mature B. argenteum. These discrepancies are
probably due to the particular experimental conditions used.
Studies also have shown that decreases in Chl content are
commonly a sign of biochemical damage related to UV-B
radiation. In the present study the Chl contents of B. argenteum and D. vinealis significantly decreased with increased
UV-B radiation (Fig. 2). The decrease in Chl contents was
probably due to the destruction of chloroplast structures
that inhibited the synthesis of new Chl, and stimulated the
degradation of Chl [37]. Singh et al. [38] found that Chl a
and Chl b contents were significant decreased in moss (B.
argenteum) under UV-B exposure. However, an opposite
result was observed by Searles et al. [39] with Sphagnum
magellanicum in which there was no change in Chl concentration due to UV-B radiation.
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In our study B. argenteum and D. vinealis exposed to
UV-B radiation showed a decrease in soluble protein content (Fig. 3), which should be reflected in a reduction of
photosynthesis. Our results agree with those of Yu et al.
[40], who found that Platymonas subcordiformis exposed
to high UV-B irradiation had significantly reduced soluble
protein content. In contrast, Liu et al. [41] reported that
UV-B radiation brought about an increase of soluble protein. The increase in soluble protein content may result
from the acceleration of a new set of proteins synthesis in
both chloroplasts and cytoplasm to protect the organism
from UV-B damage. Changes in MDA production have
been used as one of the most common indicators of lipid
peroxidation [42]. Loss of membrane integrity is related to
imbalance of the photosystem pigment pool [43]. It seems
most likely that high intensity UV-B radiation caused the
decomposition of Chl in B. argenteum and D. vinealis. The
reduction in Chl content could be caused by the peroxidation of chloroplast membranes. UV-B radiation increased
MDA content and the enhanced lipid peroxidation may further induce increased membrane leakiness and permeability
[44]. Our results showed that UV-B exposure induced accumulation of MDA contents in B. argenteum and D. vinealis
(Fig. 4). This is in agreement with the conclusions of Wang
et al. [45], who observed UV-B radiation increased MDA
content of a desert cyanobacterium (Nostoc sp.).
4.2 Recovery and visible light

Our results showed that UV-B radiation has negative
effects on photosynthesis of B. argenteum and D. vinealis
but that this damage is repaired by returning the mosses to
visible light. The recovery ability seems to vary depending
on the organisms and on the wavelengths the organisms
were exposed to. Csintalan et al. [46] observed that Chl fluorescence of mosses Leucobryum glaucum (Hedw.) Angstr. have the ability to recover after UV-B treatment. Physiological properties related to photosynthesis of B. argenteum and D. vinealis decreased when irradiated with UV-B
but they were partly restored by a recovery process, which
showed that physiological properties might have a different
strategy to resist to UV-B radiation, including closure of
the photosystem, high turnover of D1 protein and rapid repair of DNA strands [47].
The smaller recovery capability of photosynthesis during visible light after exposure to higher UV-B radiation
was accompanied by smaller values of Chl fluorescence
parameters, photosynthetic pigments, soluble protein and
MDA compared to lower intensity of UV-B exposure. One
explanation for the incomplete restoration of these properties after visible light recovery may be the degradation of
D1 protein, and long-term damage to PSII [48].

water evaporation and acceleration of soil succession [49].
Climate change is likely to affect the intensity of UV-B and
therefore directly influence the ability of crusts organisms
to resist radiation damage. Damage and loss of BSCs will
has far-reaching consequences throughout desert ecosystems, affecting soil fertility, nitrogenase activity, and vascular plants [5, 50]. As water scarcity is the principal limiting factor in desert regions further investigations are warranted into responses to imposed combined stresses of increased UV-B and drought.

5. CONCLUSION
In desert ecosystems BSCs contribute significantly to
the succession and repair of ecosystems, including the retreat of deep-rooted shrubs and the invasion of herbs. Our
results indicate that B. argenteum and D. vinealis isolated
from moss crusts were damaged by increased UV-B radiation and showed repair capacity of physiological properties
when returned to visible light. However, the recovery ability varied with different intensities of UV-B. It was slower
for them to recover under visible light when they were exposed to higher levels of UV-B radiation. Global climate
change models predict that UV-B intensity will not return
to its 1980 values until 2050. Our research shows that the
coverage and species richness of B. argenteum and D.
vinealis in BSCs will decrease and will be substituted gradually by other species such as cyanobacteria, algae, and lichens. Therefore, enhanced UV-B radiation causes changes
in the composition and structure of BSCs that could impair
their protective ecological functions in desert areas.
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ABSTRACT

1. INTRODUCTION

Boron is known as a trace element for animals and humans. Sodium borates are used in some cosmetics, detergents, and chemicals of photography, adhesives and textile
compounds. It was aimed to evaluate the antioxidant potentials and genotoxic risk of sodium borate (Na2B4O7.10H2O)
on human whole blood cultures in the extent of this study
(n=5). Na2B4O7.10H2O was administrated at wide range
concentrations (0-1280 µg/ml) to cultured human whole
blood samples. The sister chromatid exchange (SCE), micronucleus (MN) and 8-oxo-2-deoxyguanosine (8-OH-dG)
assays were performed to determine genotoxic effect. In
addition, total antioxidant capacity (TAC) and total oxidative stress (TOS) levels were measured as biochemical parameters. Our results clearly demonstrated that all tested
concentrations of Na2B4O7.10H2O were not mutagenic.
Moreover, Na2B4O7.10H2O showed antioxidant activities
especially at low concentrations (< 40 mg/L) and the determined TOS levels did not change at all the concentrations
of Na2B4O7.10H2O. As a result, our data clearly demonstrated that Na2B4O7.10H2O is non-genotoxic and it has a
remarkable antioxidant potential in vitro.

KEYWORDS: Sodium borate, sister chromatid exchange, micronucleus, genotoxicity, human blood cells
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Boron has been separated throughout the earth in water
and soil in the form of borates [1, 2]. Borates are used in a
wide range of industry, including porcelain, cosmetics,
leathers, carpets, artificial gemstones, fertilizers, insecticides, and herbicides [3, 4]. However, boron is an essential
for plants some animals and for humans in nutritional
amounts and it exists at low concentrations in tissues of animals and humans [5]. Boron supplements have become
more important after discovering of its transport in the animal cell and the cellular signalling of some bacteria by a
sugar borate complex [6]. Boron is almost completely absorbed (>90%) from the human gut and its mechanism is
obscure [7]. However, obtained evidence shows that boron
levels effects various functions of the life cycle [8, 9] such
as mineral metabolism [10], vitamin D [11], some enzymes
[12] and hormones [13]. In addition, it has been reported
that boron and borates also may have anti-carcinogenic and
chemo preventive properties [14-17]. Furthermore, studies
demonstrated that boron compounds strengthen the antioxidant defence mechanism [18]. Besides, it was reported that
some boron compounds showed antioxidant activity in cultured human blood cells [19, 20].
Over about one hundred disorders like rheumatoid arthritis, haemorrhagic shock, cystic fibrosis, metabolic disorders, neurodegenerative diseases, gastrointestinal ulcerogenesis, AIDS and several cancers have been reported as
reactive oxygen species mediated [21-24]. Many in vivo
and in vitro experimental studies have been conducted to
explore new antioxidants and to investigate their protective
potentials against natural or man-made toxic materials [2529]. Nowadays, the boron compounds take much interest
due to their strong protective potentials with their newly
explored biological features. On the other hand, many
workers and persons are exposed to sodium borates since
they are used in many industrial areas commonly [30-31].
Although, their widespread use, there is so limited information for safe use of sodium borates. Moreover, a lot of
boron compounds have been synthesized in various laboratories and there is an increasing interest in their biological
activities [32-35]. In this study, we evaluated the role of
Na2B4O7.10H2O on DNA damage [by micronucleus (MN)
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and sister chromatid exchanges (SCE) assays and 8-OHdG levels] and oxidative parameters [by total antioxidant
capacity (TAC) and total oxidative stress (TOS) analysis]
after Na2B4O7.10H2O treatment in cultured human blood
cells for 96 h for the first time.

2. MATERIAL AND METHODS
2.1 Experimental design
2.1.1 Blood sampling

Whole heparinized human blood from five healthy
non-smoking donors between the ages 22 and 25 with no
history of exposure to any genotoxic agent was used in our
experiments. Questionnaires were obtained for each blood
donor to evaluate exposure history, and in addition, each
donor signed informed consent forms. In all the volunteers
involved in this study, haematological and biochemical parameters were analysed and no pathology was detected. A
various concentrations (0, 1.25, 2.5, 5, 10, 20, 30, 40, 50,
80, 160, 320, 640 and 1280 mg/L) of Na2B4O7.10H2O were
tested in blood cultures. The doses were selected according
to previous study by Turkez et al. [19]. MN and SCE rates
were assessed in peripheral lymphocytes. The cultures
without Na2B4O7.10H2O were studied as control- group.
Mitomycin C (MMC; 10-7 M) was used as the positive control in genotoxic damage analysis. Likewise, ascorbic acid
(10 μM) and hydrogen peroxide (25 μM) were also used as
the positive controls in TAC and TOS analysis, respectively.
Experiments conformed to the guidelines of the World
Medical Assembly (Declaration of Helsinki).

For each treatment condition, 25 well-spread second division
metaphases scored by single observer (E. Aydin), and the values obtained were calculated as SCEs per cell.
2.1.4 Total antioxidant capacity and total oxidant status analysis

Since the measurement of different oxidant molecules
separately is not practical and their oxidant effects are additive, the total oxidant status (TOS) of a sample is measured and this is named total peroxide (TP), serum oxidation
activity (SOA), reactive oxygen metabolites (ROM) or
some other synonyms. The automated Trolox equivalent
total antioxidant capacity (TAC) and TOS assays were carried out in plasma samples obtained from blood cultures
for 24 h by commercially available kits (Rel Assay Diagnostics®, Gaziantep, Turkey).
2.1.5 Nucleic acid oxidation

DNA oxidation was determined by measuring the
amount of 8-OH-dG adducts. DNA was digested by incubation with DNAase I, endonuclease, and alkaline phosphatases. The amount of 8-OH-dG was measured by high
performance liquid chromatography (HPLC) with electrochemical detection.
2.2 Statistical analysis

Statistical analysis was performed using SPSS software (version 15.0, SPSS, Chicago, IL, USA). The Duncan’s was used to determine whether any treatment significantly differed from controls or each other. Statistical decisions were made with a significance level of 0.05.

2.1.2 Micronucleus assay

The micronucleus test was performed via adding cytochalasin B (Sigma®, St Louis, MO, USA; final concentration of 6 μg/mL) as described by Fenech and Morley [36].
At the end of the 96 h incubation period, the lymphocytes
were fixed with ice-cold methanol: acetic acid (3:1). The
fixed cells were put directly on slides using a cytospin and
stained with Giemsa. All slides were coded before scoring.
The criteria for scoring micronuclei were completed as described by Fenech [37]. At least 1000 binucleated lymphocytes were examined per concentration for the presence of
one, two, or more micronuclei.
2.1.3 Sister chromatid exchange assay

In order to provide successive visualization of sister
chromatid exchanges (SCEs), 5-bromo-20-deoxyuridine
(Sigma®; final concentration of 10 μg/ml) was added after
culture initiation. At exactly 94 h and 30 min after beginning
incubations, colcemid (Sigma®; final concentration of 10
μg/ml) was added to the cultures. After hypotonic treatment
(0.075 M KCl) followed by three repetitive cycles of fixation
in methanol/acetic acid solution (3:1, v/v), centrifugation,
and re-suspension, the cell suspension was dropped onto
chilled, grease free microscopic slides, air-dried, aged, and
then differentially stained for the inspection of SCE rate according to fluorescence plus Giemsa (FPG) procedure [38].

3. RESULTS
The frequencies of MNs and SCEs on human peripheral
blood lymphocyte treated with Na2B4O7.10H2O for 96 h are
given in Figure 1 and Figure 2, respectively. Na2B4O7.10H2O
did not induce statistically significant (p>0.05) increases in
MN and SCE rates for any applied dose. However, MMC,
which was used as a positive control, caused the expected
large increases of MN and SCE formations on human peripheral blood lymphocyte as compared to control- group.
The status of 8-OH-dG in human lymphocytes of control and all Na2B4O7.10H2O concentrations was presented
in Figure 3. It was observed that MMC but not the tested
boron compound significantly increased 8-OH-dG concentrations in the human blood cultures after 96 h.
Table 1 shows the biochemical data obtained with various concentrations of Na2B4O7.10H2O on cultured human
whole blood cells. As shown from the results presented in
Table 1 Na2B4O7.10H2O (at all treated concentrations except
for 10, 20 and 30 mg/L) did not lead any alterations in TAC
levels. However, 10, 20 and 30 mg/L of Na2B4O7.10H2O
concentrations caused significant increases of TAC levels
when compared to control- value. On the other hand,
Na2B4O7.10H2O did not change the TOS levels in cultured
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human blood cells at all applied concentrations. But the
cultures were found to be sterile when higher doses of (640

15

and 1280 mg/L) Na2B4O7.10H2O added into the culture
tubes.

**

MN/1000 cells

12
9
6
3
0

Concentrations (mg/L)
FIGURE 1 - The frequencies of MNs (%) in human lymphocytes treated with different concentrations of Na2B4O7. (Positive control: Mitomycin
C (10-7 M). Values are expressed as mean ± SD for five cultures in each group. ** symbol presents statistically significant differences from
negative control group at a level of 5 %)

20

SCE/cell

15

**

10
5
0

Concentrations (mg/L)
FIGURE 2 - Rate of SCEs in cultured human lymphocytes exposed to Na2B4O7. Abbreviations are as in Figure 1.
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6
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1
0

Concentrations (mg/L)
FIGURE 3 - 8-OH-dG adducts in cultured human blood cells maintained 96 h in the presence of different Na2B4O7 concentrations.

TABLE 1. Total antioxidant capacity (TAC) and total oxidative stress
(TOS) levels in cultured human blood cells exposed to Na2B4O7.10H2O
for 24 h. (Positive control: ascorbic acid (10 μM) and hydrogen peroxide (25 μM) in TAC and TOS analysis, respectively. The bars are
shown by different letter are significantly different from each other
at a level of 5 %)
TAC(mmol Trolox
Treatments
Equiv. L-1)
ControlControl+
1,25 mg/L
2,5 mg/L
5 mg/L
10 mg/L
20 mg/L
30 mg/L
40 mg/L
80 mg/L
160 mg/L
320 mg/L

6,82 ± 0,68a
14,94 ± 0,97c
6,75 ± 0,69a
6,52 ± 0,62a
5,99 ± 0,75a
7,91 ± 0,68b
8,08 ± 0,73b
8,27 ± 0,77b
7,02 ± 0,77a
6,54 ± 0,79a
6,85 ± 0,68a
6,49 ± 0,65a

TOS (mmol H2O2
Equiv. L‐1)
13,14± 2,98a
39,46 ± 4,63b
12,92 ± 2,76a
12,85 ± 2,81a
12,97 ± 2,69a
12,99 ± 3,18a
13,02 ± 2,78a
13,11 ± 3,32a
12,35 ± 3,32a
13,27 ± 3,66a
12,81 ± 3,49a
12,92 ± 2,75a

4. DISCUSSION
The present study is performed to evaluate oxidative/
antioxidative and genotoxic potential of Na2B4O7.10H2O
by using TAC, TOS, SCE, MN and 8-OH-dG assays. Antioxidant capacity has important role in daily life of human
and animals [39-41]. In fact, cellular protection based
on antioxidant therapy has been outlined as effective strategies in pathogenesis of many serious disorders [42-45].
The measuring of TAC gives more reliable biological information than individual antioxidants [46]. In the present
study, Na2B4O7.10H2O (at concentrations of 10, 20 and

30 mg/L) led to increases of TAC level in cultured human
blood when treated for 24 h in vitro. This result is in accordance with the published literature. As a matter of fact,
Turkez et al. [19] reported that boric acid (H3BO3), borax
(Na2B4O7.10H2O), colemanite (Ca2B6O11·5H2O) and ulexite (Ca2B6O11·5H2O) treatments for 1 h caused significant
increases in the main antioxidant enzyme activities (superoxide dismutase, catalase, glutathione peroxidase, glutathione-S-transferase and glucose-6-phosphate dehydroge) of
human erythrocytes in vitro [19]. And, the levels of total glutathione (TGSH) and TAC levels significantly increased after boron supplementations. Again, our recent research
demonstrated that potassium tetra borate increased TAC capacity at relatively low concentrations in human cultured
blood [20]. In a previous study, it was reported that calcium fructoborate had antioxidant effect on human
keratinocyte cells [47]. Griffith et al. [48] indicated that increased renal glutathione, which is an important antioxidant
in plants, animals, fungi and some bacteria and archaea,
was related to serine-borate suplementation in mice. On
the contrary, Na2B4O7.10H2O did not change TOS levels
at all applied concentrations. In accordance with our
findings, H3BO3, Na2B4O7.10H2O, Ca2B6O11·5H2O and
Ca2B6O11·5H2O did not affect the malondialdehyde
(MDA) level (an important sign of oxidative stress) of
blood [19].
Borates usage in biological applications should be validated through their biosafety marker tests both in in vitro
and in vivo conditions. One of most sensitive marker tests
of biosafety are genotoxicity assays, which reveal DNAdamaging influence by different agents [49]. MN and SCE
assays were reported to be sensitive and reliable methods
for studying DNA or chromosome damages [50-52]. Likewise, 8-OH-dG was considered as a sensitive marker of ox-
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idative DNA damage. Therefore, we used these three different genotoxic endpoints for monitoring DNA damage.
The present findings clearly indicated that sodium borate
had no genotoxic damage potential. So, the all tested concentrations of Na2B4O7.10H2O did not alter these parameters when they treated with cultured human whole blood
cells for 96 h. In brief, the present study firstly established
that in vitro exposing to Na2B4O7.10H2O for 96 h did not
lead to DNA damage in human lymphocytes. In parallel to
our findings, the previous study revealed that exposure to
different boron compounds including Na2B4O7.10H2O for
72 h did not alter the SCE frequencies and MN or chromosomal aberration (CA) formations in cultured human lymphocytes [19]. Similarly, in a very recent study, Celikezen
et al. [20] reported that potassium tetra borate did not
show genotoxic effect in cultured human blood. It was reported that borax samples did not exhibit mutagenicity in
C3H/10T1/2 mouse embryo fibroblasts and diploid human foreskin fibroblasts [53]. Boric acid did not induce CA
or SCE formations in Chinese hamster ovary (CHO) cells
[54]. In addition, boric acid was not mutagenic in the
mouse lymphoma forward mutation assay [55], the unscheduled DNA synthesis assay in primary rat hepatocytes
[56, 57], or in the in vivo MN assay in mice [58]. In contrast
to our findings, a study by ECOTECH demonstrated sodium per borate could be weakly mutagenic in only one
strain of Salmonella [59].
As a conclusion, our in vitro study clearly proved
that Na2B4O7.10H2O is not mutagenic. Besides, it supported antioxidant capacity especially at low concentrations (< 40 mg/L) and did not change total oxidative
stress status at all applied concentrations. Unlike to previous
investigation on Na2B4O7.10H2O toxicity by Turkez et al.
[19], we extended the exposure time of Na2B4O7.10H2O
from 72 h to 96 h for genotoxicity testing, and from 1 h to
24 h for biochemical evaluations in the current investigation.
Thus, our results provided new data into literature concerning about in vitro genetic and biochemical effects of
Na2B4O7.10H2O on human blood cells. However, further
molecular studies are needed to understand biologic ability
of the Na2B4O7.10H2O.
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ABSTRACT
Soil quality assessment is a process of applying existing knowledge to achieve land management aims. To improve the understanding of the effects of no tillage (NT)
and conventional tillage (mouldboard plough, MP) on soil
physical quality, soil was sampled from a 11-year tillage
experiment in Northeast China. Effects of NT and MP on
soil physical quality were compared using plant-available
water capacity (PAWC), structural stability index (SI),
packing density (PD), and S parameter. As an indicator of
soil physical quality, S parameter has been linked to many
soil physical properties. In contrast to MP, NT had a significantly greater PAWC, SI, PD and S parameter (p <
0.05). PAWC, SI, PD and S parameter in NT soil were all
within their “good” ranges. These results indicated that NT
can provide an opportunity to increase plant-available water content and improve soil structure. It was concluded from
the analysis of soil physical quality indicators (PAWC, SI,
PD and S parameter) and crop yields that implementation of
NT resulted in a better soil physical quality than MP in
Northeast China.

KEYWORDS: plant-available water capacity, structural stability index, packing density, S parameter, no tillage (NT)

1. INTRODUCTION
Soil physical quality is a central concept for quantifying land degradation and developing “best management”
land-use practices [1]. For agricultural soils, when soil
physical quality indicators are within their “ideal”, “optimal” or “preferred” ranges, crop performance tends to be
maximized, and soil and environmental degradation tends to
be minimized [1]. Plant-available water capacity (PAWC),
structural stability index (SI), packing density (PD), and
other soil physical quality indicators can quantify the soil's
ability to store and provide crop-essential water, air and nu* Corresponding author

trients [2]. PAWC indicates the soil's capacity to retain water, and makes it sufficiently available for plant use [3].
Risk of structural degradation in cultivated soils could be
assessed via SI [4]. PD is an indicator of susceptibility to
compaction that allows us to compare the compaction state
of soils [5]. In addition, Dexter [6] proposed the S parameter as an indicator of soil physical quality, which has been
related to many important soil properties or conditions including plant-available soil water, soil structural stability,
and compaction. PAWC, SI, PD and S parameter have been
used to evaluate effects of tillage practices on soil quality,
and these studies have confirmed their potential for comparative studies of soil management on soil water, structure, compaction and physical quality, respectively [7-10].
Although the S parameter shows great promise as a soil
physical quality indicator and effectively quantifies the
modifications of soil physical quality by management practices [1], little effort has been expended on comparing the
S parameter with other indicators up to now.
Mollisol is the main farming soil in Northeast China
and has experienced a tortuous development process since
reclamation [11]. The implementation of conservation tillage, mainly no tillage (NT), has been shown to increase
soil water content [12] and macro-aggregates (>0.25 mm)
[13], at the same time with the increment of soil penetration
resistance relative to conventional tillage in our field site
[12]. There is a desire to analyse these alterations in soil
physical properties whether or not they degrade soil quality/health. Thus, it is a need to use physical quality indicators to evaluate effects of tillage practices on soil quality.
Moreover, although many previous studies have focused
on proposing soil physical quality indicators, and their associated optimal ranges and critical limits for agricultural
production [14], little information was available on applying the different indicators and analyzing the quality assessments derived from the indicators under different soil management practices, especially on the same soil. Therefore,
the objectives of this study were (1) to compare the soil
physical quality indicators (PAWC, SI, PD and S parameter)
calculated from measured values under NT and conventional
tillage, and (2) to use PAWC, SI, PD and S parameter combined with crop yields to assess the effect of conservation
tillage on soil physical quality in Northeast China.
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2.2 Soil sampling and analysis

2. MATERIALS AND METHODS
2.1 Experimental site and treatments

The studied tillage trial was established in 2001, at the
Experimental Station (44°12′ N, 125°33′ E) of Northeast
Institute of Geography and Agroecology, Chinese Academy of Sciences, in Dehui County, Jilin Province, China.
The type of soil in this study was a clay loam (Typic Hapludoll). Soil pH of 0-20 cm layer was approximately 6.5,
classified as neutral or slightly acidic. The climate is a semihumid temperate continental monsoon one. The mean annual temperature is 4.4 °C, and the mean annual precipitation over the past 30 years is 520 mm. More than 70% of
the annual precipitation occurs in June, July and August.
Before the establishment of this tillage experiment, the
land had been used to grow mono-culture corn under conventional management for more than 10 years. Selected
soil physical and chemical properties were given by Liang
et al. [15] (Table 1).
The tillage treatments consisted of NT, mouldboard
plough (MP), and were arranged in a randomized complete
block design with 4 replicates. The tillage treatment was
applied to the main plots which were 10.4 m x 20 m; each
main plot was split length-wise into two 5.2 m x 20 m subplots. Different crop rotations were applied at the sub-plot
level: corn-soybean (C-S) under NT and MP; continuous
corn (C-C) under NT and MP. The crop phase of C-S in
this study was corn. NT had no soil disturbance, except for
planting using a KINZE-3000 NT planter (Kinze Manufacturing Inc., USA). Crop residues remained on the soil surface after harvest under NT. Broad-spectrum herbicides
were applied before and after sowing to control weeds for
NT management. MP included one fall moldboard plowing
(approximately 20 cm in depth) after harvest, one spring
disking (7.5 to 10 cm in depth), and ridge-building before
planting; crop under MP had two tillage practices after planting. Residue in the MP treatment was removed prior to
ploughing in autumn, and manually replaced after ploughing
in order to control erosion. Weeds were controlled by periodic manual hoeing for MP management. For corn, 100 kg
ha-1 of nitrogen (N), 45.5 kg ha−1 of phosphorus (P) and 78
kg ha−1 of potassium (K) were applied each year as starter
fertilizer, and additional 50 kg ha−1 of N was applied as top
dressing at the V-6 stage [16]. For soybeans, all fertilizers
were applied as starter fertilizer, including 40 kg ha-1 of N,
60 kg ha-1 of P and 80 kg ha-1 of K.

In fall 2012 (after corn harvest and before fall moldboard plowing), composite soil samples (7 sub-samples per
plot) were collected down to a depth of 30 cm from each NT
and MP plot using a manual soil probe [17]. The core samples were then cut into 4 depth segments (0-5, 5-10, 10-20
and 20-30 cm) and composited on a plot by depth-segment
basis for NT and MP. Soil organic carbon (SOC) was determined with a FlashEA1112 Elemental Analyzer (Thermo
Finnigan Inc., Italy). Soil clay and silt content (%) (International system) was determined by pipette method [18]. To
determine the soil water retention curve, 2 replications of
4 undisturbed soil samples from each NT and MP plot, at
the same previously mentioned sampling time, were collected with cylinders of 5 x 5 cm diameter (100 cm3) at the
4 (0-5, 5-10, 10-20 and 20-30 cm) depths. These soil samples were saturated and submitted at pressure plates within
the pressure potential range of 0 to 1.5 MPa [6]. The above
undisturbed soil samples were finally oven-dried at 105 °C
for 24 h to obtain soil bulk density.
2.3 Plant-available water capacity

PAWC is usually defined by

PAWC   FC   PWP
3

(1)

-3

where, θFC (m m ) is field capacity, which is defined
herein as the equilibrium volumetric soil water content at soil
matrix potential of 0.01 MPa; θPWP (m3 m-3) is the permanent
wilting point which corresponds to the equilibrium volumetric
soil water content at soil matrix potential of 1.5 MPa [19].
2.4 Structural stability index

SI is defined by:

SI 

1.724SOC
100
Silt  Clay

(2)

where, SOC (%) is soil organic carbon content and
(Silt+Clay) (%) is the soil's combined silt and clay content [4].
2.5 Packing density

PD can be determined from the following equation:

PD  Db  0.009  Clay

(3)

where, Db is the bulk density (g cm-3), and Clay is the
soil clay content (%) [5].

TABLE 1 - Selected soil physical and chemical properties at different depths in the study site before running this experiment [15].
SOC
(g kg-1)

Total soil N
(g kg-1)

1.24

16.5

1.42

23.8

1.38

16.3

1.39

35.7

24.4

1.36

16.1

1.37

36.6

25.0

1.38

14.2

1.16

Depth (cm)

pH

Clay (%)
(<2 ìm)

Silt (%)
(2-20 ìm)

0-5

6.5

36.0

24.0

5-10

6.5

35.8

10-20

6.5

20-30

7.0
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2.6 S parameter

S parameter is the slope of the soil logarithmic water
retention curve at its inflection point [6]. S parameter was
calculated according to Dexter [6]:

 2n  1 
S  n( s   r ) 
 n  1 

1
(  2)
n

(4)

where, θs is the gravimetric water content at saturation,
θr is the residual water content, and n is a van Genuchten [20]
equation parameter.
2.7 Statistical analysis

The SPSS 13.0 software (SPSS Inc., USA) was used
for all statistical analyses. Treatment main effects on
PAWC, SI, PD, S parameter and crop yields were tested
using one-way analysis of variance (ANOVA). Treatment means were compared using the least significant difference (LSD) and a significance level of p < 0.05.

3. RESULTS AND DISCUSSION
3.1 Plant-available water capacity

NT had a significantly greater PAWC than MP at 0-5
and 5-10 cm depths for C-S and C-C systems (p < 0.05)
(Tables 2, 3). This is consistent with the results that soil

water content within the 0-10 cm depth was significantly
greater for NT than for MP in two crop rotation systems of
our field site (p < 0.05) [12]. It should be attributed to the
retention of crop residues on the surface and undisturbed
soil. However, no significant difference on PAWC at 1020 and 20-30 cm layers were observed under different tillage and crop rotation practices (p > 0.05) (Tables 2, 3). For
fine-textured soils, 0.15≤PAWC<0.20 m3 m-3 is considered to be “good” for maximal root growth and function,
whereas 0.10≤PAWC<0.15 m3 m-3 is only “limited” [19].
According to the criteria defined by Verdonck et al. [19],
all PAWC values in NT were within the “good” designation at each depth under both C-S and C-C systems; however, they all fell within the “limited” designation for MP
soil (Tables 2, 3). These results indicated that NT is good
at maintaining soil water compared to MP.
3.2 Structural stability index

SI was significantly higher in NT than MP soils at 030 cm under C-S system (p < 0.05) (Table 2). An SI>9%
indicates stable structure, 7%<SI≤9% indicates low risk of
structural degradation, and 5%<SI≤7% indicates high risk
of degradation [4]. For NT soil, SI value in 0-5 cm indicated stable structure (Table 2) [4]. Though SI values (8.68.8%) at 5-30 cm depth of NT indicated low risk of structural degradation, all of them were close to the optimal
limit of 9% (Table 2) [4]. However, SI values in MP at each
depth all fell within the range of “high risk of degradation”

TABLE 2 – Plant-available water capacity (PAWC), structural stability index (SI), packing density (PD) and S parameter under no tillage
(NT) and mouldboard plough (MP) of corn-soybean system.
Depth (cm)

Treatments

PAWC (m3 m-3)

SI (%)

PD (g cm-3)

S parameter

0-5

NT

0.18a†

9.5a

1.78a

0.048a

5-10
10-20
20-30

MP

0.14c

6.5c

1.45c

0.032c

NT

0.16b

8.8b

1.80a

0.040b

MP

0.13c

6.3c

1.58b

0.029d

NT

0.15c

8.7b

1.81a

0.039b

MP

0.14c

6.4c

1.60b

0.027d

NT

0.15c

8.6b

1.77a

0.038b

1.73a

0.028d

MP
0.13c
6.1c
† Values followed by the same letter in the same column indicate no significant difference at 0.05 level.

TABLE 3 – Plant-available water capacity (PAWC), structural stability index (SI), packing density (PD) and S parameter under no tillage
(NT) and mouldboard plough (MP) of continuous corn system.
Depth (cm)

Treatments

PAWC (m3 m-3)

SI (%)

PD (g cm-3)

0-5

NT

0.19a†

9.7a

1.81a

0.049a

MP

0.14c

6.6c

1.49c

0.033c

NT

0.17b

8.7b

1.82a

0.041b

MP

0.14c

6.4c

1.61b

0.029d

NT

0.15c

8.8b

1.83a

0.039b

MP

0.13c

6.2c

1.63b

0.030d

NT

0.15c

8.6b

1.77a

0.040b

1.74a

0.028d

5-10
10-20
20-30

MP
0.14c
6.3c
† Values followed by the same letter in the same column indicate no significant difference at 0.05 level.
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12000

Crop yield (kg/ha)

10000

a

a

a

a

NT C-S

MP C-S

NT C-C

MP C-C

8000
6000
4000
2000
0
Tillage practices

FIGURE 1 - Crop yields (14% water content) under no tillage (NT) and mouldboard plough (MP) of corn-soybean (C-S) and continuous corn
(C-C) systems. Values followed by the same letter indicate no significant difference at 0.05 level.

(Table 2) [4]. C-C system showed the same variation trend
as C-S system (Table 3). The above results were in accordance with the fact that NT significantly increased soil
macro-aggregates (>0.25 mm), with regard to MP of our
field site [13]. This could be explained by the two factors
in MP soil: (1) continuous ploughing; (2) decreasing the
concentrations of binding agents [21]. The above analysis
led us to conclude that NT may be better in improving soil
structure than MP.
3.3 Packing density

As shown in Tables 2 and 3, NT evidenced a significantly greater PD than MP at 0-20 cm soil depths of C-S and
C-C systems (P < 0.05). For medium fine-textured (>18%
clay) soil, soils with high PD (>1.75 g cm-3) indicate low
levels of susceptibility to compaction whereas those for medium (1.40-1.75 g cm-3) and low PD (<1.40 g cm-3) represent
moderate and high levels, respectively [22]. PD in 0-20 cm
of NT soil was above the limit of 1.75 g cm-3 whereas those
for MP soil all fell within the medium range of 1.40-1.75 g
cm-3 under different crop rotations (Tables 2, 3). As defined
by Spoor et al. [22], MP was more susceptible to compaction
than NT. However, soil penetration resistance in NT soil was
significantly higher than in MP soil at the depth of 0-20 cm
in our field trial [12]. The reason for this situation is the real
resistance exerted by the soil against root penetration; it is
generally lower than the average resistance measured by the
penetrometer because roots seek the path of least resistance
during growth rather than penetrating straight through the
soil [23]. Another reason is likely that though NT increased
soil penetration resistance, it does not always have a detrimental effect on crops under NT [24]. This also implied, al-

though NT led to significant soil penetration resistance increment compared to MP, that it was not very susceptible to
compaction in our field site.
3.4 S parameter

S parameter was significantly different between NT
and MP, with higher values for the former compared with
the latter (p < 0.05) (Tables 2, 3). 0.035≤S<0.050 indicates
good soil physical quality, whereas 0.020≤S<0.035 represents a poor one [6]. S parameters were all within the limit
of 0.035≤S<0.050 under NT at each depth whereas those
for MP all fell within the range of 0.020≤S<0.035 under
two crop rotation practices (Tables 2, 3). According to the
critical value proposed by Dexter [6], NT resulted in better
soil physical quality than MP. This confirms that S parameter can characterize the modifications of soil physical quality
under different tillage practices. From the analysis of crop
yields, although no significant differences were observed between NT and MP among crop rotations (p > 0.05), crop
yields in NT were greater than MP (Fig. 1). Considering the
improvement of energy use efficiency and labor inputs, and
less soil disturbance in NT plot, this indicated that NT can
be more beneficial for soil quality than MP.

4. CONCLUSIONS
In this study, PAWC, SI and PD in NT were all at
“good” soil quality designations. The increased plantavailable water content under NT, due to the improvement
of soil structural stability, helped thus to compensate the
greater penetration resistance in the studied soil. Compared
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with the above indicators, S parameter, which is a synthetic
index, reflected the overall soil quality. From the analysis
of S parameter, NT also indicated good soil physical quality. It is noteworthy that soil quality designation of S parameter was consistent with the other single indicators
(PAWC, SI and PD). Combined with the results of soil
physical quality indicators (PAWC, SI, PD and S parameter) and crop yields, it can be concluded that NT performed
to improve soil physical quality, even after 11 years of repeated traffic. We believe that this study could be helpful
for providing a valuable basis for the adoption of conservation tillage in Northeast China. Additional soil physical
quality assessments are needed under different soil types in
order to better understand the effects of conservation tillage on soil quality.
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ABSTRACT

1. INTRODUCTION

The effect of exogenous glutathione (GSH) and L-buthionine-S,R-sulphoximine (BSO, an inhibitor of GSH and
phytochelatin (PCs) synthesis) on lead (Pb) accumulation,
translocation and growth of Iris lactea var. chinensis under
Pb stress were investigated. The addition of 150 mg·L-1
GSH obviously enhances Pb accumulation and translocation to shoots in I. lactea var. chinensis compared with the
single Pb stress and BSO addition. The growth inhibitions
were not intense after GSH treatment, even though Pb kept
high accumulation in roots and shoots, suggesting that Pb
may be effectively detoxified under Pb together with GSH
treatment. The cell ultrastructural examination of Pb in I.
lactea var. chinensis supported the facts that exogenous application of GSH may alleviate Pb harm. In order to clarify
the role of non-protein thiols (NPTs) in Pb toxicity, accumulation and translocation, the dynamic variations of Pb
contents and NPT synthesis of PCs, GSH and cysteine
(Cys) in I. lactea var. chinensis were analyzed under Pb
(100-500 mg·L-1) treatment for 1-7 days. PC2 formation
could be induced only in the roots, and the contents in roots
enhanced gradually with increasing Pb concentrations in
solutions and exposure time. The concentrations of shoot
GSH also enhanced gradually, but GSH in roots showed a
slight decline when exposed to 300 and 500 mg·L-1 Pb after
4 and 7 days. Cys showed induction at lower Pb level and
initial stress, followed by decline. The correlation analysis
between Pb accumulation and the synthesis of NPTs suggested that Pb in the roots of I. lactea var. chinensis may
mainly be detoxified through chelation with PC2. while
GSH may mainly serve as the role of promoting and transporting Pb to aboveground and detoxification.

KEYWORDS: Non-protein thiols, lead, sub-cellular localization, tolerance, Iris lactea var. chinensis

* Corresponding author

Lead (Pb) is one of the most threatening toxic elements
for its long persistence in soil and high toxicity on plants,
animals and humans. As a non-essential element in metabolic processes of plants, Pb caused negative impact on plant
growth, such as inhibiting enzyme activities, inducing oxidative stress, increasing membrane permeability, disturbing mineral nutrition and inhibiting photosynthesis [1-4].
When suffering from heavy metal stress, plants can activate
a series of detoxification and tolerance mechanisms to metal
toxicity, either the avoidance of metal entry into the cell via
exclusion or binding of metal to cell wall and other ligands
viz. organic acids, amino acids and non-protein thiols (NPTs).
NPTs are cys-containing peptides, which include cysteine (Cys), glutathione (GSH), phytochelatins (PCs), etc.
Some authors presumed that the chelation of heavy metals
by the NPTs should be responsible for heavy metal detoxification [5-7]. PCs with a general structure of (γ-GluCys)n-Gly (n=2-11), which serve as high-affinity, thiolrich cellular chelators and contribute to the detoxification
of heavy metal ions, are synthesized from GSH and related
thiols [8, 9]. PCs synthesis in response to Pb and formation
of PC-Pb complexes was documented in recent literature
[10, 11]. As the precursor for PCs, the tripeptide GSH (γGlu-Cys-Gly) is found in very high concentration within
the cell constituting major fraction of NPTs in most living
organisms and maintenance of the GSH pool within a range
may be critical, as GSH is still a well-known antioxidant
and a potential chelator of metals [12, 13]. Cys is the precursor molecule for the synthesis of GSH, the predominant
NPTs, which plays an important role in plant stress responses [14, 15]. Moreover, recent studies have shown that
NPTs can promote heavy metal accumulation and may be
carriers of metal ions in the long-distance root to shoot
metal transport [16, 17].
However, the metal sensitivity of plants or the response of thiol compounds to Pb stress is greatly dependent
on plant species, physiological status of the tissues, and

959

© by PSP Volume 24 – No 3a. 2015

Fresenius Environmental Bulletin

culture conditions. Although there are some papers reporting that no PCs could be detected in the hyperaccumulator
or PCs content did not correlate closely with the level of
metal accumulation, maintenance of a high GSH and Cys
level in shoot tissues were strongly correlated with the ability to hyperaccumulate heavy metals [18-20]. Iris lactea var.
chinensis is a perennial ornamental species in gardens,
streets, and along the highways in China. It has a strong
ability of Pb, Cd accumulation and tolerance [21, 22], with
many necessary features for phytoremediation, such as fast
growing, large biomass, and easy harvesting. However,
scarce information is available on the importance and role
of NPTs in I. lactea var. chinensis to minimize the harmful
effects of metal ions. In view of the important role of NPTs
in metal detoxification and tolerance, as well as various detoxification mechanisms in different plant species, the
main objective of this research was to evaluate whether
NPTs play a role and to clarify their functions in Pb accumulation, transport and tolerance in I. lactea var. chinensis.

2. MATERIALS AND METHODS
2.1. Plant material and growth conditions

Seeds of I. lactea var. chinensis were supplied by Research Center of I. lactea var. chinensis Development and
Utilization in Liaoning Province, China. The experiment
was conducted in the greenhouse of Nanjing Sun Yat-san
Botanical Garden, Nanjing. Seeds were germinated, equipped
with quartz sand, moistened with deionized water, in the
greenhouse as described previously in detail by Yuan et al.
[23]. After sufficient seedlings growth, seedlings with similar size were transferred to black plastic flasks containing
1000 ml 1/2 Hoagland solution, five seedlings each flask.
The nutrient solution was renewed every 3 days. Cultured
plants were performed in a growth room (25/18 °C day/night
temperature, 16-h photon period per day).
2.2. Pb accumulation, distribution and tolerance test

After 2-week preculture in 1/2 Hoagland solution, the
young plants were treated with 500 mg·L-1 Pb (supplied as
Pb(NO3)2) maintained in 10% Hoagland solutions. In addition, to test PCs and GSH role in tolerance, plants also were
exposed to a Pb solution combined with reduced GSH and
BSO (an highly specific inhibitor of GSH and PCs synthesis [24] ). Detailed treatments were as follows: control (Pb 0),
500 mg·L-1 Pb (Pb 500), 500 mg·L-1 Pb + 150 mg·L-1 GSH
( Pb500 + GSH150 ), and 500 mg·L-1 Pb + 150 mg·L-1 BSO
( Pb500 + BSO150 ), each treatment with four replicates.
The treated solution was renewed once every 2 days. After
7 days of Pb exposure, seedlings were harvested and the
roots of I. lactea var. chinensis were immersed in 20 mM
EDTA-Na2 for 20 min to remove Pb adhered to the roots
surface. Plants were thoroughly washed with deionized
water, and used for the examination of dry weight and Pb
contents. After 4 weeks of Pb exposure, plants were harvested and used for the examination of the sub-cellular localization of Pb in root cells.

2.3. Correlation analysis between NPTs and Pb accumulation

Seedling selection and culture conditions were consistent with the above. After 2-week preculture，seedlings
were transferred to plastic flasks of 10% Hoagland solution
amended with 100, 300, 500 mg·L-1 Pb. Flasks without Pb
served as control. The plants were harvested 1, 4 and 7 days
after metal addition. The roots of all harvested plants were
immersed and washed, respectively, as described above,
then subdivided into two portions, one was immediately
weighed, frozen in liquid nitrogen (-196 °C), and stored at
–80 °C for analysis of NPTs, while the other portion was
left for analysis of Pb concents.
2.4. Analytical Methods
2.4.1. The Biomass and Pb accumulation

The shoots and roots of the plants were separated and
dried at 105 °C for 20 min, and then maintained at 80 °C for
72 h to constant weights for dry weight determination and
analysis of Pb content. Pb contents in the seedlings were determined after tissue wet mineralization with HNO3 and
HClO4. The dry plant (0.2 g) was digested with 10 ml 87:13
HNO3-HClO4 solution and heated at 100-200 °C until near
dryness. The cooled residue was dissolved in 10 ml 5%
HNO3 and added up to 20 ml of total volume. The total concentration of Pb in I. lactea var. chinensis was determined
by inductively coupled plasma atomic emission spectroscopy
(Perkin Elmer 3300).
2.4.2. NPTs contents analysis

The contents of NPTs (Cys, GSH, PC2, and PC3) were
analyzed following the procedure given by Sneller et al.
[25] and Sun et al. [26], with a slight modification. Aliquots of (0.1-0.2 g) samples stored as described above were
pulverized with a mortar in liquid nitrogen and suspended
in 2 ml 6.3 mM DTPA with 0.1% trifluoroacetic acid
(TFA) at 4 °. The homogenate was centrifuged at 12,000×g
at 4 ° for 10 min. The supernatant fraction of extracts was
filtered through a Micropore 0.45-µm filter (Amicon) and
immediately pre-column-derivatized with a fluorescent
probe monobromobimane (mBBr). 250 µl of supernatant
was mixed with 450 µl of 200 mM HEPPS buffer, at pH
8.2, with 6.3 mM DTPA, and 10 µl of 25 mM. Derivatization was carried out in the dark at 45 ° for 30 min. The
reaction was terminated by adding 300 µl of 1 M MSA and
immediately assayed by ultra performance liquid chromatography (UPLC, Agilent 1290). NPTs were separated by
a reverse-phase C18 column (Merck, Purospher) by injecting 1 µl of extract. The separation was obtained by using
12 to 25% CH3CN (ACN) gradient, with a flow-rate set at
0.5 ml min-1. Elution solutions contained 0.1% trifluoroacetic acid (TFA). Excitation and emission wavelengths for
the mBBr derivatives were 380 and 470 nm, respectively. Identification of Cys, GSH and individual PCs
was based on the comparison of their retention times
with PC2, PC3, GSH and Cys standards purchased from
Anaspec (http://www.anaspec.com/).
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2.4.3. Transmission electron microscopy

The sub-cellular localization of Pb in root cells was
evaluated according to Sahi et al. [38], with slight
modifications. After the seedlings were treated with Pb for
4 weeks, the root samples were taken and washed. Root
tips (2-3 mm in length) of sampled plants were fixed overnight with 2.5% glutaraldehyde (v/v) in 0.1 M phosphatebuffered saline (PBS, pH 7.4) at room temperature and
washed 3 times with the same PBS. The samples were then
fixed in 2% OsO4 (osmium oxide) for 1 h. After fixing, the
samples were dehydrated through an ethanol series and embedded in Spurr’s resin. Ultrathin sections were obtained
by using ultramicrotome (POWTIME-XL) technique, collected on copper-supported grids, and observed with a H7650 Transmission Electron Microscope.
2.5. Data Analysis

Statistical analyses were performed using the SPSS
software package (version # 11.5). Data were tested at
significant levels of P<0.05 by one-way ANOVA, followed
by a Tukey test to evaluate significant treatment effects.

and 5245 mg·kg-1 after 7 days of exposure under 500 mg·L-1
Pb stress. Pb was found to accumulate primarily in the
roots. When GSH was applied together with Pb (Pb + GSH),
the Pb contents in shoots and roots continued to increase,
and reached, respectively, 1712 and 14603 mg·kg-1, about
4.19- and 2.78-fold over the single Pb stress. Exogenous
GSH not only promoted the accumulation of Pb, but also
contributed to Pb translocation to the shoot.
The effect of different Pb treatments on plant growth
is presented in Fig. 1b. Single 500 mg·L-1 Pb stress produced some toxic effects, as indicated by decreases of
growth parameters, and the shoot and root dry weights
were reduced by 22.5 and 29.9% in comparison with the
control. However, the dry weight showed a rebound, especially in shoots, increase by 12.3% with regard to that in
the presence of single Pb treatment when adding 150 mg·L1
GSH to the same Pb solution. This was indicative that
addition of GSH may mitigate the negative effects of Pb on
the growth. But in the Pb treatment with addition of exogenous BSO, exogenous BSO had no obvious impact on the
Pb-induced decrease in dry weight.
3.2. Subcellular localization of Pb in roots

3. RESULTS
3.1. Pb accumulation in plants and plant growth

The accumulation of Pb in the shoots and roots of I.
lactea var. chinensis at various Pb treatments is presented
in Fig. 1a. The addition of Pb to the nutrient solution resulted
in a visually marked increasing in Pb contents of I. lactea
var. chinensis, and Pb contents in shoots and roots were 408

Sub-cellular localizations of Pb in root cells of I. lactea
var. chinensis were evaluated using TEM. The Pb deposits
were not found in triangular intercellular space and other
parts of the control cells (Figs. 2a and b). The Pb deposits
were found in a few root tip cells of I. lactea var. chinensis
treated with 500 mg·L-1 Pb (Fig. 3). The Pb deposits were
mainly distributed in the bordering of intercellular spaces
(Fig. 3b), followed by the cell wall; another little part of Pb
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FIGURE 1 - The changes of Pb content (a) and dry weight (b) of shoots and roots of I. lactea var. chinensis exposed to 500 mg·L-1 Pb with GSH
and BSO treatments after 7 days. Values presented are the average of 4 replicates.
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FIGURE 2 - Transmission electron micrographs of root cells of I. lactea var. chinensis grown in 10% Hoagland nutrient solution composed of
control (without addition of Pb): (a) Three cells bordering a triangular intercellular space (ICS) (×2000), and (b) intact cell (×1000).

FIGURE 3 - Transmission electron micrographs of root cells of I. lactea var. chinensis grown in 10% Hoagland nutrient solution with addition
of 500 mg·L-1 Pb: (a) Intact cell with Pb deposits in cell wall (CW), intercellular space (ICS), plasma membrane (PM), cell nucleus (CN) and
cytoplasm (Cy) (×1200); (b) magnified view of (a), showing Pb deposits in cell wall (CW), intercellular space (ICS), cell membrane (CM), cell
nucleus (CN) and cytoplasm (Cy) (×2500); (c) there were many Pb deposits in intercellular space (ICS), including vacuole membrane (VM),
but no Pb in adjacent cells (×2000); (d) a part of the cells, showing high levels of Pb in cell wall (CW) and cytoplasm (Cy) (×4000).
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FIGURE 4 - Transmission electron micrographs of root tap cells of I. lactea var. chinensis grown in 10% Hoagland nutrient solution with
addition of 500 mg·L-1 Pb and 150 mg·L-1 GSH: (a) Showing much Pb deposits in intercellular space (ICS) and cell wall (CW) (×1500), (b)
intact cell, there were Pb deposits in cell wall (CW), intercellular space (ICS), plasma membrane (PM) and cell nucleus (CN). Only a small
amount of Pb deposits in cytoplasm (Cy) (×1500).

FIGURE 5 - Transmission electron micrographs of root cells of I. lactea var. chinensis grown in 10% Hoagland nutrient solution with addition
of 500 mg·L-1 Pb and 150 mg·L-1BSO: (a) Several intact cells, showing Pb deposits in cell wall (CW) and intercellular space (ICS), and the black
deposits were not found in cell nucleus (CN) and cytoplasm (Cy) (×700); (b) a part of the cell, showing Pb deposits in cell wall (CW) and
intercellular space (ICS), and there were no Pb deposits in cell membrane (CM), cytoplasm (Cy) and cell nucleus (CN) (×1200).

existed in the cytoplasm, nucleus, cell membrane and vacuolar membrane (Figs. 3c and d). However, when seedlings
of I. lactea var. chinensis treated with Pb and GSH
(Pb500+GSH150), fine and granulated electron-dense deposits almost filled the intercellular space and cell walls of
root cells, and significantly more than that of the single Pb
stress (Fig. 4a). Only relatively small amounts of Pb were
distributed in cell cytoplasm, cell membrane and cell nucleus compared to the single Pb stress while in the treatment of Pb and BSO (Pb500+BSO150), Pb was still mainly
in the intercellular spaces and cell walls, and no black Pb
deposits in cytoplasm and nucleus was observed (Fig. 5).

3.3. NPT contents and Pb contents
3.3.1. Cys contents

The contents of NPTs (Cys, GSH, and PCs) and their
tissue distribution in the seedlings under different Pb concentrations and duration were analyzed (Fig. 6). In shoots
(Fig. 6a), the Cys contents showed gradual increase as the
Pb level enhanced after 1 day and decreased after 7 days,
and the Cys contents under 100, 300 and 500 mg·L-1 Pb
stress at 7 days were 2.1%, 32.1% and 46.6%, respectively,
less than that at 1 day. Meanwhile, except the Cys levels in
the control, seedlings show an increasing, and the other Pb
treatments with all made Cys levels remain decreased with
prolonged Pb stress time. The Cys contents in the roots
showed a gradual increase as the Pb level enhanced on 1st
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day and 100 mg·L-1 Pb treatment with prolonged time (Fig.
6b). However, the Cys contents of all Pb treatments and
duration were higher than that of control, except for 1-day
treatment of 100 mg·L-1 Pb.
3.3.2. GSH contents

The contents of GSH differed significantly in Cys contents of I. lactea var. chinensis among treatments and plant
tissues (Figs. 6c and d). The GSH contents in the shoots
basically showed an increasing trend with the increase of

Pb concentration and the duration extended (Fig. 6c). Maximum GSH level (16.75 mg·g-1FW) was found in shoots at
500 mg·L-1 after 7 days, which was about 2.05-fold higher
than that of control. The root GSH contents exhibited a relatively low level compared with those in the shoots, but the
contents still showed an increasing trend as Pb levels were
enhanced (Fig. 6d); they only decreased at 500 mg·L-1 Pb
stress, with increasing exposure period and the contents
were reduced by 42.5% from 5.78 mg·g-1 FW on 1st day
down to 3.32 mg·g-1 FW on 7th day.
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FIGURE 6 - The changes in thiol-compound contents of I. lactea var. chinensis after 7 days growing hydroponically with 0, 100, 300 and 500
mg·L−1 Pb. Values presented are the averages of 4 replicates: (a and b) Cys contents in shoots and roots; (c and d) GSH contents in shoots and
roots; (e) PC2 contents in roots.
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3.3.3. PCs contents

Through the detection of PC2 and PC3 contents in roots
and shoots of I. lactea var. chinensis for 1 week under Pb
stress, the results showed that Pb stress can induce rapidly
the synthesis of PCs in the roots (Fig. 6e). But no PC2 and
PC3 were detected in the shoots within a week under different Pb treatments. Pb only induced the synthesis of high
levels of PC2 in roots grown in 100 to 500 mg·L-1 Pb solution, without PC3; only trace amounts of PC3 were detected
when exposed to 500 mg·L-1 Pb together with addition of
exogenous GSH (data not shown). The change in root PC2
contents under different levels of Pb with 1 week exposure
time are shown in Fig. 6e. The control plant PC2 contents
were very low, about 0.15~0.18 mg·g-1 FW. But Pb stress
can rapidly induce the synthesis of PC2 with increasing
stress concentration and duration. The PC2 contents
reached 0.96, 1.05 and 1.43 mg·g-1 FW on 1st, 4th and 7th day
treated with 500 mg·L-1 Pb, and values were, respectively,
6.17-, 5.6- and 8.57- fold higher than those observed in
control roots. In addition, after 7 days of Pb treatment at
500 mg·L-1, the control root PC2 contents were basically
equivalent to the value after 1 day, but PC2 contents treated
with 100, 300 and 500 mg·L-1 Pb were 1.41-, 2.1- and 1.48fold higher than values found after 1 day.
3.3.4. Pb contents

The accumulation of Pb in the shoots and roots of I.
lactea var. chinensis at various concentrations of Pb is presented in Fig. 7. In contrast to these thiol compounds, Pb
contents in both shoots and roots increased in response to
the elevated external Pb concentrations and exposure time.
For shoot Pb contents, no obvious difference was found

among 0～300 mg·L-1 Pb treatments after 1 day, but a significant increase in Pb content was only observed at 500 mg·L-1
Pb versus the control. However, with the extension of time
of Pb stress, Pb contents at various Pb treatments showed
a significant difference, and the highest Pb content in
shoots was 408 mg·kg-1 at 500 mg·L-1 Pb after 7 days. Pb
content in roots were always higher than in shoots in I. lactea var. chinensis (Fig. 7b). But it did not increase significantly after 7 days of Pb stress compared to the change in
shoot Pb contents, and only increased by 13.2, 37.9 and
8.2% after 7 days under 100, 300 and 500 mg·L-1 Pb, more
than that after 4 days; the shoot Pb contents were 4.58-,
4.74- and 2.7-fold higher after 7 days than those after 4 days
under the same Pb concentrations. So, the accumulation of
Pb in shoots of I. lactea var. chinensis was faster than in
roots during 4-7 days at different Pb treatments.
3.3.5. Relationships of NPT contents and Pb contents

The correlation analysis may help us to better understand the role of different NPTs in Pb accumulation, transportation and detoxification. Both shoot and root Cys showed
a positive correlation with Pb contents in corresponding
parts at 1 day, but the correlation between them dropped
with extended Pb exposure and was transformed into a negative relationship (Figs. 8a-f). Unlike Cys, the shoot and root
GSH contents were positively correlated with the accumulation of shoot and root Pb (Fig. 8 g-l), and the shoot correlation between them in plants was statistically significant at 4
and 7 days (R2 = 0.9271*, R2 = 0.9147*). Root PC2 contents
were positively correlated with the root Pb accumulation,
especially at 1 day, and the correlation reached more
significance (R2 = 0.9903**).
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4. DISCUSSION
The toxicity of Pb to plants is well documented [2729]. Previous investigations showed that high levels of Pb
in the growth medium not only reduced elongation of the
root and stem, but also ultimately resulted in reduced plant
biomass [1, 30]. In this study, Pb toxicity was estimated by
dry biomass and similar results were found. NPTs are crucial for the survival of plants under heavy metal stress [31,
32]. Involvement of the NPTs in the alleviation of mercury,
arsenic, nickel and cadmiun stresses has recently been reported [15, 33]. The studies on the role of the NPTs in Pb
accumulation and endurance of I. lactea var. chinensis
showed that exogenous GSH not only causes a dramatical
increase of Pb contents but also promotes Pb translocation
to shoots (Fig. 1a). Moreover, the higher shoot Pb concentration did not cause a greater decrease in biomass or an
impairment compared with the single Pb stress, whereas
inhibition of plant growth was greatly alleviated by exogenous application of GSH (Fig. 1b). This suggests that GSH
addition could make I. lactea var. chinensis have a higher
tolerance to Pb, compared with Pb stress alone. Similar
findings were reported previously: addition of GSH in Cd
culture medium significantly increased Cd tolerance and
accumulation [34, 35]. Exogenous BSO in this study played
a minor role in plant root poison mitigation under Pb stress
(Fig. 1b), and this may be because BSO caused GSH or
PCs depletion or affected other growth metabolisms of
plants.
Pb toxicity can result from both apoplastic and symplastic damage. It is quite important to determine the distribution of Pb in subcellular regions for understanding the
mechanism of Pb detoxication. The main sites of Pb accumulation in the root cells of I. lactea var. chinensis were
apoplasts, particularly in the bordering of intercellular
space, followed by the cell wall, another part of Pb in the
cytoplasm, nucleus, cell membrane and vacuolar membrane under single Pb stress (Fig. 3). Several previous studies also found that the main site of Pb accumulation in plant
roots is the apoplast, particularly cell walls and intercellular spaces [36-39]. When GSH was applied together with
Pb, the Pb deposits almost filled the intercellular spaces of
root cells and significantly more than that of the single Pb
stress; only relatively small amounts of Pb distributed in
cell cytoplasm, cell membrane and cell nucleus compared
to the single Pb stress (Fig. 4) which directly accounts for
the reason of the increase in Pb accumulation not causing
aggravation in toxicity to plants from cytological level,
with an addition of GSH.
In addition to apoplast sequestration acting as the first
effective mechanism for heavy metal detoxification, it is
quite important for the production of NPTs in the symplast
when the heavy metal level exceeds the binding capacity
of the cell wall [40]. In the present study, there was a trend
of gradual increasing in GSH levels in shoots and roots of
I. lactea var. chinensis exposed to different Pb concentrations, except a drop in roots after 7-day exposure under 300

and 500 mg·L-1 high Pb stress (Figs. 6c and d). In addition,
Pb also induced the synthesis of high levels of PC2 in roots
(Fig. 6e). The ability of I. lactea var. chinensis to maintain
the levels of GSH, even while producing large amounts of
PC2, suggests that this species has a substantial capacity to
synthesize GSH. Similar results were obtained with tobacco seedlings under increasing Cd stress [12]. The enhancement of GSH synthesis may be due to the induced
transcription of genes for GSH biosynthesis, such as γ-glutamycysteine synthetase (gsh1), glutathione synthetase
(gsh2), and glutathione reductase [41]. Higher levels of GSH
may contribute to metal detoxification either by direct
binding or by synthesis of PCs. While the depletion of root
GSH content after 7-day exposure with high Pb may also
be attributed to its consumption as substrate for PCs synthesis [42].
However, Pb only induced the synthesis of PC2 in
roots. No PC2 or PC3 could be detected in shoots (Fig. 6e).
Gupta et al. [18] reported on the role of GSH in Pb detoxification of Sedum alfredii, which was accomplished without any induction of PCs. This suggests that GSH may play
an important role in detoxifying Pb under stress conditions
where PCs are absent. As the precursors of GSH and PCs,
only Cys level showed an increase with time at lower concentration (up to 100 mg·L-1), followed by a significant decline with time beyond 300 mg·L-1, and was negatively
correlated with the increase in Pb at 7 days (Fig. 6a). This
response of Cys content to Pb toxicity has been observed
earlier in Hydrilla verticillata, Vallisneria spiralis and Ceratophyllum demersum [43-45]. As Cys is needed for the synthesis of GSH, decline in Cys is supposed to be due to consumption during the synthesis of GSH and PCs [42].
In order to understand the role of different thiol compounds in Pb accumulation, transfer and endurance, we
conducted a correlation analysis and the results showed
that there existed a positively linear relationship between
PC2 and Pb contents after 1-7 days of Pb exposure in roots
(Figs. 8 m-o). According to Gong et al. [17], Cd may be
more effectively transported to shoots when more PCs
were synthesized in roots of Arabidopsis. However, a recent study conducted by Wong and Cobbett [45] showed
that PCs promoted Cd retention in roots rather than translocation to shoots of Arabidopsis. Similarly, our research
demonstrated that no PC2 or PC3 could be detected in shoots,
and PC2 is mainly responsible for the root Pb detoxification.
In contrast, among Cys, GSH and PCs, only GSH levels in
shoots showed a trend of sustained increase and a highly
significant correlation with shoot Pb contents (R2 =
0.9271*; R2= 0.9147*) at 4 and 7 days after Pb treatment
(Figs. 8 a-o), moreover, a higher GSH concentrations in
shoots than in roots of I. lactea var. chinensis (Figs. 6 c and
d). Dixit et al. [46] also obtained similar results in peas after 40 µM Cd was applied for 7 days. Freeman et al. [15]
observed that concentrations of GSH in shoot tissues were
strongly correlated with the ability to hyperaccumulate Ni
in various Thlaspi hyperaccumulators. In addition, we also
observed a rised Pb translocation from root to shoot after
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supplying exogenous GSH (Fig. 1a). So, in view of the
greater abundance of GSH in I. lactea var. chinensis shoots
than roots under different Pb treatments, and the significant
correlation with shoot Pb contents, we speculate that GSH
may play a more important role in Pb translocation from
roots to shoots as well as Pb detoxification in shoots.
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ABSTRACT
Today, 2,4-dichlorophenoxyacetic acid (2,4-D) is a
widely used herbicide and is has been the subject of many
studies related to carcinogenicity, chronic toxicity, genetic
toxicity and reproductive toxicity. In this study,the effects
on rats exposed to the acidic form of 2,4-D were evaluated
with histopathological and plasmatic parameters. Rats
were orally exposed to 25 and 50 ppm of 2,4-D in drinking
water daily, and 50 and 100 ppm dietary feed for a period
of 45 days. At the end of the study, serum glutamic oxaloacetic transaminase (GOT), serum glutamic pyruvic transaminase (GPT) and creatine phosphokinase (CPK) values
were examined from rat blood samples, and also tissue samples from rat brain, heart, lungs, liver, kidney, thymus and
testis were histopathologically examined. Extensive parenchymal degeneration in the liver, mid-grade parenchymal
degeneration in kidneys, and cortical hyperplasia in the
thymus were observed in the group exposed to a maximum
dosage (100 ppm) and, in one of the rats, lymphoidal cell
increase in the cortex and significant follicle formation with
epithelial cells creating starry sky patterns between the lymphocytes were observed histopathologically. Rats with liver
injuries were also observed to have increased serum GOT
values. Consequently, our findings supported that 2,4-D is a
toxic agent, possibly causing lymphoid tumors.

KEYWORDS:
2,4-D, rat, histopathology, subchronic toxicity, in vivo.

1. INTRODUCTION
2,4-D was synthesized for the first time in 1941, commercially marketed in the United States in 1944, and has
been available worldwide since 1950. It is still one of the
most commonly used herbicides today [1-4]. 2,4-D is also
one of the active gradients of Agent Orange which was
* Corresponding author

used as a defoliant in the Vietnam War until 1975. Due to
its common use and its various exposure ways, it has been
a focus point of many studies that are carried out on carcinogenicity, chronic toxicity, genetic toxicity and reproductive toxicity [4]. In the late 70’s and in the early 80’s,
Hardell et al. [5] suggested that there could be an association
between exposure to this herbicide and heart disease, nonhodgkin’s lymphoma (NHL) and soft tissue sarcomas. Especially between 1995-2001, the number of the studies regarding the toxicity and the cancer risk of 2,4-D in humans
increased, and wide information has taken place in Industry
Task Force [6]. In the subchronic studies, the dose interval
for 2,4-D was reported to be 1-300 mg/kg/day, and in rats, the
subchronic NOEL value was reported to be 15 mg/kg/day
[7]. It has been indicated that acidic, dimethylamine and
ethylhexyl ester forms of 2,4-D, have not caused any histopathological changes in the rats at any given doses. And
in humans, no signs of reproductive toxicity following any
dose administration have been reported [8]. On the other
hand, 2,4-D is a moderately persistent chemical with a halflife between 20-200 days. Additionally, the spraying of
2,4-D often contaminates ground water systems (about
91.7% of 2,4-D will eventually end up in water) [9]. This
contamination can directly affect the vegetation, and the
animal life that consumes it. The chemical will also be carried by run-off into the local river systems, thereby jeopardizing the health of aquatic life as well. Documented
health problems related to 2,4-D include reproductive damage, respiratory difficulties, atrophy, nausea, loss of appetite, skin rashes, eye irritation, and chronic headaches.
Non-Hodgkin’s lymphoma has also been associated with
2,4-D exposure. Furthermore, there is evidence of teratogenicity and mutagencity, provided by studies involving
2,4-D and laboratory animals [10-12]. Currently, the Pest
Management Regulatory Agency (PMRA), a division of
Health Canada, is working on a Label Improvement Program for 2,4-D designed to reduce exposures to the hazardous chemical [13, 14]. Part of this program also aims to
“harmonize” with the policies of the U.S. Environmental
Protection Agency (EPA). European Union registration for
most of the 38 different formulations of 2,4-D is up for renewal [16, 17].
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For this purpose, we investigated the effects of 2,4-dichlorophenoxyacetic acid (2,4-D acid) on the heart, lung,
liver, kidney, spleen, thymus and testicle tissues of rats in
terms of histopathological and plasmatic parameters.

2. MATERIALS AND METHODS
2.1 Animals

A total of 40 male Sprague-Dawley rats, approximately 150-180 g, were used in our study. They were kept
at room temperature throughout the study under a 12-h
light-dark cycle. The study was approved by the Ethics
Committee of Istanbul University.
2.2 Experimental Procedure

After one week of acclimatization period, animals
were randomly divided into 5 groups of 8 rats each; group I
served as control, group II received 50 ppm of 2,4-D in food,
group III received 100 ppm of 2,4-D in food, group IV received 25 ppm, and group V 50 ppm 2,4-D in drinking water for 45 days.
2.3 Histopathologic Preparation of Organs

At the end of the study, all the animals, both in the control
and experimental groups, were sacrified immediately, following ether anestesia and systemic necropsy was performed.
Several sections of the organs (heart, lungs, liver, kidney, spleen, thymus and testicles) were taken for routine
histologic evaluation, fixed in 10% neutral buffered formalin, processed conventionally, embedded in paraffin, cut at
5 µm, stained with hematoxylin and eosin (H&E), and
evaluated by light microscopy.
2.4 Biochemical Tests

The blood samples taken from the rats were centrifuged at 3000 rpm for 5 min to separate serum from the
blood cells, and serum glutamic oxaloacetic transaminase
(GOT), serum glutamic pyruvic transaminase (GPT) and
creatine phosphokinase (CPK) levels were detected in the
serum.
2.5 Statistical Analysis

The data were expressed as means ± SD based on the
indicated number in the experiment (n = 8). The statistical
significance has been determined using Student’s t-test.
Differences were considered to be significant at P<0.05,
and very significant at P<0.01.

3. RESULTS AND DISCUSSION
In this study, we investigated the toxic effects of 2,4D on rats in means of histopathological and biochemical
parameters. The rats were administered 2,4-D both in food
and in water.

For the rats that were treated with 25 ppm of 2,4-D, the
histopathological evaluation revealed mild paranchyme degeneration both in livers and kidneys. Cortical hyperplasia
in the thymus and lenfoid hyperplasia in the white pulp of
the spleen were detected in one of the rats. Generally, there
was moderate degeneration in the livers (Fig. 1) and mild
degeneration in the kidneys (Fig. 2) of the rats that were administered 50 ppm 2,4-D. However, in the livers of two rats,
severe paranchyme degeneration was detected. In these animals, along with the paranchyme degeneration, some of the
hepatocytes’ nuclei were entirely karyorectic, and some of
them were picnotic indicating single cell necrosis. In these
areas, hepatocytes with double nucleolus were observed. In
the tubuler epithelial cells of the kidney, there was moderate
paranchyme degeneration, and hyaline cylinders were present in the lumen of the tubules. In two of the animals, cortical hyperplasia was seen in the thymus (Figs. 3, 4).
In most of the rats, that were treated with 100 ppm 2,4D, there was severe paranchyme degeneration in the liver,
and locally, intracytoplasmic vacuolization was observed.
There was single cell necrosis in some areas. Hepatocytes
with double nucleolus were also observed. There was,
mostly, moderate paranchyme degeneration in the kidneys.
However, in the kidneys of 3 animals, the nucleoli of the
epithelial cells were picnotic, and karyolysis had occured
in some of them (single cell necrosis). In 4 animals, the
number of the lymphoid cells in the cortex of the thymus
had increased, and narrowed the medulla causing cortical
hyperplasia. In one of those animals, there were epithelial
cells along with the increased lymphoid cells, thus giving
a pattern of starry sky, and there was an evident formation
of a follicle in one area. In those areas, atypical mitosis was
observed in the lymphoid cells (Fig. 4). Also, numerous
plasma cells were present in the cortico-medullary border.
In the lungs, lymhoid cell infiltrations were seen in the lamina epithelium and in the submucosa of the bronchis. Follicle formations (Fig. 5) of the lymphoid cells and mitosis
in the lymphoid cells in the alveolar region were also observed. In 3 rats, there was mild paranchyme degeneration
in the testicles, and the degeneration in the testicles was
severe in 2 rats (Fig. 6). In some of the tubules, spermatogenesis was seen. However, in some of them, it was completely over; the spermatids and spermatogoniums had disappeared while most of the sertoli cells were present. Also,
there were prominent vacuolizations in the epithelial cells
of the tubules and, in a couple of areas, germinal epithelium
was detached from the basal membrane.
The results related to the biochemical parameters are
shown in Table 1. These results allow us to conclude that
the histopathological disorders caused by the herbicide
were dose-dependent, and the parenchymal degeneration
increased with the dose and could have an important statistical correlation with the increase of GOT level, which is a
biochemical parameter indicating the liver disruption (Table 1). Also, in this study, we detected mild to severe parenchyme degeneration, intracytoplasmic vacuolization and
single cell necrosis in the livers depending on the dose.

971

© by PSP Volume 24 – No 3a. 2015

Fresenius Environmental Bulletin

FIGURE 1 – Liver (severe parenchymal degeneration and vacuolar changes in the cytoplasm, single cell necrosis; arrow head).

FIGURE 2 – Kidney (parenchymal degeneration of tubule epithel and hyaline cylinders in the tubulus lumens (arrow); H & E Bar = 50 μm).
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FIGURE 3 – Thymus (starry sky image and secondary follicles (arrow head); macrophages (arrows); H & E Bar = 200 μm).

FIGURE 4 – Thymus (atypical mitosis (arrow); H & E Bar = 10 μm).
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FIGURE 5 – Lung (bronchial lymphoid tissue (BALT) hyperplasia and lymphoid infiltration in the bronchial epithelium (arrow); secondary
follicles (arrowhead); H & E Bar = 50 μm).

FIGURE 6 – Testis (tubulus degeneration; H & E Bar = 10 μmm).
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TABLE 1 - Biochemical parameters

GOT (U/L)
GPT (U/L)
CPK (U/L)
UREA (g/L)
Creatinin (mg/L)
Values are given as means ± SD.

CONTROL
GROUP 1
162 ± 4.49
166 ± 5.31
78 ± 2.21
68 ± 3.45
901 ± 320
875 ± 208
0.84± 0.03
0.81 ± 0.05
3.4 ± 0.05
2.8 ± 0.04
*P<0.05; **P<0.01 (Student s t-test).

GROUP2
175 ± 3.19
65 ± 8.11
910 ± 301
0.80 ± 0.06
3.6 ± 0.09

GROUP 3
188 ± 2.23
74 ± 6.15
943 ± 407
0.89 ± 0.04
3.1 ± 0.06

GROUP 4
317* ± 6.61
82 ± 8.91
981 ± 319
0.93± 0.02
3.8 ± 0.02

Accordingly, Oakes et al. [18] reported that the highest
dose (150 mg/kg) of 2,4-D, given by gavage to rats, had
caused testicular degeneration in their study regarding testicular changes induced by chronic exposures to the herbicide formulation, Tordon 75D (2,4-dichlorophenoxyacetic
acid and picloram). It is also reported that the degeneration
in the tubules of the testicles might be due to the direct effect of this chemical on the cells of the tubules, or due to
the diminution in the production of the testosterone because
of its interference with the Leydig cells. In other studies carried out on urogenital system, it was determined that 2,4-D
has genotoxic effects on the somatic lineage and germ-line
cells. Its teratogenic and mutagenic effects have also been
detected, and metabolic disorders have been reported in the
second and third generations [19-24]. These histopatholgical findings are in accordance with the findings of the previous studies [9, 25-27].

previous reports indicating that 2,4-D causes apoptosis in
the lymphocytes and, thus, has correlation with non-Hodgkin’s lymphoma and other types of cancer [15, 29-33].

Thymus is a lymphoid organ which can be quite vulnerable to short- and long-term exposures of toxic agents.
Kaimova et al. [28] administered 1/2 (228 mg/kg), 1/20
and 1/200 of the lethal dose (LD50) of DMA-2,4-D orally
to rats in their study, and reported that after 4-h exposure
to 1/2 LD50 of DMA-2,4-D, migration of lymphocytes into
the interlobular connective tissue was observed in the thymus of all rats, whereas no changes were detected in the
thymus of rats exposed to 1/20 or 1/200 LD50. After 24-h
exposure, the thymic lobules were markedly smaller in all
animals at all doses. There were extensive hemorrhages in
the interlobuler connective tissue. As a result of cellularity
in the cortex and trabecular disposition of thymocytes in
the medulla, cortico-medullary junctions had become indistinct [28]. The researchers concluded that 2,4-D-DMA
affects the lymphoid organs of rats by destroying the vascular integrity of the thymus and causing cell depletion in
the white pulp of the spleen and in the cortex of the thymus.

The authors have declared no conflict of interest.

Consequently, our study supported that subchronic exposure of 2,4-D causes disorders, particularly in the liver,
kidney, testicle and thymus, according to the administered
doses, and it can be toxic, even at low doses. In addition to
this, the hyperplasia that is seen in the cortex of the thymus,
and especially the presence of epithelial cells in the cortex
giving the pattern of a starry sky, the follicular formation
and the intensity of the plasma cells in the cortico-medullary area is accepted to be an early warning sign of lymphoma [34]. Also these findings support the possibility that
2,4-D, a toxic agent causing lymphoid tumor, can also lead
to lymphoma, even when administered at low doses and
within a short period.

In our study, we detected lymphoid atrophia in the
spleen and cortical hyperplasia in the thymus of one rat that
belonged to the group which was administered 25 ppm herbicide orally. Hyperplasia was seen in the thymus of 2 animals
that were in the group of 50 ppm administration. In the
group which was exposed to the highest dose (100 ppm in
feed), thymus hyperplasia was present in 4 animals. Our
most significant histopathological finding was the presence
of epithelial cells with the increased lymphoid cells in the
cortex giving a pattern of starry sky, and the formation of
an evident follicle in the tyhmus. This finding supports the

975

REFERENCES
[1]

Mikov, I. Vasović, V. Mikov, A. Goločorbin-Kon, S. Stankov,
K. Mikov, M. (2010) Hypoglycemic effect of herbicide 2,4dichlorophenoxyacetic acid (2,4-D). Pestic. Phytomed. (Belgrade). 25(4), 349–352.

[2]

Chinalia, F.A. Regali-Seleghin, M.H. Correa, E.M. (2007) 2,4D toxicity: Cause, effect and control. Terr. Aquat. Environ.
Toxicol. 1(2) 24-33.

[3]

Di Paolo, O. De Duffard, A.M.E. Duffar, R. (2001) In vivo and
in vitro binding of 2,4-dichlorophenoxyacetic acid to a rat liver
mitochondrial protein. Chem-Biol. Interact. 137(3) 229-241.

[4]

Institute of Medicine. (2000) Herbicide/Dioxin exposure and
Type 2 Diabetes. Veterans and Agent Orange, The National
Academics Pres, Washington DC, 54,223-231.

[5]

Hardell, L. Eriksson, M. Lenner, P. Lundgren, E. (1981) Malignant lymphoma and exposure to chemicals, especially organic solvents, chlorophenols and phenoxy acids: a case-control study. Br. J. Cancer. 43(2), 169–176.

[6]

Anonim. (2012) Industry Task Force II on 2,4-D Research
Data. Available at: http://www.24d.org/background/24DBackgrounder-Benefits.pdf. Access date: 12 September 2012.

[7]

Tayeb, W. Nakbi, A. Trabelsi, M. Attia, A . Miled, A. Hammami, M. (2010) Hepatotoxicity induced by sub-acute exposure of rats to 2,4-Dichlorophenoxyacetic acid based herbicide
“Désormone lourd”. J. Hazard. Mater. 180, 225–233.

© by PSP Volume 24 – No 3a. 2015

Fresenius Environmental Bulletin

[8]

Alves, M.G. Neuhaus-Oliveira, A. Moreira, P.I. Socorro, S.
Oliveira, P.F. (2013) Exposure to 2,4-dichlorophenoxyacetic
acid alters glucose metabolism in immature rat Sertoli cells.
Reprod. Toxicol. 38, 81– 88.

[9]

Kogevinas, M. Kauppinen, T. Winkelmann, R. Becher, H. Bertazzi, P.A. Bueno-de-Mesquita, H.B. Coggon, D. Green, L.
Johnson, E. Littorin, M. Lynge, E. Marlow, D.A. Mathews, J.D.
Neuberger, M. Benn, T. Pannett, B. Pearce, N. Saracci, R. (1995)
Soft tissue sarcoma and non-Hodgkins lymponmain workers exposed to phenoxy-herbicides, chlorophenols, and dioxins: Two
nested case-control studies. Epidemiology. 6(4), 396–402.

[10] Duffard, R. Garcia, G. Rosso, S. Bortolozzi, A. Madariaga, M.
di Paolo, O. Evangelista de Duffard, A.M. (1996) Central
nervous system myelin deficit in rats exposed to 2,4-dichlorophenoxyacetic acid throughout lactation. Neurotoxicol. Teratol. 18, 691–696.
[11] Alavanja, M. Samanic, C. Dosemeci, M. Lubin, J. Tarone, R.
Lynch, C.F. Knott, C. Thomas, K. Hoppin, J.A. Barker, J. Coble, J. Sandler, D.P. Blair, A. (2003) Use of agricultural pesticides and prostate cancer risk in the agricultural health study
cohort. Am. J. Epidemiol. 157(9), 800–814.
[12] Alexander, B.H. Mandel, J.S. Baker, B.A. Burns, C.J. Bartels,
M.J. Acquavella, J.F. Gustin, C. (2007) Biomonitoring of 2,4dichlorophenoxyacetic acid exposure and dose in farm families. Environ. Health. Perspect. 115(3), 370–376.
[13] Garabrant, D.H. Philbert, M.A. (2002) Review of 2,4-dichlorophenoxyacetic acid (2,4-D) epidemiology and toxicology.
Crit. Rev. Toxicol. 32, 233–257.
[14] US EPA. 2005 Reregistration eligibility decision for 2,4-D.
Office of pesticide programs. EPA 738-R-05-002. Available
at: http://www.epa.gov/oppsrrd1/REDs/24d_red.pdf. Accessed on: 28 December 2011.
[15] Health Canada. (2008) Re-evaluation decision (2,4-Dichlorphenoxy) acedic acid [2,4-D]. RVD2008-11. Available at:
http://www.hc-sc.gc.ca/cps-spc/pubs/pest/_decisions/rvd200811/index-eng.php. Accessed on: 28 December 2011.
[16] Van, R. B. Hardwick, T.D. Needham, D. Pethen, S. Lappin,
G.J. (2003) Comparative metabolism of 2,4-dichlorophenoxyacetic acid (2,4-D) in rat and dog. Xenobiotica. 33 (8), 805–821.
[17] Charles, J.M. Cunny, H.C. Wilson, R.D. Bus, J.S. (1996) Comparative subchronic studies on 2,4-dichlorophenoxyacetic acid,
amine, and ester in rats. Fundam. Appl. Toxicol. 33, 161–165.
[18] Oakes, D.J. Webster, W.S. BRown-Woodman, P.D.C. Ritchie,
H. (2002) Testicular changes induced by chronic exposures to
the herbicide formulation, Tordon 75D® (2,4-Dichlorophenoxyacetic acid and picloram) in rats. Rep. Toxicol. 16, 281-289.
[19] Tripathy, N.K. (1993) Genotoxicity of 2,4-diclorophenoxy
acetic acid tested in somatic and germ-line cells of Drosophila.
Mut. Res. 319, 237–242.
[20] Charles, J.M. Hanley, Jr T.R. Wilson, R.D. Ravenzwaay, B.V.
Bus, J.S. (2001) Developmental toxicity studies in rats and
rabbits on 2,4-dichlorophenoxyacetic acid and its forms Q2.
Toxicol. Sci. 60(1), 121–131.
[21] Yılmaz, H.R. Yuksel, E. (2005) Effect of 2,4-dichlorophenoxyacetic acid on the activities of some metabolic enzymes for
generating pyridine nucleotide pool of cells from mouse liver,
Toxicol. Ind. Health. 21(9), 231–237.
[22] Amer, S.M. Aly, F.A.E. (2001) Genotoxic effect of 2,4-dichlorophenoxyacetic acid and its metabolite 2,4-dichlorophenol in
Mouse. Mutat. Res. 494(1-2), 1–12.
[23] Gorzinski, S.J. Kociba, R.J. Campbell, R.A. Smith, F.A. Nolan, R.J. Eisenbrandt, D.L. (1987) Acute, pharmacokinetic,
and subchronic toxicological studies of 2,4-dichlorophenoxyacetic acid. Fund. Appl. Toxicol. 9(3), 423–435.

976

[24] Blakley, B.R. Schiefer, B.H. (1986) The effect of topically applied n-butylester of 2,4-dichlorophenoxyacetic acid on the
immune response in mice. J. Appl. Toxicol. 6(4), 291–295.
[25] Cattaneo, R. Loro, V.L. Spanevello, R. Silveria, F.A. Luz, L.
Miron, D.S. Fonseca, M.B. Moreas, B.S. Clasen, B. (2008)
Metabolic and histologic parametrs of silver catfish (rhamdia
quelen) exposed to commercial formulation of 2,4-dichlorophenoxiacetic acid (2,4-D) herbicide. Pestic. Biochem. Phys.
92, 133-137.
[26] Mountassif, D. Kabine, M. Mounchid, K. Mounaji, K. Latruffe,
N. El Kebaj, M.S. (2008) Biochemical and histological alterations of cellular metabolism from jerboa (Jaculus orientalis) by
2,4-Dichlorophenoxiacetic acid: effects on D-3-hydroxybutyrate dehydrogenase. Pestic. Biochem. Phys. 90, 87-96.
[27] Goel, A. Dani, V. Dhawan, D.K. (2005) Protective effects of
zinc on lipid peroxidation, antioxidant enzymes and hepatic
histoarchitecture in chlorpyrifos-induced toxicity. Chem. Biol.
Interact. 156, 131-140.
[28] Kaioumova, D. Kaioumov, F. Opelz, G. Süsal, C. (2001)
Toxic effect of the herbicide 2,4- dichlorophenoxyacetic acid
on lymphoid organs of the rat. Chemosphere. 43(4-7), 801–
805.
[29] Kaioumova, D. Susal, C. Opelz, G. (2001) Induction of apoptosis in human lymphocytes by the herbicide 2,4-dichlorophenoxyacetic acid. Hum. Immunol. 62, 64–67.
[30] De Moliner, K.L. Evangelistade, D.A.M. Soto, E. Duffard, R.
Adamo, A.M. (2002) Induction of apoptosis in cerebellar granule cells by 2,4-dichlorophenoxyacetic acid. Neurochem. Res.
27, 1439–1446.
[31] McDuffie, H.H. Pahwa, P. Mc Laughlin, J.R. Spinelli, J.J.
Fincham, S. Dosman, J.A. Robson, D. Skinnider, L.F. Choi,
N.W. (2001) Non-Hodgkin’s lymphoma and specific pesticide
exposures in men:cross-Canada study of pesticides and health.
Cancer. Epidemiol. Biomarkers. Prev. 10, 1155–1163.
[32] Ibrahim, M.A. Bond, G.G. Burke, T.A. Cole, P. Dost, F.N.
Enterline, P.E. Gough, M. Greenberg, R.S. Halperin, W.E. Mc
Donnel, E. (1991) Weight of the evidence on the human carcinogenicity of 2,4-D. Environ. Health. Perspect. 96, 213–222.
[33] Tuschl, H. Schwab, C. (2003) Cytoxic effects of the herbicide
2,4-dichlorophenoxyacetic acid in HepG2 cells. Food. Chem.
Toxicol. 41,385–393.
[34] Jubb, K.V.F. Kennedy, P.C. Palmer, N. (1985) The hematopoietic sytsem In: Pathology of domestic animals. 3th ed.
177-180. Academic Press, Inc. San Diego.

Received: July 18, 2014
Revised: August 06, 2014
Accepted: October 14, 2014

CORRESPONDING AUTHOR
Handan Aydin Vural
Department of Pharmacology and Toxicology
Faculty of Veterinary Medicine
University of Istanbul
Avcilar, Istanbul, 34000
TURKEY
E-mail: haydin@istanbul.edu.tr
FEB/ Vol 24/ No 3a/ 2015 – pages 970 - 976

© by PSP Volume 24 – No 3a. 2015

Fresenius Environmental Bulletin

TOXICITY OF BISPHENOL A DURING THE EARLY LIFE
STAGES OF CHALCALBURNUS TARICHI (PALLAS, 1811)
Ertuğrul Kankaya1,*, Burak Kaptaner2, Abdulahad Doğan2, and İsmail Çelik2
2

1
Faculty of Fisheries, Yüzüncü Yıl University, 65080 Van, Turkey
Department of Biology, Faculty of Science, Yüzüncü Yıl University, 65080 Van, Turkey

ABSTRACT
In this study fertilized eggs, and larvae of Chalcalburnus tarichi were exposed to bisphenol A, an endocrine-disrupting chemical, to determine its toxic effects. A semistatic
test procedure was followed to investigate the effects of the
bisphenol A at concentrations of 0.75, 1.50, 3.00, 6.00,
12.00, 24.00, and 48.00 mg/L. The 96 hours median lethal
concentration level for the eggs was determined as 3.96 mg/L.
The hatching rates of the control and bisphenol A-treated
groups were 80.3%, 12.0%, 3.4%, 1.5%, 0.2%, 0.3%, 0.0%,
and 0.0%, respectively. The 96 h median lethal concentration level for the larvae was determined as 3.52 mg/L. The
observed deformities in the larvae included slowed heart
rate and blood circulation, developmental arrest, regressed
swim bladder formation, cardiac edema, lordosis, hemorrhage, organ hypertrophy, delayed yolk sac withdrawal, and
regression in the pigmentation. On the other hand, effect of
sublethal concentrations of bisphenol A on the antioxidant
defense system in the larvae of Chalcalburnus tarichi was
investigated until yolk sac withdrawal. The results revealed
that the malondialdehyde content and glutathione reductase
activity increased at 0.75 and 1.50 mg/L of bisphenol A and
returned to the control levels at 3.00 mg/L. The superoxide
dismutase activity and glutathione content was significantly reduced. The glutathione peroxidase activity was elevated only at 0.75 mg/L of bisphenol A. The glutathioneS-transferase activities and catalase activities did not alter.
It was concluded that bisphenol A was a toxic substance
for the fish fertilized eggs and larvae and changes antioxidant defense.
KEYWORDS: Bisphenol A, Chalcalburnus tarichi, Early life stages,
Acute toxicity, LC50, Antioxidant defense system

1. INTRODUCTION
Bisphenol A (BPA) has recently attracted considerable
attention from researchers due to its broad use in many industrial products, including food, beverage packages, construction materials, electronic components, and paper coat* Corresponding author

ings [1]. Some chemicals exposed to water sources threaten
all organisms living in these waters and may consequently
affect humans, as well as other animals and plants [2]. Recently, BPA has been under investigation in environmental
studies due to its potential deteriorative activity of endocrine glands in animals [3].
It has been proven that BPA toxicity is mild or medium
for organisms in water. It was concluded that BPA was responsible for the apoptosis of testicle cells in Xiphophorus
helleri [4]. Similarly, when Oryzias latipes males were exposed to water-based BPA, the death rate of Oryzias latipes
eggs dramatically increased [5]. There are various acute
and chronic toxicity studies related to BPA in different fish
species and other living organisms in water [6–12].
Fish cells have evolved a defense system to neutralize
the harmful effects of foreign compounds capable of generating reactive oxygen species (ROS). ROS are molecules
derived from oxygen that act as oxidants and are able to
attack biological macromolecules, such as DNA, proteins,
and membrane phospholipids. Antioxidant defense systems include enzymatic (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR), glutathione-S-transferase (GST)) and nonenzymatic (e.g., glutathione (GSH) and vitamins) antioxidants that provide a cellular defense against ROS and there
exists a critical balance between oxidants and antioxidants
in the cells. When the balance is disrupted as a result of
excessive ROS production and insufficient elimination by
antioxidants, oxidative stress occurs, resulting in cellular
damage [13]. Oxidative stress has been reported to play an
important role in the toxicity of various xenobiotics, such
as pesticides [14], herbicides [15], heavy metals [16], and
estrogenic chemicals [17], in fish. Therefore, antioxidant
enzyme activities, GSH status, and the levels of lipid peroxidation products as an indicative of membrane damage,
have been extensively used as biomarkers of oxidative
stress in toxicological evaluations [18]. Previous studies
have mostly focused on the estrogenic effect and reproductive toxicity of BPA in fish [7, 19–22]. In recent years, it
has been reported in a few studies that BPA produces antioxidant responses in fish liver [23] and embryos [24].
The larval stages of fish are sensitive to environmental
stressors and the use of fish larvae provides advantages for
the testing and understanding of the toxic mechanisms and
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environmental impacts of chemicals [25, 26]. Recent
knowledge about the effects of BPA on several fish species
in their early life stages is strictly limited to a few studies [27].
Because of BPA is commonly used in many areas of daily
life and left unconsciously into the aquatic environment in the
city of Van, as is also the case in different regions of the world,
the acute toxic effects of BPA on Chalcalburnus tarichi fertilized eggs and larvae was investigated in this study.
The Chalcalburnus tarichi (Pallas, 1811) is an endemic cyprinid species of the Lake Van basin, Turkey. It
has anodromus behavior that migrates to the rivers pouring
to the lake for spawning. The mature eggs of Chalcalburnus tarichi are nonbouyant, spherical, sticky. Hatching period was reported as 62-70 day-degree in 18-22 °C range
and first external feeding was observed in 6th day [28].
Chalcalburnus tarichi is selected in this study because it is
an economically and ecologically important species for our
country. The present study was carried out to investigate
the toxic effects of BPA, which is a harmful chemical to
the endocrine system that is commonly used in the production of various plastic and polycarbonate materials, on the
eggs and larvae of Chalcalburnus tarichi. The tolerance
levels of the Chalcalburnus tarichi eggs and larvae against
BPA were determined according to the results obtained in
this study. Moreover, Chalcalburnus tarichi larvae were
selected to determine the effects of BPA on the antioxidant
defense system at sublethal concentrations until yolk sac
withdrawal.

2. MATERIALS AND METHODS
2.1 Fertilized Eggs and Larvae Source

The reproductively adult fish used in this study were
caught using a cast net from the Karasu River (43°14E,
038°35N) pouring into Lake Van, during the reproductive
migration season (May–June 2013). Fish were kept in a stock
tank (R90 h70) containing running dechlorinated tap water
aerated with air pumps at an average temperature of 14 ºC
and under a natural photoperiod. All of the procedures were
approved by the Yüzüncü Yıl University Animal Experiments Ethics Committee for the ethical concerns of the
study (decision number: 2013/11/28). Eggs and milts from
mature individuals (pooled from 3 female and 10 male fish)
were stripped and fertilization was conducted as described
by Ünal et al [28]. The fertilized eggs were incubated at 14
°C in petri dishes placed onto the bottom of a glass aquarium filled with sufficient dechlorinated tap water to cover
the petri dishes and aerated continuously with an air pump.
The fertilized eggs were selected and divided into groups
for chemical treatment. Once hatched, at 120 h post fertilization (hpf), the larvae were used for the larval test studies.
2.2 Chemicals

BPA was purchased from Sigma-Aldrich (USA) and
dissolved in absolute ethanol (Merck, Germany). Test concentrations were prepared by adding the chemicals from

the stock solution directly to the BPA. Kits for antioxidant
enzyme analyses were supplied by Randox Laboratories
Ltd. The thiobarbituric acid (TBA); butylated hydroxytoluene; trichloroacetic acid; ethylenediaminetetraacetic acid;
GSH; metaphosphoric acid; 5,5’dithiobis-(2-nitrobenzoic
acid); 1-chloro-2, 4-dinitrobenzene (CDNB); b-Nicotinamide adenine dinucleotide phosphate (reduced) (NADPH);
oxidized glutathione (GSSG); potassium dihydrogene-phosphate (KH2PO4); and sodium chloride used in this study
were technical grade and supplied by Sigma-Aldrich (USA).
All of the other chemicals used in this study were analytical
grade and also obtained from Sigma-Aldrich (USA).
2.3 Experimental Design

A total of 100 fertilized eggs were transferred onto
glass petri dishes that were then placed on the bottom of a
2-L glass aquarium filled with sufficient dechlorinated tap
water to cover the petri dishes, and the water was then aerated continuously with an air pumps. Next, the fertilized
eggs were exposed to the BPA concentrations for 120 h.
In the larval toxicity test, newly hatched larvae (n = 70)
were gently transferred to 500-mL beaker glasses and after
a 24 h acclimatization period, larvae were exposed to the
BPA concentrations for 144 h.
The fertilized eggs and larvae were exposed to BPA
concentrations of 0.75, 1.50, 3.00, 6.00, 12.00, 24.00, and
48.00 mg/L [11]. Semistatic test conditions were prepared
for the toxicity experiments and 80% of the test solution
was renewed in each 48 h because of reported half-life of
BPA changes between 2.5 and 4.0 days [29]. All toxicity
tests were performed in triplicate [30–32]. In the solvent
control aquaria, the ethanol concentration was the same as
that in the highest BPA treatment and it received 0.001%
ethanol (v/v), while the control water was only dechlorinated tap water and the water used in the tests was aerated
with air pumps. The fertilized egg toxicity test was continued until the eggs in the control group began hatching. The
larval toxicity test was continued until yolk sac withdrawal.
No food was given during this period, because the larvae
were provided with nutrients from the attached yolk sac.
The effects of the BPA concentrations on larval development were determined by examination under a stereo microscope [28, 33, 34]. During the exposures, the water quality criteria were measured regularly (pH: 8.47, dissolved oxygen: 5.59 mg/L, temperature: 14.3 °C, total hardness as
CaCO3: 355 mg/L, conductivity: 732 µS/cm, and total alkalinity as CaCO3: 545 mg/L [35].
2.4 Antioxidant Defenses

After the experiments were completed, the larvae exposed to sublethal concentrations of BPA (0.75, 1.50, and
3.00 mg/L) were pooled into eppendorf tubes from the control and exposure groups, and stored at 80 °C for biochemical analyses. The pooled larvae (n = 7) were homogenized in 50 mM of ice-cold KH2PO4 solution (2.5 mL),
using a glass-porcelain ultrasonic homogenizer (Jencons
Scientific Co.) for 3 min and then centrifuged at 10,000 g
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for 30 min. All of the processes were carried out at 4 °C. Supernatants were used to determine the lipid peroxidation
(malondialdehyde (MDA) content) and antioxidant defenses.
Lipid peroxidation was determined by measuring the
MDA content, a product of lipid peroxidation, in the larva
samples. The MDA concentration was measured using the
method described by Jain et al [36] based on the TBA reactivity.
The SOD activity was measured at 505 nm and 37 °C,
and calculated using the inhibition percentage of formazan
dye formation [37].
The CAT activity was determined by measuring the
decrease in the hydrogen peroxide (10 mM solution) concentration at 240 nm [38].
The GPx activity was determined using t-butyl hydroperoxide. The GSSG in the medium was reduced to
GSH by the GR and NADPH, and the GPx activity was
assayed at 37 °C and 340 nm by calculating the difference
in the absorbance values during the oxidation of the
NADPH [39].
The GSH content was measured using the method described by Beutler et al [40].
The GR activity was assayed at 37 °C and 340 nm by
following the oxidation of the NADPH by the GSSG [39].
The GST was assayed at 25 °C spectrophotometrically
by following the conjugation of the GSH with the CDNB at
340 nm, as described by Mannervik and Guthenberg [41].
The protein content was assayed spectrophotometrically using the method by Bradford [42], using bovine serum albumin as a standard. The MDA content was expressed as nmol/g of protein. The CAT, GPx, GR, and GST
activities were expressed as unit/g of protein. SOD activity
was expressed as unit/mg protein. The GSH content was
expressed as mg GSH/g protein.
2.5 Statistical Analyses

The egg hatching rate was successfully carried out by
counting the total number of hatched eggs in each group
and expressing it as a percentage of the total number of
eggs [43].
The LC50 for the fertilized eggs was determined by
counting the dead and live eggs after BPA exposure [30–32].
In order to calculate the LC50 values for the larvae, live
and dead larvae were counted until experiments ended [30–
32].
The yolk sac period, the time from hatching until yolksac absorption, was calculated on the basis of the dead and
living larvae LC50 values [30-32, 44, 45]. The LC50 values

and 95% confidence limits were calculated using the Probit
software package.
Differences among the data from antioxidant defense
parameters were analyzed using a one-way analysis of variance with a post hoc Dunnett’s test (SPSS 16.0). The results are expressed as the mean ± standard error of the mean
and values of p0.001, p0.01 and p0.05 were considered
to be statistically significant.

3. RESULTS
3.1 Toxicity Tests

The LC50 values calculated from the Chalcalburnus
tarichi egg toxicity test and 95% confidence limits are
shown in Table 1. The 96 h LC50 value for the Chalcalburnus tarichi fertilized eggs was determined as 3.96 mg/L.
TABLE 1 - LC50 values and corresponding confidence intervals for
the fertilized eggs of Chalcalburnus tarichi exposed to BPA at 24, 48,
72, and 96 h.
H

LC50 (mg L–l)

24
48
72
96

18.39
9.98
7.00
3.96

LC50 (mg L–l)
95% Confidence limit
11.92–31.98
7.20–15.05
4.55–11.23
2.13–6.42

The hatching rates of the Chalcalburnus tarichi eggs
after exposure to BPA are shown in Table 2. Hatching period at 14.3 °C for the control groups and 0.75 mg/L BPA
exposure group was determined to be 57 days-degree
while; it was 86 days-degree in the BPA concentrations of
1.50, 3.00, 6.00, and 12.00 mg/L.
Deformities were also observed in the larval toxicity
test after BPA exposure at concentrations of 0.75, 1.50, and
3.00 mg/L. When compared to the controls (Figure 1A),
these deformities included slowed heart rate and blood circulation, developmental arrest, regressed swim bladder formation; cardiac edema (Figure 1B, 1C black arrowhead),
lordosis (Figure 1B black arrow), hemorrhage (Figure 1B
red arrow), organ hypertrophy (Figure 1B black asterisk),
delayed yolk sac withdrawal (Figure 1B red asterisk), and
regression in the pigmentation (Figure 1C red arrowhead).
At end of the 12 h, all of the larvae exposed to 6.00,
12.00, 24.00, and 48.00 mg/L of BPA were dead. The LC50
values for the Chalcalburnus tarichi larvae and 95% confidence limits are shown in Table 3. The 96 h LC50 value
for the Chalcalburnus tarichi larvae was determined as
3.52 mg/L (2.83–4.58).

TABLE 2 - Hatching rates (%) of Chalcalburnus tarichi fertilized eggs exposed to BPA.

Hatching rate (%)

BPA exposure groups (mg L–l)
Water control
Solvent control
80.3
75.6

0.75
12.0

1.50
3.4
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3.00
1.5

6.00
0.2

12.00
0.3

24.00
0.0

48.00
0.0
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FIGURE 1 - Deformities were observed in the larval toxicity test after BPA exposure at concentrations of 0.75, 1.50, and 3.00 mg L–l: (A)
control; (B) cardiac edema (black arrowhead), lordosis (black arrow), hemorrhage (red arrow), organ hypertrophy (black asterisk), and delayed yolk sac withdrawal (red asterisk); (C) regression in the pigmentation (red arrowhead) and cardiac edema (black arrowhead). Larvae
length: 8.3–8.7 mm, 144 h after hatching.

TABLE 3 - LC50 values and the corresponding confidence intervals
for the larvae of Chalcalburnus tarichi exposed to BPA at 12, 24, 48,
72, 96, and 120 h.
H

LC50 (mg L–l)

12
24
48
72
96
120

4.89
4.56
3.68
3.53
3.52
3.50

LC50 (mg L–l)
95%
Confidence
limit
4.17–5.49
2.92–4.89
2.85–4.60
2.83–4.58
2.80–4.59

comparison with the control group (Figure 2B). Significant
changes in the CAT activity were not observed after the
BPA exposures (Figure 2C). The GPx activity increased
significantly only at 0.75 mg/L of BPA (Figure 2D). The
GR activity exhibited significant increases at 0.75 and 1.50
mg/L of BPA (Figure 2E) but did not change at 3.00 mg/L.
The GST activity did not show significant differences in
any of the BPA concentrations when compared to the control group (Figure 2F). The GSH content markedly decreased in all of the BPA concentrations compared to the
control group (Figure 2G).

3.2 Antioxidant Defenses

Changes in the MDA content and endogenous antioxidants in the Chalcalburnus tarichi larvae after exposure to
BPA are presented in Figure 2. The MDA content significantly increased at 0.75 and 1.50 mg/L of BPA (Figure 2A)
but did not change at 3.00 mg/L. The SOD activity was
significantly lower in all of the BPA concentrations in

4. DISCUSSION
This study was conducted to determine the acute
and chronic toxic effects of BPA on Chalcalburnus tarichi
fertilized eggs and larvae. The 96 h LC50 value was deter-
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FIGURE 2 - Effect of sublethal BPA concentrations on the antioxidant defense system indices: MDA (A), SOD (B), CAT (C), GPx (D), GR (E),
GST (F), and GSH (G). Data are expressed as the mean ± SEM (n  7). A significant difference from the control is indicated as p0.05;
p0.01, and p0.001.
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mined as 3.96 mg/L for Chalcalburnus tarichi fertilized
eggs. The hatching rate was 80.3% in the control group and
12.0% in the group exposed to 0.75 mg/L of BPA, while
the hatching rates decreased with an increase in the BPA
concentration. Similarly, Shioda and Wakabayashi [5] reported that in Oryzias latipes exposed to concentrations of
0.3, 1, and 3 µmol/L BPA, the increased concentrations of
BPA (3 µmol/L) caused a remarkable decrease in the
hatching rates of the fertilized eggs.
In the present study, fertilized egg incubation was performed at 14.3 °C in the toxicity test period. Hatching period was determined to be 86 days-degree in the 1.50, 3.00,
6.00 and 12.00 mg/L groups of BPA. Due to the retardant
effects of BPA on fish embryonic development [46], in this
study, the hatching period also increased with the increase
of BPA concentration.
The 96 h LC50 value for the Chalcalburnus tarichi larvae was determined as 3.52 mg/L (2.83–4.58). Acute studies performed on some fish species showed that the 96 h
LC50 values were 4700, 3000–4000, and 7500 µg/L for
Pimephales promelas, Oncorhynchus mykiss, and Cyprinodon variegates, respectively [29]. Alexander et al [47]
studied the acute effects of BPA and reported a 96 h LC50
value of 4.7 mg/L (4.0–5.5) using the static test method and
4.6 mg/L (3.6–5.4) using the semistatic test method for
Pimephales promelas. Yokota et al [6] studied the effects of
BPA on the early life stages in Japanese medaka (Oryzias
latipes) and reported 96 h LC50 value of 13.0 mg/L (11.6–
14.7). The lower 96 h LC50 value observed in this study for
Chalcalburnus tarichi larvae may have derived from an interspecies susceptibility against BPA.
Deformities observed at BPA concentrations of 0.75,
1.50, and 3.00 mg/L included slowed heart rate and blood
circulation, developmental arrest, yolk sac edema, spinal
deformity, tail abnormalities, regression in the pigmentation, regressed swim bladder formation, and delayed yolk
sac withdrawal when compared to controls. Similar findings have also been reported in the literature. Chen et al
[48] observed swim bladder swelling in Oryzias latipes larvae exposed to BPA. In Salmo salar m. sebago larvae exposed to BPA, yolk abnormalities, such as yolk sac edema,
coagulation, and bleeding, were reported [3]. Aluru et al.
[46] observed delays in the embryonic development, hatching rate, and yolk reabsorption as a consequence of BPA
exposure. In the another study, BPA caused crooked vertebrae and developmental defects of the head and abdomen,
crooked mouth, and incomplete development of the neural
tube at the early life stages of Xenopus laevis [49].
The results of the present study demonstrated that sublethal BPA concentrations could have affected the antioxidant defense system parameters, such as the MDA content,
SOD, GPx, GR activities, and GSH content, leading to oxidative stress in the larvae of Chalcalburnus tarichi. Significant increases in the MDA content were observed in the
larvae after BPA exposure. MDA is a major oxidation
product of peroxidized polyunsaturated fatty acids, and an
increased MDA content is an important indicator of lipid

peroxidation [50]. Lipid peroxidation has been reported to
be a major contributor to the loss of cell function under oxidative stress conditions [51]. Considering this, increased
lipid peroxidation levels might have resulted from excessive ROS production, damaging the polyunsaturated fatty
acids of the biological membranes. In agreement with our
results, BPA has been reported to cause increased lipid peroxidation in zebrafish embryos. However, the MDA level
remained unchanged at the highest BPA exposure in this
study. Such an effect remains unclear for now. A similar
result was also observed in a previous study, despite a significant ROS generation in the cultured hepatocytes of
Oreochromis niloticus treated with perfluorooctane sulfonate, while the MDA content was not altered [52]. On the
other hand, Monterio et al [18] reported that lipid peroxidation levels showed significant increases in the white
muscle and gills but no change in the liver of Brycon cephalus exposed to methyl parathion, which is capable of inducing oxidative stress.
Antioxidant enzymes are commonly used useful biomarkers for oxidative stress [13]. However, the activities
of these enzymes showed different toxicant responses than
the higher, lower, and unchanged activities that have been
reported in both laboratory and field studies in fish [53].
In the present study, the SOD activity of the Chalcalburnus tarichi larvae was significantly inhibited at all BPA
concentrations. SOD catalyzes the dismutation of superoxide anion radicals (O2.-) to water (H2O) and hydrogen peroxide (H2O2), and is the first to deal with oxyradicals. H2O2
is subsequently detoxified by two types of enzymes, CAT
and GPx. Dimitrova et al [54] suggested that the superoxide radicals by themselves or after their transformation to
H2O2 cause an oxidation of the cysteine in the enzyme and
decrease SOD activity. Similar to our finding, SOD inhibition was also reported in the liver of Japanese medaka
(Oryzias latipes) [23] and zebrafish embryos [24] exposed
to BPA. CAT is mainly located in the peroxisomes and is
responsible for H2O2 and the protection of unsaturated fatty
acids in the cell membrane from oxidation. CAT activity
was not altered after exposure to BPA. The literature data
regarding CAT activity report highly variable results [55].
Zhang et al [56] reported increased, decreased, and unaltered levels of CAT activity in the liver of fish exposed to
2,4–dichlorophenol. CAT activity also showed no alteration in the liver of fish exposed to herbicides [57] and phenol [58]. On the other hand, hepatic CAT activity induced
low concentrations of BPA but did not change at a concentration of 1000 µg/L in Japanese medaka. As suggested by
Modesto and Martinez [57], many enzymes involved in the
antioxidant defense process may also be inactivated by the
excess of oxidants, and this may be its own substrate. Thus,
unchanged CAT activity might arise from increased levels
of H2O2 or increased levels of O2.- radicals sourced from
the SOD suppression in this study.
GSH, a tripeptide consisting of g-glutamine, cysteine,
and glycine, can react directly with ROS and detoxify them
[59]. It is used as a conjugating molecule by GST to ease
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the excretion of xenobiotics. GSH is also used as a reducing equivalent in the metabolism of reactive intermediates,
such as the reduction of lipid peroxides by GPx [60]. Under
slight oxidative stress, GSH levels can be increased as an
adaptive mechanism through an increase in its synthesis.
However, a severe oxidative stress may suppress GSH levels due to the failure of adaptive mechanisms [56]. In addition, a decline in the GSH content may arise from the increased utilization of GSH, directly or as a result of converting GSSG by GST and GPx, and insufficient GSH production by GR [18]. In agreement with our observation,
Minghong et al [24] also reported decreased levels of GSH
content in zebrafish embryos exposed to BPA in a concentration-dependent manner.
GPx is responsible for the degradation of organic peroxides and hydroperoxides, using GSH as a substrate, and
is considered as an efficient protective enzyme against lipid peroxidation [61]. GPx activity in the Chalcalburnus
tarichi larvae was significantly elevated at a dose of 0.75
mg/L of BPA and resulted in the decreased activities that
were observed in the control values of the other groups.
Higher GPx activity can be attributed to the elimination of
increased H2O2 and lipid hydroperoxide levels. GPx activity depends on the presence of GSH and decreases in the
GPx activity control levels were presumably related to the
decreased availability of GSH levels to reduce ROS impact
[18, 62]. A similar fashion in the GPx activity was observed in the liver tissue of Japanese medaka treated with
BPA [23]. However, Minghong et al [24] observed an inhibitory pattern of GPx activity in zebrafish embryos exposed to BPA. Different responses between studies may
occur depending on the concentration, duration, and susceptibility of the fish species to BPA.

genic compounds, such as 17α-ethynylestradiol [67, 68],
nonylphenol [69], and BPA [23, 24]. Similar to the literature data, a general (unchanged) response in the GST activity was observed in the present study.

5. CONCLUSION
Consequently, BPA is an acute toxic substance for
Chalcalburnus tarichi eggs and larvae. Species that live in
freshwater environments should not exceed 0.0352 mg/L
of BPA. Toxicity testing will help to obtain useful information regarding the toxic effects of BPA on Chalcalburnus tarichi mature individuals. BPA also generated biochemical changes in the early larval development of Chalcalburnus tarichi at sublethal concentrations, resulting in
an oxidative imbalance. Oxidative stress indices, such as
MDA, SOD, GPx, GR, and GSH, could also be used to
provide information to clarify the mechanisms of BPA-induced toxicity during early fish development and to evaluate the risk of BPA in aquatic environments.
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GR plays an important role in the recycling of GSSG
to GSH for the maintenance of the cytosolic GSH concentration [63]. Hence, an increase in the GR activity occurs
in order to compensate for the GSH consumption. In agreement with our results, increased GR activity was reported
in cultured hepatocytes treated with perfluorinated organic
compounds [52]. However, the GR activity was observed
to be at control levels at the highest concentration of BPA.
This may arise from a direct inhibitory effect of BPA on
the activity of this enzyme [24]. On the other hand, the GR
activity depends on the cellular NADPH synthesized by the
glucose-6-phosphate dehydrogenase (G6PDH) at the pentose phosphate pathway [64]. It has been reported that BPA
decreased the G6PDH activity [65].
GST is an enzyme that plays a role in the detoxification
of xenobiotics by conjugating electrophilic metabolites to
GSH and protecting the cells from oxidative stress [66]. Increased or decreased GST activities in fish have been reported in several studies after exposure to chemicals such
as polycyclic aromatic hydrocarbons, polychlorinated biphenyls, organochlorine pesticides, and heavy metals, but
most of the studies did not show any significant alterations
[53]. Unchanged, increased, and decreased levels of GST
activity in fish were also reported after exposure to estro-
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ASSESSMENT OF THE AIR QUALITY IN ANKARA, TURKEY
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Gazi University, Faculty of Architecture, Ankara, Turkey

ABSTRACT
In this study, PM10 and SO2 concentrations in Ankara,
the capital city of Turkey, were first analyzed for a 23-year
period from 1990 to 2013, and then for a 12-month period
in 2013. The annually averaged PM10 concentrations in
Ankara ranged from 36 μg/m3 to 83 μg/m3, between 1990
and 2013. In almost all years of study, with the exception
of 2007, PM10 concentrations exceeded the European Union limit. Concentrations were high during the winter due
to air pollution, and the monthly mean concentrations of
PM10 at six stations reached yearly maxima during the winter months, with a range of 38 μg/m3to 145 μg/m3. Annually averaged SO2 concentrations in Ankara ranged from
11 μg/m3 to 170 μg/m3 between 1990 and 2013. Between
the years of 1990 and 2007, SO2 concentrations exceeded
the European Union limit. Concentrations were high during the winter, due to air pollution; the monthly mean concentrations of SO2 at the six stations, with exception of Cebeci, reached yearly maxima during the winter months,
showing a range of 9 μg/m3 to 25 μg/m3.

KEYWORDS:
Urban air quality, air pollutants, particulate matter, sulfur dioxide

1. INTRODUCTION
Clean air is a basic requirement for the health and wellbeing of humans [1]. However, in urban areas throughout
both the developed and developing world, air pollution
poses a significant threat to human health, property, and the
environment [2]. Each year, 3 million deaths worldwide are
attributed to air pollution [3]. Respiratory diseases such as
asthma, acute respiratory infections, and lung cancer are
strongly linked to air pollution, and an estimated 130,000
premature deaths and 50 to 70 million incidents of respiratory illness occur each year due to urban air pollution in developing countries [4, 5]. Therefore, a number of studies
have been conducted on air pollution emissions and their impacts in cities located in developed and developing countries
[6-11], including Turkey.
As is the case in other developing countries, air pollution is prevalent in Turkish cities. While national emissions
are lower than the averaged European emissions per km2,

and per capita, [12], concentrated emissions in the more
densely populated cities of Turkey (i.e, Istanbul, Ankara,
and Izmir) exceed European and WHO limits [13-18]. Air
pollution is also a problem in medium-sized urban areas,
such as Erzurum, Eskisehir, and Trabzon [19-23]
However, the air pollution sources in Turkish cities
differ from those in industrialized countries [24]. Within
Turkey, urban air pollution mainly originates from poorlyplanned urbanization and industrialization schemes. In addition to the local topography and meteorological conditions, air quality is influenced by the usage of low-quality
fossil fuels and improper combustion techniques, a shortage of green areas, and an increase in the number of motor
vehicles and traffic loads [20,24].
After being selected as the capital city of Turkey, Ankara has been subject to rapid population growth. The city
has developed irregularly, despite the establishment of development plans. As a result, the air pollution in Ankara
became significant in the 1950’s, and has adversely affected human health. Since the 1980s, this air pollution has
become well known globally and in the scientific literature.
The topography of the city is an influential natural factor affecting urban air pollution. As well, the use of low quality
coal and fuels for heating, and vehicular pollution are additional influences of anthropogenic origin.
Prior to the late 1980s, a number of control strategies
were developed to improve air quality within the Ankara
basin, and these have been steadily implemented. The most
important of these measures was a switch to natural gas for
heating purposes in the city. Currently, natural gas has been
widely adopted for domestic heating instead of low-quality
coal, and natural gas-powered buses have recently been introduced. As well, old passenger cars have been almost
completely replaced by newer vehicles, and industrial pollution sources are being classified and regulated. As a result of these implemented control strategies, the air quality
in Ankara has slowly and steadily improved.
However, in February 2013, Ankara exhibited the highest average PM10 concentrations out of all of the national air
quality monitoring stations distributed across Turkey [25].
That same month, among the air quality stations that measured
an excess of the Short Term Limit (STL) value (100 mg/m3),
the station in Ankara showed the largest values [25]. Based on
these findings, there has been increasing concern about the
deteriorating air quality in Ankara. The aim of this study is
to examine how the air quality in Ankara has changed since
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1990, and to determine the spatial distribution of pollutant
emissions (PM10 and SO2) within the city.
2. MATERIALS AND METHODS
2.1 Study Area

Ankara lies in the center of the Anatolia region at an
altitude of 850 m. With a population of about 4,630,735,
Ankara is the second largest city in Turkey [26]. The city’s
population density is about 203 persons per km2, and the
service sector dominates the urban economy.
The topography of the Ankara region consists of plains
surrounded by hills (to the east, north and south of the city)
varying in height from 850 m to 1,200 m. Ankara is subject
to a continental climate characterized by cold and snowy
winters, and hot and dry summers. Due to this climatic regime, the city experiences a significant temperature difference between day and night, and between the summer and
winter. The warmest month of the year is July or August,
during which the average high temperature is 30°C, while
the coldest month is January, when the average low temperature is -3°C. The bulk of the precipitation falls in December, with the lowest amounts being observed in July
and August [27]. The prevailing wind direction is northeast
of the city, although local air currents are also present due
to the surrounding valleys.
2.2 Data

In this study, PM10 and SO2 data were used as air pollution indicators, as both of these constituents have been
continuously measured since 1990.
The data used in the present study were retrieved from
various sources. The SO2 and PM10 data corresponding to
the period from 1990 to 2007 were obtained from the Ministry of Health’s Air Hygiene Center, while data from 2007
to 2010 were obtained from the Ministry of Environment
and Urbanization’s Department of Environmental Management. Lastly, data spanning the years of 2010 to 2013 were
retrieved from the Ministry of Environment and Urbanization’s National Air Quality Monitoring Network.
In order to assess the air quality in Ankara, the measured PM10 and SO2 concentration values, collected during
1990 to 2013, were analyzed. The annual and winter concentration values were compared with the limiting and
guide values specified by the European Union Council Directives (EU), and Turkey’s own limiting values (TR). The
EU limiting values are presented in Table 1. In addition,
data collected in 2013 from six air quality monitoring stations in Ankara were analyzed to obtain the spatial distribution of air pollution in the area. These datasets were also
compared to the EU and WHO limiting values.
Geographic Information System (GIS)-based tools have
become an important component of pollution detection
methodology. In this study, GIS techniques were used to
clarify the spatial distributions of PM10 and SO2 in Ankara’s
city center. Maps were prepared with the ArcGIS 9.2 Spatial

Analyst tool, using Kriging methods. Kriging is an interpolation technique that is used to estimate variables at an unmeasured location, based on observed values from adjacent
areas [28]. The use of Kriging provides a color-based map,
whereby each color corresponds to a different air pollution
value. Greater amounts of air pollution are shown by the red
color in the map, while a lower degree of air pollution is indicated by the blue color in Figures 4, 5, 7, 8, 10, 11, 13, 14.
TABLE 1 - PM10 and SO2 limiting
values dictated by the EU [29] and WHO [1]
Measurments
Pollutant
PM10
SO2

Duration
24 hours
Annual
10 minute
Hourly
24 hours
Winter
Annual

EU
Limiting Value
(µg/m3)
50
40
350
125
20
20

WHO
Limiting Value
(µg/m3)
50
20
500
20
20

3. RESULTS
Variations in PM10 and SO2 concentration values
within Ankara from 1990 to 2013 were identified in this
study. Annual, seasonal, monthly, and daily concentration
values were calculated from the obtained data. The EU and
WHO limiting values were also utilized for an improved
interpretation of the air pollution in Ankara.
3.1 PM10

The examination of temporal changes in annual PM10
concentrations within Ankara revealed that PM10 concentrations gradually decreased from 83 µg/m3 in 1991, to
44 µg/m3 in 2001. After this timeframe, annual PM10 concentrations increased to a value of 77 µg/m3 in 2013. A maximum PM10 concentration of 83 µg/m3 and a minimum value
of 36 µg/m3, was observed during 1991 and 2007, respectively (Figure 1).
The PM10 concentrations during the winter months
showed a similar pattern to annual values, gradually decreasing from 107 µg/m3 in 1991, to 64 µg/m3 in 2004. PM10 concentrations increased after 2004, and eventually reached a
value of 96 µg/m3 in 2013. During the winter, the maximum
observed PM10 concentration was 118µg/m3 in 1991, and the
concentration minimum was 62 µg/m3 in 2011 (Figure 1).
3.2 SO2

The temporal trends in annual SO2 concentrations in Ankara indicated that values gradually decreased from 170 µg/
m3 in 1990, to 11 µg/m3 in 2013. A maximum annual SO2
concentration of 170 µg/m3 was observed in 1990, while a
concentration minimum of 11 µg/m3 was measured in
2013. After 2007, all annual SO2 concentration values were
below the EU limiting value (Figure 2).
SO2 concentrations during the winter season also displayed a similar pattern to annual values, decreasing from
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FIGURE 1 - Annual and winter PM10 trends in Ankara for the period of 1990 to 2013

FIGURE 2 - Annual and winter season SO2 trends in Ankara for the period of 1990 to 2013

218 µg/m3 in 1990, to 15 µg/m3 in 2013. The SO2 concentration in 1990 represented a maximum value, while a minimum of 11 µg/m3 was observed in 2012 (Figure 2).

PM10 concentrations from all stations in Ankara’s city center are presented in Figure 3.
TABLE 2 - Annual and seasonal PM10 and SO2 concentrations in Ankara

3.3 Spatial distributions of PM10 and SO2

PM10 and SO2 data retrieved from the six air quality
monitoring stations in Ankara’s city center during 2013
were analyzed to identify air pollution distributions. Two
of these stations were located in the central business district
(Cebeci and Kizilay), three were located to the north and
south of the city’s slopes (Demetevler, Kecioren, and Dikmen), and another was located in the east side of the city,
within the valley basin (Kayas).
3.3.1 PM10

The average annual PM10 concentration value in Ankara’s city center was 76 µg/m3 in 2013 (Table 2), which
was in excess of EU and WHO limiting values (Table 1).
Spatial distributions of annual PM10 concentration values
indicated that the maximum concentration (103 µg/m3)
was observed at Sihhiye, while the minimum concentration
(57 µg/m3) was measured at Dikmen. The annual mean

Pollutant
PM10
SO2

Annual
Mean
76
10

Winter
92
14

Seasonal
Summer
61
7

The average seasonal PM10 concentration value in Ankara was 61 µg/m3 during the summer season, and 92 µg/m3
in the winter (Table 2). The largest PM10 concentration value
was observed at Sihhiye location (86 µg/m3), and the lowest was measured at Dikmen location (51 µg/m3) during the
summer. Similar to the summertime concentration values,
the largest wintertime PM10 concentration value was observed at Sihhiye (121 µg/m3), and the lowest value was
observed at Dikmen location (63 µg/m3). The spatial distribution of summer and winter PM10 values in Ankara’s city
center is presented in Figures 4 and 5.
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FIGURE 3 - Annual and seasonal PM10 concentrations measured at the six stations

FIGURE 4 - The spatial distribution of summertime PM10 values in Ankara’s city center

FIGURE 5 - The spatial distribution of wintertime PM10 in Ankara’s city center
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3.3.2 SO2

The average annual SO2 concentration value in Ankara’s city center was 11 µg/m3 in 2013 (Table 2), which
is below the EU and WHO limiting values (Table 1). The
spatial distribution of annual SO2 concentration values indicated that the largest concentration was observed at Sihhiye (13 µg/m3), and the lowest was measured at Kayas
(9 µg/m3). The annual mean SO2 concentrations from all
stations in Ankara’s city center are presented in Figure 6.
The average seasonal SO2 concentration value was
7 µg/m3 during the summer season and 14 µg/m3 in the winter (Table 2). Maximum SO2 concentration values were observed at Cebeci and Sihhiye (10 µg/m3), and minimum values were measured at Kayas (5 µg/m3) during the summer.
An examination of the wintertime SO2 concentration
distribution showed that values at most stations varied
from 13 µg/m3 to 14 µg/m3, with the exception of Sihhiye
station in the city center, where a concentration of 18 µg/m3
was measured. The spatial distributions of summer and
winter season SO2 concentrations in Ankara’s city center
are presented in Figures 7 and 8.

3.4 Monthly mean concentrations of PM10 and SO2 in 2013, and
spatial distributions in Ankara

Monthly assessments of PM10 and SO2 concentrations
measured at six different stations in Ankara city center, are
presented below:
3.4.1 PM10

Monthly average PM10 concentrations varied between
46 µg/m3 and 114 µg/m3. The lowest concentrations were
observed during the summer months (July and August),
while the highest concentrations were observed during the
winter months (November and December) (Table 3 and
Figure 9).
When the monthly average PM10 concentrations were
assessed as based on location, the highest concentrations
were observed in October, November, and December in
five of the six stations (Dikmen, Kecioren, Cebeci, Kayas,
and Demetevler). With the exception of Sihhiye, all other
stations indicated that the lowest monthly average concentration was observed in July (Table 3). During this month,
the location showing the lowest monthly PM10 concentra-

FIGURE 6 - Annual and seasonal SO2 concentrations from the six stations

FIGURE 7 -The spatial distribution of summertime SO2 in Ankara’s city center
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FIGURE 8 - The spatial distribution of wintertime SO2 in Ankara’s city center

TABLE 3 - Monthly PM10 concentrations (µg/m3) at each station
January
February
March
April
May
June
July
August
September
October
November
December

Dikmen
39
52
50
63
61
48
39
43
54
81
79
77

Kecioren
71
78
67
74
67
50
41
48
59
86
106
145

Cebeci
70
79
64
87
69
53
41
53
83
108
140
133

Kayas
76
85
82
81
65
48
34
46
63
96
104
106

Demetevler
88
81
83
94
73
56
52
57
63
103
126
117

Sihhiye
135
131
114
123
105
80
81
50
78
95
124
127

Ankara
77
82
74
83
71
53
46
49
65
94
114
114

FIGURE 9 - Monthly mean PM10 concentrations during 2013

tion was Kayas (34 µg/m3), while the highest monthly average concentration was measured in Kecioren during December (145 µg/m3). Distributions of monthly average

PM10 concentrations in Ankara’s city center during July
and December are shown in Figures 10 and 11.
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FIGURE 10 - The spatial distribution of average PM10 concentrations during July in Ankara’s city center

FIGURE 11 - The spatial distribution of average PM10 concentrations during December in Ankara’s city center.

3.4.2 SO2

The monthly average SO2 concentrations in Ankara varied between 6 µg/m3 and 19 µg/m3, with the lowest concentrations being observed during the summer months (June,
July, and August), and the highest concentrations being
measured during the winter months (November and December) (Table 3 and Figure 9).
During the winter months of November, December,
and January, the highest SO2 concentrations were observed

at all six stations. With the exception of Cebeci, all other
stations showed the lowest monthly average concentrations
being observed during the summer months of June, July,
and August (Table 4). The lowest monthly SO2 concentration was observed in August at Kayas (3 µg/m3), while the
highest concentration was measured at Sihhiye during November (25 µg/m3). Distributions of monthly average SO2
concentrations in Ankara’s city center during July and December are shown in Figures 13 and 14.
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TABLE 4 - Monthly SO2 concentration (µg/m3) at the six stations

January
February
March
April
May
June
July
August
September
October
November
December

Dikmen

Kecioren

Cebeci

Kayas

Demetevler

Sihhiye

Ankara

19
15
7
9
8
6
4
4
8
11
17
16

11
10
8
14
8
6
8
7
11
16
21
20

9
11
10
6
7
11
15
14
8
12
15
21

17
13
12
6
5
4
4
3
5
6
10
17

16
12
9
11
5
4
4
5
10
13
14
21

15
11
11
13
11
7
5
7
17
19
25
23

14
12
10
10
7
6
6
6
9
13
16
19

FIGURE 12 - Monthly mean SO2, concentrations during 2013

FIGURE 13 - The spatial distribution of average SO2 concentrations during July in Ankara’s city center.
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FIGURE 14 - The spatial distribution of average SO2 concentrations during December in Ankara’s city center.

TABLE 5 - The distribution of daily average PM10 concentrations according to the limit values at each station
PM10
100 µg/m3+
50-100 µg/m3
Total
Max Value
Min Value

Sihhiye
171days
136 days
307 days
285 µg/m3
18 µg/m3

Cebeci
105 days
120 days
225 days
275 µg/m3
10 µg/m3

Demetevler
93 days
170 days
263 days
322 µg/m3
15 µg/m3

Dikmen
42 days
134 days
176 days
191 µg/m3
11 µg/m3

Kayas
94 days
146 days
240 days
232 µg/m3
14 µg/m3

Kecioren
70 days
141 days
211 days
257 µg/m3
13 µg/m3

TABLE 6 - The distribution of daily average SO2 concentrations according to the limit values at each station
SO2
125-250
Max Value
Min Value

Sihhiye
0 days
55 µg/m3
1 µg/m3

Cebeci
0 days
39 µg/m3
2 µg/m3

Demetevler
0 days
52 µg/m3
2 µg/m3

3.5 Daily mean concentrations of PM10 and SO2 during 2013,
and their spatial distributions in Ankara

In this section, the daily average PM10 and SO2 concentrations, measured between January 1st and December
31st of 2014 at the six stations within Ankara’s city center,
will be evaluated.

Dikmen
0 days
51 µg/m3
1 µg/m3

Kayas
0 days
38 µg/m3
1 µg/m3

Kecioren
0 days
44 µg/m3
2 µg/m3

Demetevler during December. During this time period, PM10
concentrations at Demetevler reached up to 475 µg/m3, with
values peaking at noontime. The lowest daily average of
10µg/m3 was observed in Cebeci, during the month of
March.
3.5.2 SO2

3.5.1 PM10

The EU and WHO limiting value of 50 µg/m3 was exceeded to the greatest degree in Sihhiye (Table 5), where
the EU and WHO limiting values were surpassed during
307 days out of the year. The limiting values were also exceeded at Dikmen station, located to the south of Ankara,
during 176 days out of the year.
With regard to the average daily values, the largest
24-hour PM10 concentration of 322µg/m3 was observed at

In Ankara’s city center, the daily average SO2 concentrations did not exceed the EU and WHO limiting value of
125µg/m3 (Table 6). The highest 24-hour SO2 concentration of 55µg/m3 was observed in Sihhiye during November. At this station and during that same month, the SO2
concentration increased to 135 µg/m3 during the evening.
The lowest daily average of 1 µg/m3 were observed in Dikmen, Kayas, and Sihhiye stations during March, April,
June, and August, respectively.
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TABLE 7 - Estimated number of people (per population of 1 million) experiencing health effects over a period of 3 days, when subjected to a
mean PM10 concentration of 50 µg/m3 or 100 µg/m3 [31]
Health effect indicator

No. of people affected by a three-day episode of PM10 at
50 µg/m3
100 µg/m3
4
8
3
6
4 863
10 514
5 185
11 267

No. of deaths
No of hospital admissions due to respiratory problems
Person-days of bronchodilator use
Person-days of symptom exacerbation

4. DISCUSSION
The evaluation of annual average PM10 and SO2 concentrations indicated that PM10 constitutes a greater threat
than SO2 to human health in the city of Ankara. From 1990
to 2013, the annual average PM10 concentrations exceeded
EU limiting values (40 µg/m3) during almost all years of
study, with the exception of 2007, and concentrations continued to increase beyond the EU limit. These findings suggest that the current measures taken in Ankara for the mitigation of PM10 and controls are insufficient.
The PM10 and SO2 concentration data collected in Ankara during 2013 clearly indicated high average PM10 concentrations in Sihhiye, located in the city center where important transportation axes intersect. Sihhiye is also located
in the center of a topographical basin, where air pollution
accumulates due to inversion. In Dikmen, which is located
near large fields belonging to residential areas and public
institutions, PM10 concentrations were relatively low due
to local air streams and the presence of green areas. Although lower values were observed at Dikmen station, the
PM10 concentrations at both stations significantly exceeded
EU and WHO limits.
The distributions of daily average PM10 concentrations
in Ankara’s city center showed that the EU and WHO limiting value of 50 µg/m3 was exceeded to the greatest degree at
Sihhiye. For a total of 307 days out of the year, the poor air
quality resulted in unhealthy conditions in the city center,
due to the large PM10 concentrations. Given the presence of
large malls, business centers, public and education institutions, and the intersection of transportation axes, many people were exposed to unhealthy conditions during these 307
days for varying periods of time. In Dikmen, located on a
slope to the south of the city, the EU and WHO limiting values were exceeded during 176 days out of the year.
A remarkable finding from the analysis of average daily
PM10 concentrations was that the highest value of 322 µg/m3
was observed at Demetevler station, in December. This station is located in a region characterized by a large population, and buildings with irregular residential areas. During
the month of December at this location, a PM10 concentration peak of 475 µg/m3 was observed at noontime.
High PM10 concentrations pose a substantial health
risk in Ankara city. A 2013 assessment by WHO’s International Agency for Research on Cancer (IARC) concluded
that outdoor air pollution can have carcinogenic properties,

with the particulate matter component of air pollution being most closely associated with an increased incidence of
cancer, especially that of the lungs [30]. In the following
chart, the effects on human health when the European limiting values of 50 and 100 µg/m3 are exceeded for more
than 3 days are shown (Table 7).
The research findings suggest that the air quality in
Ankara has improved with respect to SO2. The primary SO2
emission source in Ankara is the use of poor quality coal
for heating. In recent years, the use of natural gas has become more common in Ankara and as a result, SO2 concentration decreases have been observed.
The highest annual average SO2 concentration was observed in Sihhiye, as was the case with PM10. The lowest
concentration was measured at Kayas, which is located in
the east of the city, in an area where irregular residential
areas are present in a valley basin. The SO2 concentrations
in both of the above stations were below WHO limiting
values (value 20 µg/m3).
The monthly data indicated that SO2 concentrations decreased in almost all stations during the summer months,
with the exception of Cebeci station, where values increased into the spring. Cebeci is located in the immediate
vicinity of the city center, near auto mechanic facilities,
small scale manufacturing plants, and shanty housing areas, and the SO2 sources in this area should be researched
further in order to clarify this situation.
The largest source of SO2 emissions in Ankara is the
poor quality coal used by houses for heating purposes.
However, the research findings showed that the situation is
the exact opposite in Kayas and Kecioren, where the use of
coal is prevalent due to the high density of slum areas. The
relationship between SO2 sources and concentrations in
Ankara, with consideration of meteorological factors, requires additional study.

5. CONCLUSION
The WHO Air Quality Guidelines dictate that reducing
annual average particulate matter (PM10) concentrations
from a level of 70 μg/m3, common in many developing cities, to the WHO guideline level of 20 μg/m3, could reduce
air pollution-related deaths by around 15% [31]. In the city
of Ankara, the constituents of PM10 must be determined,
sources must be clarified, and measures must be taken.
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Current measures to mitigate SO2 pollution has resulted in
a decrease in concentrations. However, the significant health
risk that is posed when PM10 and SO2 interact should also be
considered.
The author has declared no conflict of interest.
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ABSTRACT
To study the transcriptional response of detoxificationrelated liver genes to microcystin-LR (MC-LR) and lipopolysaccharide (LPS) treatment, silver carp (Hypophthalmichthys molitrix) and grass carp (Ctenopharyngodon idellus) were respectively exposed to a single 50 μg kg-1 body
weight (bwt) dose of pure MC-LR, a single 2 mg kg-1 bwt
dose of LPS and a co-exposure MC-LR and LPS (50μg kg-1
bwt + 2 mg kg-1 bwt), and were then sacrificed at 24 h postexposure. The results showed that although not significant,
GSTA and GSTR in response to MC-LR still play a potential role for fish in MC-LR metabolism. The rather complex
and significant response of GST gene to the effect of LPS
exposure, might possibly be critical to the freshwater fishes
to utilize toxic cyanobacteria. In the present study, UCP2
was more active in silver carp than in grass carp, indicating
that silver carp have a higher ability to restrain fish hepatocytes apoptosis. By co-exposure to LPS and microcystinLR, LPS was potentially capable of increasing activity of
GPX, so silver carp increased the capacity to detoxicate
microcystins. These findings may help us to understand the
contributions of individual cyanotoxins in accounting for
cyanobacterial toxicity to fish in natural aquatic environments.
KEYWORDS: Microcystins; Lipopolysaccharide; Soluble Glutathione transferase; Glutathione peroxidase; Uncoupling protein 2;
Gene expression; Chinese carps

1. INTRODUCTION
Microcystins (MCs), which exist universally in water
blooms [1], are monocyclic polypeptide produced by cer* Corresponding author

tain cyanobacteria. More than 60 different structural analogues of MCs have been identified, among which microcystin-LR (MC-LR), microcystin-RR (MC-RR) and microcystin-YR (MC-YR) are the three most common kinds [2].
MC-LR has attracted attention due to its acute toxicity.
When MCs went in to liver cells, which are target cells of
MCs [3] causing and removing toxicity, they caused liver
cells produce massive reactive oxygen species (ROS). A
certain concentration of MCs in the water can lead to fish
spawn deformation, fish abnormality in behavior and growth
[4,5], even serious threat against human health [6,7].
Lipopolysaccharide (LPS) is a cell wall component of
Gram-negative bacteria, in which it triggers host immune
responses in both vertebrates [8] and invertebrates [9], such
as macrophages and antimicrobial peptide systems [10].
LPS has been increasingly investigated as a potential immunostimulant in aquaculture [11, 12]. LPS injection in
Atlantic salmon (Salmo salar) stimulates lysozyme activity
in head, kidney and intestine [10]. Exposure to LPS purified from cyanobacterial bloom and cyanobacterial cultures material, significantly reduced microsomal and soluble GST activities in zebrafish (Danio rerio) prim 6 embryos [13]. Interestingly, such reduction occurred only in
vivo experiments, whereas preparations of GST in vitro
showed no significant changes of enzyme activity in response to LPS [13], suggesting that LPS might function as
modulating factors in the de novo synthesis of GST [14].
Studies suggest that soluble glutathione transferase
(GST) can lower the MCs’s toxicity and excrete them out
via catalyzing reaction between MCs and deacidized GSH.
Thus it plays a significant role in MCs’s detoxicant [15].
Glutathione peroxidase (GPX), one antioxidant enzyme in
cells that can eliminate ROS, can help cells avoid apoptosis
through deacidizing lipid molecular to ease the aggravation
[16]. Uncoupling protein 2 (UCP2) plays significant roles
in both inhibiting mitochondria ROS from overproduce
and guarding cells against apoptosis [17-19]. In addition,
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modulating factors produced by some cyanobacteria, among
which the most remarkable are LPS from Gram feminine
bacteria including cyanobacteria, have marked effects on
fish GST enzyme activity [13, 20]. These modulating factors
may be involved in the process of GST enzyme synthesization and be relevant to the expression of GST gene [13, 2022], thus making studies in gene-express regulating mechanism relevant to fish MCs’s detoxicant has become hotspot.
Grass carp (Ctenopharyngodon idellus) and silver carp
(Hypophthalmichthys molitrix) are freshwater fishes widely
distributed and are important commercial species in China.
The two, different in food habits, living environments and
endurance capabilities of MCs [23], may have evolved relevance with toxicant MCs. The research in this paper focuses on MCs and LPS’s effects on inducing expression of
liver detoxicant relevant genes such as GSTA, GSTR, GPX
and UCP2 by means of injecting separately 50 μg MC-LR
kg-1 bwt, 2 mg LPS kg-1 bwt, 50 μg MC-LR kg-1 bwt plus 2
mg LPS kg-1 bwt into these two fishes in hope of providing
information concerning MCs detoxicant mechanism in
freshwater fishes.

2. MATERIALS AND METHODS
2.1. Materials

Cyanobacterial toxin MC-LR and bacterial LPS (Protein < 1% (lowry)) were purchased from ALEXIS (USA)
and SIGMA (USA), respectively.
2.2. Fish and microcystin exposure

Grass carp (average mass 6-10 g) and silver carp (average mass 8-12 g) were obtained from Freshwater Fish
Breeding Center in Panyu (Guangdong Province, China).
The experiment was carried out at the College of Fisheries,
Huazhong Agricultural University, Wuhan, China. Fishes
were allowed to adapt to the experimental facilities for two
weeks. During this period, fishes were fed by hand to near
satiety with an experimental diet once a day. After the acclimation period, selected healthy grass carp and silver carp
were transferred to the laboratory where they were held in
aquariums each with 96 L of freshwater. The four experimental groups (exposure PBS, MC-LR, LPS, MC-LR +
LPS) were randomly assigned to one aquarium (n = 6 fish
per aquarium) per experimental treatment. The aquariums
were set up with continuous system of water filtration and
aeration, and the temperature was kept constant (24 ± 2°C).
Grass carp and silver carp were intraperitoneally injected with a single 50 μg kg-1 body weight (bwt) dose of
pure MC-LR, a single 2 mg kg-1 bwt dose of LPS and a coexposure MC-LR and LPS (50 μg kg-1 bwt + 2 mg kg-1
bwt), dissolved in PBS, with control carps receiving PBS.
Recovery was normally almost immediate and the fish
showed no signs of stress. These fish were then kept in the
aquarium as described previously, and sacrificed at 24 h.
Six fishes for sampling were used for each treatment.

2.3. Total RNA isolation from two carps and first strand cDNA
synthesis

Total RNA was isolated from 30-50 mg sections of carp’s
liver using SV Total RNA Isolation System (Promega, USA).
RNA was extracted as the manufacturer’s protocol, resuspended in 50μl RNase-free water, and stored at -80°C. Quantification was done using Eppendorf Biophotometer (Germany). Reverse transcription was performed with oligo
(dT)18 primer using First Strand cDNA Synthesis Kit
(ToYoBo, Japan).
2.4. Quantitation of relative liver GSTA, GSTR, GPX, and UCP2
mRNA abundance after exposure to MC-LR and LPS

The relative liver GSTA, GSTR, GPX, and UCP2
mRNA abundance of grass carp and silver carp was determined by PCR amplification of liver cDNA sample within
the exponential phase, using beta-actin as an external control. Sequences of silver carp GSTA, GSTR, GPX, UCP2
and beta-actin were obtained from Genbank (EF100904,
EU107282, EU108012, EF100900 and AF301605, respectively). Grass carp GSTA, GSTR, GPX, UCP2 and betaactin were obtained from Genbank (EF100905, EU107283,
EU108013, AY948546, and M25013, respectively). The
gene-specific PCR primers (Table 1) were used to amplify
a 206 bp cDNA fragment of sGST (primer FQGSTA01F/FQ-GSTA02R), a 196 bp cDNA fragment of
GSTR (primer FQ-GSTR01F/FQ-GSTR02R), a 192 bp
cDNA fragment of GPX (primer FQ-GPX01F/FQGPX02R), a 213 bp cDNA fragment of UCP2 (primer FQUCP201F/FQ-UCP202R), and a 215 bp cDNA fragment of
beta-actin (primer ACT01F/ACT02R).
TABLE 1 - PCR primer sequences for cloning of grass carp, silver
carp GSTA, GSTR, GPX, UCP2 and β-ACT gene
Names of primer
GSTA
FQ-GSTA-01F
FQ-GSTA-02R
GSTR
FQ-GSTR-01F
FQ-GSTR-02R
GPX
FQ-GPX-01F
FQ-GPX-02R
UCP2
FQ-UCP2-01F
FQ-UCP2-02R
β-ACT
FQ-ACT-01F
FQ-ACT-02R

Sequences of primer 5’-3’
5’- AAGACCTTAAAGAACGGGC-3’
5’- GCTCAACTGGTTTCCCAC-3’
5’- CCAGATGATCCAGCTGAAC-3’
5’- CCATCTTCTCCAAGTATCC-3’
5’- GTGAACAGGAATGACATCG-3’
5’- AGTGGACGGTCTATCTTGC-3’
5’- GTTAGACTTCAGATTCAAGG-3’
5’- GTGTAGAACTGCTTGACTG-3’
5’- CGTGACATCAAGGAGAAG-3’
5’- GAGTTGAAGGTGGTCTCAT-3’

The DyNAmoTM Flash SYBR Green qPCR Kit
(Finnzymes, Finland) was used for real-time PCR on a
Chromo4 Real-Time Detection System (MJ Research,
USA) and the protocol was according to the manufacturer’s
instructions. PCRs were performed in a 20 μl volume containing Master Mix (2×concentration) 10 μl, 0.5 μM forward
primer, 0.5 μM reverse primer, ROX 0.3 μl, cDNA equivalent to that generated from 1 μg total RNA, adding ddH2O
to 20 μl. Melting curve analysis of amplification products
was performed at the end of each PCR reaction to confirm
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that a single PCR product was detected. For every sample,
quantitative PCR was performed in 4 triplicates. Reactions
were based on a three-step method initially for a 95° C for
3 min; 40 cycles at 95° C for 20 s, 55° C for 20 s, 72° C for
35 s. The amplification efficiencies of the control and target genes were approximately equal and ranged from 94.8
to 101.5 %. The relative gene expression quantification was
calculated using the delta delta Ct method in the Opticon
Monitor software 2.03 Version (MJ research, USA). The relative liver GSTs cDNA levels of silver carp and grass carp
were respectively expressed as the ratio genes/beta-actin
mRNA (%). The PCR products were separated on a 2% agarose gel and stained with ethidium bromide.
2.5. Statistical analysis

Statistical analysis of differences between the data
from the different treatments of toxin administration for 24
h was done using SPSS17.0 by one-way analysis of variance (ANOVA) and the post hoc test. Differences were
considered significant if P ≤ 0.05. Results are presented as
the means ± SD (N = 6) for each treatment group.
FIGURE 1 - The PCR products electrophoretogram of silver carp (A)
and grass carp (B) β-ACT, GSTA, GSTR, GPX, UCP2
M: 100 bp DNA Ladder; 1: β-ACT; 2: GSTA; 3: GSTR; 4: GPX; 5:
UCP2

3. RESULTS
3.1 Analysis of the PCR products specificity

The DNA fragment correctly were 215 bp,206 bp,
196 bp, 192 bp, 213 bp (Fig.1) showed that the PCR products were specificity. Melting curves were generated by
ABI 7300 System Software. The peak was single and the
melting temperature was homogeneous. Partly Real-time
PCR products of ACT, GSTA, GSTR, GPX, and UCP2
were separated on a 2% agarose gel.

Ratio GSTA/beta-actin
mRNA(%)

350
300

3.2 Relative GSTA, GSTR, GPX and UCP2 expression after exposure to LPS, MC-LR and MC-LR+ LPS

Decrease in GSTA and significant decrease in GSTR
and GPX expression levels were observed in the liver of
silver carp after exposure to MC-LR at 24 h (P < 0.05),
meanwhile the expression level of UCP2 gene significantly
increased (P < 0.05). The expression of GSTA, GSTR and

Silver carp GSTA
Grass carp GSTA

250
200
150
100
50
0
PBS

MC-LR

LPS

MC-LR+LPS

FIGURE 2 - GSTA mRNA aboundant after exposure PBS, MC-LR (50μg kg-1 bwt), LPS (2 mg kg-1 bwt), MC-LR + LPS (50 μg kg-1 bwt +
2 mg kg-1 bwt) for 24 h to following i.p. treatments. Silver carp GSTA/beta-actin % (white), grass carp GSTA/beta-actin (black). Vertical bars
not sharing the same letter are significantly different (P < 0.05).
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Silver carp GSTR
Grass carp GSTR
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b

100

b
a
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MC-LR+LPS

-1

FIGURE 3 - GSTR mRNA aboundant after exposure PBS, MC-LR (50μg kg bwt), LPS (2 mg kg bwt), MC-LR + LPS (50 μg kg-1 bwt + 2 mg
kg-1 bwt) for 24 h to following i.p. treatments. Silver carp GSTR/beta-actin % (white), grass carp GSTR/beta-actin (black). Vertical bars not
sharing the same letter are significantly different (P < 0.05).
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mRNA(%)
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GPX
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FIGURE 4 - GPX mRNA aboundant after exposure PBS, MC-LR (50μg kg-1 bwt), LPS (2 mg kg-1 bwt), MC-LR + LPS (50 μg kg-1 bwt + 2 mg
kg-1 bwt) for 24 h to following i.p. treatments. Silver carp GPX/beta-actin % (white), grass carp GPX/beta-actin (black). Vertical bars not
sharing the same letter are significantly different (P < 0.05).

Ratio UCP2/beta-actin
mRNA(%)
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FIGURE 5 - UCP2 mRNA aboundant after exposure PBS, MC-LR (50μg kg-1 bwt), LPS (2 mg kg-1 bwt), MC-LR + LPS (50 μg kg-1 bwt + 2 mg
kg-1 bwt) for 24 h to following i.p. treatments. Silver carp UCP2/beta-actin % (white), grass carp UCP2/beta-actin (black). Vertical bars not
sharing the same letter are significantly different (P < 0.05).
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UCP2 tended to decrease but the GXP expression tended
to increase in the liver of grass carp after exposed to MCLR at 24 h. After exposure to LPS at 24 h, the expression
levels of silver carp liver GSTA, GSTR, UCP2 genes increased and GPX mRNA level decreased. The GSTA,
GSTR in the liver of grass carp increased and the levels of
GPX, UCP2 expression decreased after exposure to LPS at
24 h. Decrease in GSTA and significant decrease in GSTR
expression levels were observed in the liver of silver carp
after exposure to MC-LR + LPS at 24 h (P < 0.05), meanwhile the expression levels of GPX and UCP2 increased.
In the liver of grass carp, the GSTA, GPX expression levels
increased and the GSTR, UCP2 expression levels decreased after exposure to MC-LR + LPS at 24 h (Fig.2-5).

4. DISCUSSION
In this study, the transcriptional response of detoxification-related liver genes (GSTA, GSTR, GPX, and UCP2)
in two different MCs tolerance fishes (silver carp and grass
carp) to microcystin-LR (MC-LR) and lipopolysaccharide
(LPS) treatment was investigated. The results showed that
the expression levels of silver carp, grass carp liver GSTA,
GSTR, GPX and UCP2 genes were induced by injecting
MC-LR and LPS. GSTs are the most widely studied conjugation enzymes in vertebrates, and are suggested to play an
important role in microcystin detoxification [24, 25]. Increased mRNA level of GST has been found to accompany
a concomitant increase in catalytic activity in mouse [26].
After exposure to MC-LR at 24 h, the expression levels of
silver carp and grass carp liver GSTA, GSTR mRNA tended
to decrease. Previous studies have demonstrated that the
constitutive expression level of silver carp, grass carp, tilapia
liver GSTA were significantly different in MC-LR free environment. In these three fishes, grass carp was the lowestsensitive to MC-LR and its liver GSTA constitutive expression level was the highest. Contrary to this, tilapia (Oreochromis nilotica) was the highest-sensitive fish and its liver
GSTA constitutive expression level was the lowest [27]. The
liver GSTA expression level of silver carp which was middle-sensitive to MC-LR fish was induced significantly after
exposure to MC-LR (50 μg kg-1 bwt) at 8 h. The significant
inducement of high-sensitive fish tilapia liver GSTA expression level was observe after exposure to MC-LR (50 μg kg1
bwt) at 24 h. The expression level of low-sensitive fish
grass carp liver GSTA mRNA decreased after exposure to
MC-LR (50 μg kg-1 bwt) at 8 h and 24 h [28], the significant
inducement of grass carp liver GSTA maybe before 8 h. It
could be inferred that the time of inducement presented a
clearly negative relationship with their tolerance to MC-LR:
the higher-sensitive, the inducement occurred in shorter
time. In the present study, the expression level of silver carp
liver GSTA decreased more, which may be relevant to the
individual difference about tolerance to MC-LR.
The metabolism of microcystin in fish, frequently results
in the formation of reactive oxygen species (ROS) such as
superoxide anion radical, hydrogen peroxide and hydroxyl

radical, leading to an increase in the formation of lipid peroxides [29]. The process damages seriously liver cells in free
radicals chain reaction. The detoxification relative GPX,
UCP2 genes which are sensitive with ROX are induced in
different ways. In this study, the most protection gene was
UCP2 which inhibited excessive of ROX in silver carp and
the most protection gene in grass carp was GPX whose expression was significantly induced under toxin stress. Lipid
peroxides are known to be reduced to alcohols by glutathione
(GSH) via the activity of the seleno-enzyme, glutathione peroxidase (GPX) [30]. Increased GPX activity corresponding
with increased transcription of this enzyme agreed with an
observed increase in the toxin-induced lipid peroxidation
products. There is also evidence that the mild regulated uncoupling caused by uncoupling protein 2 (UCP2), attenuates
mitochondrial ROS production and protects against cellular
damage [15, 17-18].
It is important to note that, other toxic compounds like
LPS from the cellular wall of M. aeruginosa, are known to
significantly inhibit GST activity, which might be a mechanism that cyanobacteria species employed to avoid the entering of microcystins in the conjugation reactions catalyzed by
GST, and LPS might function in the de novo synthesis of
GST [13]. The expression levels of silver carp, grass carp
liver GSTA, GSTR genes increased after exposure to LPS at
24 h, and GPX mRNA level decreased. Decrease in GSTA
and significant decrease in GSTR mRNA levels were observed in the liver of silver carp after exposure to MC-LR +
LPS at 24 h (P < 0.05). In the liver of grass carp, the GSTA
expression level increased and the GSTR expression level decreased after exposure to MC-LR + LPS at 24 h. In our previous study, a slight decrease of GST expression level was
observed in the liver of tilapia, exposed to LPS and MC-LR
+ LPS [31]. It seems that the LPSRE, identified in the promoter region of tilapia GST gene, might be functional at a
rather low level. The low and insignificant response of tilapia
GST gene to the inhibitory effect of LPS exposure might also
be critical to the phytoplanktivorous fish to utilize toxic cyanobacteria [31].
In the current study, the silver carp, grass carp liver
GSTA, GSTR constitutive expression were induced and the
liver GSTA, GSTR inducible expression except grass carp
GSTA were inhibited by LPS, which was in accord with the
result in tilapia [32], showing that LPS could inhibit the fish
liver GSTA expression and affect the detoxification efficiency through regulating the transcription of detoxification
genes. Little is known about the molecular detoxification delicate mechanism of the cyanotoxins in freshwater fish at present. Further researches about the relation of the tolerance to
MCs to the difference expression changes in different freshwater fish which have different ecological habits are needed.
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